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The ability of plasma from newborn babies (cord blood) and adults to inhibit iron-induced lipid peroxidation 
was compared. The caeruloplasmin and transferrin concentrations, and latent iron-binding capacity were 
lower in the babies (p < 0.001). The plasma of many of the babies had no latent iron-binding capacity and 
contained non-protein-bound iron (measured by the bleomycin assay). The in v i m  ability of plasma to 
inhibit iron-induced liposome peroxidation by either ferroxidase antioxidant activity (caeruloplasmin) or 
iron-binding antioxidant activity (transferrin) was measured. The antioxidant activity in both assays was 
decreased in the babies ( p  c 0.001). The percentage inhibiton of peroxidation in the iron-binding antioxidant 
assay correlated positively with the latent iron-binding capacity (p c 0.001) and negatively with the 
presence of bleomycin-detectable iron (p c 0.02) in the babies. This assay produced stimulation of 
peroxidation in 42% of the babies but none of the adults. The diminished capacity of cord blood plasma 
to prevent iron-induced lipid peroxidation may predispose the newborn baby to the toxic effects of oxygen. 

KEY WORDS: newborn, transferrin, caeruloplasmin, bleomycin-detectable iron, lipid peroxidation. 

INTRODUCTION 

Reactive oxygen species play a role in the pathogenesis of bronchopulmonary 
dysplasia, retinopathy of prematurity, and intracerebral haemorrhage in the 
Increasing the removal of reactive oxygen species, e.g. by vitