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ABSTRACT. Erythrocyte superoxide dismutase (ESOD)
activity reflects copper utilization and the risk of copper
deficiency. To investigate the possible effects of inorganic
iron on the metabolism of copper in low birth weight
infants, we have measured ESOD activities in three groups
of infants receiving different iron supplements. Fifty-five
low birth weight infants were randomly assigned to receive
daily from 28 d either 13.8 mg (HiFe), 7 mg (MidFe), or
no elemental iron (NatFe) as iron edetate. At 27 4, 8, 12,
and 20 wk postnatal age, infants were weighed and meas-
ured and hematologic indices, plasma ferritin, zinc, and
copper concentrations, and ESOD activities were assayed.
Anthropometrical and hematologic indices and plasma cop-
per and zinc concentrations did not differ among treatment
groups at any time, but at 20 wk, plasma ferritin concen-
trations [(ug/L) mean; SD] were lower in the NatFe group
(17; 2.0) than in the HiFe group (32; 1.9: 95% confidence
interval for mean difference 6.6 to 22.0, p < 0.01). ESOD
activities (U/g Hb) were similar in HiFe (1447; 263),
MidFe (1552; 322), and NatFe (1538; 382) groups at 27
d, but by 20 wk activities in the HiFe group (1537; 211)
were lower than in the MidFe (1789; 403: 95% confidence
interval 38 to 466, p < 0.05) and NatFe (1858; 304: 95%
confidence interval 150 to 492, p < 0.01) groups. The lower
ESOD activities found in the HiFe group at 20 wk may
reflect altered copper metabolism induced by the iron
supplement, but the clinical importance of this observation
is unknown. (Pediatr Res 29: 297-301, 1991)

Abbreviations

ESOD, erythrocyte superoxide dismutase
CJ, confidence interval

HiFe, high iron intake

LBW, low birth weight

MidFe, middle iron intake

NatFe, natural iron intake

SOD, superoxide dismutase

RBC, red blood cell

Because iron and copper have similar physicochemical prop-
erties, interactions can occur between them that can affect ad-
versely the metabolism of copper (1). The practical relevance of
this has been shown in mixed fed healthy infants in whom an
iron-fortified (10.2 mg/L) formula achieved a lower intestinal
absorption and whole body retention of copper than did the
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same formula with no added iron (2.5 mg/L) (2). Such an
interaction could be important in preterm and LBW infants who
are at an increased risk of copper deficiency (3, 4) because these
babies are often given generous supplements of iron in addition
to that included in their formuias (5). Although plasma copper
concentrations in such infants have been shown to be unaffected
by iron supplementation (6), neither plasma concentrations of
copper nor of ceruloplasmin reflect accurately any early risk of
impaired copper utilization or copper deficiency (7). The activity
of the cupro-zinc metalloenzyme SOD (EC (.15.1.1) in erythro-
cytes has been found in animal models (8, 9) and human
volunteers (10-12) to be a more sensitive indicator of potential
copper deficiency or of an altered metabolism of copper, such as
that secondary to interactions with zinc and iron (10, 13).

We have therefore monitored the ESOD activity of LBW
infants to investigate the possibility that iron supplements may
alter their systemic metabolism of copper; additionally, plasma
zinc and ferritin concentrations were measured.

SUBJECTS AND METHODS

Sixty-two LBW infants (birth weight less than 2500 g), were
recruited, and 55 completed the study. Exclusion criteria were
congenital or chromosomal abnormalities, hemolytic disease,
gastrointestinal problems, i.v. feeding for more than 5 d, and
blood transfusion after 14 d of age. Informed parental consent
was obtained and the study was approved by the Joint Ethical
Committee of The Grampian Area Health Board and the Uni-
versity of Aberdeen.

The gestational ages of the infants were assessed from maternal
menstrual history or biparietal diameter by ultrasound scan and
from physical criteria (14). The babies were then assigned ran-
domly within three strata based on gestational age (<32 wk, 33-
35 wk, and >36 wk) to receive daily from 28 d of age, as sodium
iron edetate, either 13.8 mg (HiFe), 7 mg (MidFe), or no ele-
mental iron (NatFe) in addition to their “natural” or dietary
intakes (Table 1). These dosages reflect the range of iron dosages
currently prescribed in U.K. neonatal units (5). Twins were
always allocated to different treatment groups. The liquid iron
preparation was administered by oral syringe between feeds.
Infants of less than 33 wk gestation were all appropriately grown
for gestational age, whereas those older than 35 wk gestation
were light for dates. The intermediate gestational age-group
contained infants in both categories. The absolute values and SD
scores for birthweight, crown-heel length, and head circumfer-
ence of the treatment groups were similar.

Eleven infants (four, four, and three, respectively, from the
HiFe, MidFe, and NatFe groups) received their own mother’s
breast milk throughout the study. The remaining infants re-
ceived, where appropriate, initially a preterm formula followed
by cows’ milk-based infant formulas, all of which contained 5-
6.7 mg of inorganic Fe/L. Although the formulas were not “iron-
fortified,” relatively high iron intakes were achieved (Table 2)
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because of the volumes of feed administered (up to 200 mL/kg/
d). No infant received solids until the last 2 wk of the study when
the mothers of 15 (five, four, and six from the HiFe, MidFe, and
NatFe groups, respectively) had started to introduce an occa-
sional spoonful of a rice-based weaning product. From 14 d
postnatal age, infants received a multivitamin preparation (0.6
mL Abidec; Warner Lambert, Eastleigh, Hampshire, UK) pro-
viding 50 mg of ascorbic acid either once or twice daily; infants
of birth weight less than 1750 g were also given 1 mg folic acid
once daily. In addition, infants of less than 1500 g at birth and
those of less than 33 wk gestation received vitamin E (20 mg/kg
intramuscularly (Hoffman-La Roche & Co. AG, Basel, Switzer-
land) daily for 3 d, followed by 5 mg/kg daily orally (Roche,
Welwyn Gardens City, England)] until they reached 34 wk
postconceptional age.

The infants were reviewed on entry into the study at 27 d, and
thereafter at 8, 12, and 20 wk postnatal age. At each review,
enough of the iron and vitamin preparations were supplied to
last until the next visit and the mothers were instructed in their
dosage and administration. Additionally at each visit, the dietary

Table 1. Composition of treatment groups completing the study

Iron Gestation (wk)
supplement Birth wt
(mg/d) <32 33-35 >36  Total (2)*
13.8 6 11 3 20 1937, 356
7.0 4 7 5 16 1921; 308
0 4 9 6 19 2016; 331
* Mean; SD.

Table 2. Estimated daily intakes of iron, zinc, and copper
(formula-fed infants only) (U/kg/d) (mean; SD) ’

fron Daily intake
Postnatal  supplements
age (wk) (mg/d) Iron (mg) Zinc (mg) Copper (ug)
13.8 6.8;0.3 0.8;0.1 110; 14
4 7 4.2:04 0.8;0.2 110; 32
0 1.6;0.3 0.9;0.1 118; 22
13.8 3.6;0.2 0.6;0.1 69; 18
20 7 1.8;0.2 0.5;0.1 73; 16
0 1.0;0.3 0.6; 0.1 75, 15

Table 3. Mean Hb concentration (g/L) in observed infants
(mean and 95% CI)

Iron Postnatal age (wk)
supplements
(mg/d) 4 8 12 20
13.8 119 96 106 117
(n=20)  (112~127) (92-100) (101-111) (111-123)
7 114 96 101 115
(n=16) (100-127)  (89-103) (95-107)  (107-123)
0 114 96 104 112
(n=19) (104-125) (91-104) (100-108) (107-118)

Table 4. Plasma ferritin concentrations (ug/L)
(mean and 95% CI)

Iron Postnatal age (wk)
supplement
(mg/d) 4 8 12 20
13.8 182 109 62 32%
(129-258) (74-160) (42-91)  (24-44)
7 130 75 41 23
(79-212) (47-119) (29-58)  (17-31)
0 129 71 40 17*
(89-189) (47-107) (27-58)  (12-24)
*n<0.0l1.
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Table 5. Plasma copper concentrations (umol/L) by gestational
age (mean and 95% CI)

Postnatal age (wk)*

4 8 12 20
Gestation (wk)
<32(n=14) 5.6¢ 8.5 9.5 10.7%4
(4.3-6.8) (6.5-10.6) (7.7-11.3) (9.3-12.1)
33-35(n=128) 6.7 9.5 11.7 13.3¢
(5.7-7.6) (8.5-10.4) (10.5-12.9) (12.0-14.6)
>36 (n=13) 8.5¢ 10.2 11.9 14.5%

(6.7-10.3) (8.8-11.5) (10.3-13.6) 12.7-16.3)

* At each postnatal age, statistically significant differences between
values bearing the same superscript are as follows: “ p < 0.01;* p < 0.001.

history was reviewed. Intakes of iron, zinc, and copper were
estimated for the formula-fed infants using declared composi-
tions and analyzed values of the formulas. The elemental intakes
of breast-fed infants could not be estimated. Any feeding diffi-
culties, intercurrent illnesses, or hospital admissions were re-
corded.

Weight (model 727, electronic scales, Seca, Hamburg, Ger-
many), crown-heel length (Infantometer; Holtain Ltd., Crymych,
Dyfed, UK), and occipito-frontal circumference were measured
at each visit by the same observer and 2-2.5 mL of venous blood
was taken and transferred immediately to a NaEDTA tube for
hematologic analysis and to a deionized lithium-heparin tube for
plasma copper, zinc, and ferritin and ESOD analyses. The hep-
arinized sample was centrifuged at 1000 X g for 10 min within
1 h of collection and the plasma removed and stored at —20°C
until analysis; the cells were washed twice with isotonic 0.9%
saline before being similarly stored.

Analyses. SD scores for weight, length, and occipito-frontal
circumference were calculated from reference charts (15).

Hb concentration and red-cell indices were measured by Coul-
ter counter and a blood film was examined by a hematologist if
these indices were abnormal; reticulocyte counts were measured
if the Hb was below 100 g/L.

Plasma copper and zinc concentrations were determined by
atomic absorption spectrophotometry (model no. SP 9, Pye
Unicam, Cambridge, England) after dilution in 6% acid-washed
butanol (16), and plasma ferritin concentration by RIA (Behring
RIA-gnost, Hounslow, Middlesex, UK).

ESOD was assayed by the method of Jones and Suttle (17). In
brief, the blood cells were lysed by repeated freezing and thawing
and centrifuged at 3000 X g for 10 min to separate the cell
membranes. ESOD activity in the lysate supernatant was assayed,
after a 500-fold dilution in 0.01 M phosphate buffer, by deter-
mining the ability of the supernatant to inhibit the oxidation of
iodonitrotetrazolium violet by superoxide generated by the aero-
bic oxidation of xanthine by xanthine oxidase (both by Sigma
Diagnostics, Poole, Dorset, UK). SOD activities were calibrated
against purified ESOD (Sigma Diagnostics), which had an activ-
ity of 3150 U/mg protein as defined by McCord and Fridovich
(18) and are expressed in U/g Hb; to compensate for falling
mean corpuscular volume, activities were also calculated per
individual erythrocyte (U/RBC). The interbatch and intrabatch
coefficient of variation for this assay was 6.5%.

There are two SOD isoenzymes in eukaryotic cells: a cyto-
plasmic cuprozinc form (CuZn SOD) that depends on copper
for its catalytic activity with zinc as an important structural
component and a manganese-dependent mitochondrial form.
Because cyanide inhibits cupro-enzymes but not mangano-en-
zymes, the respective contributions of these two enzymes to the
total SOD activity was explored by measuring SOD activities in
the absence and presence of 2 mM cyanide. All activity was
cyanide-sensitive and could therefore be attributed to CuZn
SOD, the vast majority of which is located within erythrocytes.

The Hb concentration of the lysate was determined from the
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Fig. 1. CuZn SOD activities/g of Hb (mean and 95% Cl) in infants receiving daily 13.8 mg ({J), 7 mg (®), or no (M) additional elemental iron.
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Fig. 2. CuZn SOD activities/RBC (mean and 95% CI) in infants receiving daily 13.8 mg (O), 7 mg (@), or no (W) additional elemental iron.

optical density of cyanohemoglobin at 540 nm (Sigma Diagnos-
tics).

Statistical analyses. At each postnatal age, differences in ob-
served values among gestational age groups and among treat-
ments for the combined gestation groups were analyzed by one-
way analysis of variance (Minitab Inc., University Park, PA).
Where appropriate, specific differences were evaluated by un-
paired ¢ tests (19). Plasma ferritin data were compared after
normalization of the results by logarithmic transformation.

RESULTS

Fifty-five infants completed the study (Table 1). Data from
seven recruited infants, six of whom failed to attend all reviews
and one who did not tolerate the iron supplement, are not
reported here. No child became seriously ill during the study and
the rate of minor infections or gastrointestinal upsets did not
differ among the groups. All infants grew normally throughout
the study and there were no differences among treatment groups
in any of the growth parameters measured.

Whereas the iron intakes of the NatFe group averaged 4-fold
less than that of the HiFe and 2.5-fold less than that of the MidFe
groups, zin¢ and copper intakes were similar in all treatment
groups throughout the study (Table 2). Hb concentrations and
mean corpuscular volume did not differ significantly among
treatment groups (Table 3) and both the absolute values and the
trends with increasing age were consistent with earlier observa-
tions (20). Neither were there any significant intergroup differ-
ences in reticulocyte counts, total and differential white cell
counts, or platelet counts.

Gestational age or the type of feed (breast milk or formula)
did not affect any of the growth or hematologic parameters,

There was great interindividual variation in plasma ferritin
concentrations (Table 4) with considerable overlap among treat-
ment groups until 20 wk postnatal age when values in the HiFe
group infants (mean, SD; 32, 1.9 ug/L) were higher than those
of the NatFe group (17, 2.0 pg/L; 95% CI for difference between
means 6.6 to 22.0 ug/L; p < 0.01). Ferritin concentrations in the
MidFe group did not differ (p > 0.05) from the other two groups
at any time. By 20 wk postnatal age, two infants in the unsup-
plemented group and one infant in the MidFe group had plasma
ferritin concentrations less than 10 pg/L and thus could be
considered to have been iron-depleted. Neither these nor any
other infant had any hematologic evidence of iron deficiency.

Plasma copper levels increased with postnatal age in all the
treatment groups and there were no differences among the treat-
ment groups or among the individual gestational age strata.
Because iron treatment did not affect plasma copper levels, the
influence of gestational age was investigated by combining the
results of the three gestational age strata (Table 5). The plasma
copper concentrations of the most preterm infants were signifi-
cantly lower than those of the most mature infants at 4 wk and
both of the older groups at 20 wk postnatal age. At the end of
the study, the plasma copper concentrations of the 11 infants
receiving breast milk (10.6 umol/L; SD 1.0) were significantly
lower than those of the 44 formula-fed infants (13.5 umol/L; SD
3.3;95% CI for mean difference 0.53 to 5.27, p < 0.001).

At each visit and with each treatment group, there was a wide
range of plasma zinc levels and no trend with increasing maturity
or postnatal age was seen (data not shown). Neither gestational
age nor iron treatment had any significant effect upon plasma
zinc concentrations. At 4 wk postnatal age, the plasma zinc
concentrations of the infants receiving breast milk (n = 11; 14.4
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umol/L; SD 3.1) were higher than those of the formula-fed
infants (n=44; 11.1 umol/L; SD 2.7; 95% CI for mean difference
1.1 t0 5.5, p = 0.02), but there were no differences at later ages.

When ESOD activities were expressed as U/g Hb (Fig. 1),
activities were similar in all treatment groups at 4 wk postnatal
age; thereafter, ESOD activity remained fairly constant in the
HiFe group whereas in the other two groups it rose steadily. As
a result, at 20 wk postnatal age, activities in the HiFe group
(1537 U/g Hb, SD 211) were lower than in the MidFe (1789 U/
g Hb, SD 403; 95% CI for difference between means 38 to 466,
p < 0.05) and NatFe groups (1858 U/g Hb, SD 304; 95% CI for
mean difference 150 to 492, p < 0.01).

When expressed per red cell, ESOD activities in the HiFe
group declined steadily throughout the study, whereas in the
other two groups they remained relatively constant (Fig. 2). At
20 wk, activities in the HiFe group (419 U/RBC X 10'°, SD
54.0) were again lower than in the MidFe (495 U/RBC X 10°,
SD 116; 95% CI for mean difference 4.6 to 70.6, p < 0.05) and
NatFe groups (506 U/RBC x 10" SD 101; 95% CI for mean
difference 10 to 114, p < = 0.01). These statistically significant
differences in ESOD activities persisted when the data were
reanalyzed after excluding the infants with plasma ferritin con-
centrations below 10 ug/L or those who had been breast fed.

When ESOD activity was considered as a function of postcon-
ceptional age rather than as a function of postnatal age, the
differences in activity among treatment groups described above
were still evident, as was each group’s change in activity with
time. To avoid any possible bias from term light-for-date infants,
the results were reanalyzed after exclusion of data from infants
of greater than 35 wk gestation; the differences among treatment
groups at 20 wk postnatal age were still evident (HiFe n = 17,
1525 U/g Hb, SD 215; NatFe n = 12, 1806 U/g Hb, SD 351,
95% CI 39 to 522, p < 0.05).

DISCUSSION

The principal finding of this study was that the higher intake
of iron was associated at 20 wk postnatal age with lower ESOD
activities than in the other two groups. The iron supplement,
however, did not have any effect upon other indices of copper
metabolism, plasma zinc concentrations, weight gain, linear
growth, hematologic indices, or rates of infection.

The values and pattern of plasma ferritin concentrations re-
ported here are consistent with other studies of iron supplemen-
tation in preterm and LBW infants (21) and suggest that some
additional iron is necessary to prevent iron deficiency. However,
the values are lower than those of Halliday et al. (22), who found
no difference between supplemented and unsupplemented in-
fants whose characteristics and iron intakes (0.5-5.4 mg/kg/d)
were similar to those in this study.

Although iron interferes with the intestinal absorption and
systemic metabolism of zinc (23), the iron supplements used in
this study had no effect on plasma zinc concentrations; this,
however, gives no real indication of the relative risks of zinc
deficiency in these treatment groups. The plasma zinc concen-
trations here are comparable to those previously described (6,
24-26). It was interesting that we noted a higher plasma zinc
concentration in breast-fed infants at 4 wk of age compared with
those fed formulas. This difference was not seen at later stages;
a similar difference with feeding has been seen in term infants at
6 mo of age (27), although with that study the Zn content of the
formula was about haif that of the formulas used in this study.

Plasma copper concentrations were within reported ranges
and, similarly, showed the reported increase with postnatal age
(6, 28, 29). However, whereas plasma copper concentrations
were not affected by iron supplementation, ESOD activity was.

There are no extensive data on ESOD activity in early infancy.
A prolonged longitudinal study (30) of preterm LBW infants of
varying postconceptional age reports relatively constant activities
per RBC until 10 wk postnatal age. However, these infants
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received daily from the 4th wk of life 30 mg of elemental iron,
more than twice that supplied to the HiFe infants in this study;
even so, the reported activities were approximately twice those
reported here. Methodologic differences may have contributed
to this disparity and to the contrasting results of several cross-
sectional studies in which ESOD activities fell (31), remained
constant (32, 33), or rose (34, 35) with increasing postconcep-
tional age. This preliminary report provides the first data on
LBW/preterm infants followed until 20 wk postnatal age, and
on such infants who have not received iron supplements.

Because erythrocytes do not synthesize protein, the appearance
of any change in ESOD activity would be gradual and would
depend on the rate of erythrocyte tumover. Thus, it is not
surprising that the differences in activities among treatment
groups were not apparent until the end of the study, although
the size of the iron supplement relative to body weight had by
then fallen. The gradual decline in ESOD activity seen here in
the HiFe group would be consistent with reduced SOD activity
in newly produced red cells.

The precise cause of the difference in ESOD activities among
treatment groups at 20 wk postnatal age in this study is not
known. Apart from some genetic disorders, leukemias, and lym-
phoproliferative disorders (36), the only known cause of reduced
ESOD activity is copper depletion, and in studies of copper-
depleted adults (11, 12) or those receiving zinc supplements (10,
13) a reduction of ESOD activity was the earliest indicator of
disturbed copper metabolism. Although high doses of ascorbic
acid can alter the metabolism of copper in rats (37) and adult
men (38, 39), the doses of ascorbate used in this study were
similar in all treatment groups. Similarly, solids contributed only
a small amount to the dietary intake of 15 infants and would
take longer than 2 wk to have any effect on ESOD activity. We
suspect that the association of lower ESOD activities with the
higher dose of iron supplement represents an impairment of
copper utilization induced by the iron. We are currently repeating
the study to determine whether copper supplements can prevent
or reverse the changes in ESOD activity.

The alternative explanation, that the differences in ESOD
activity arise from an unusual increase in activities in the MidFe
and NatFe groups by 20 wk postnatal age, seems uniikely.
Increased ESOD activity has been described in animal models
only with extreme oxidant stress (40) or severe iron deficiency
anemia (41) or in humans with Down’s syndrome (42, 43) or
uremia (44), none of which applied in this study.

We do not know the clinical significance of the observed
reduction in ESOD activities in the HiFe group. The levels of
ESOD activity found here are higher than those found in hypo-
cupremic children recovering from malnutrition (864 U/g Hb,
SD 213) (45) or convalescent malnourished normocupremic
toddlers (1073 U/g Hb, SD 312) but are similar to those present
after copper repletion and in a copper-replete reference group
(1461 U/g Hb, SD 451) (46). Thus, it is unclear whether the
lower ESOD activities of the HiFe group represent an increased
risk of oxidant damage or of a systemic functional copper defi-
ciency. Nonetheless it seems important to consider such an effect
of iron on the metabolism of copper when planning the amount
of iron supplements for infants especially when, as with the case
of LBW infants, there is a risk of copper deficiency.
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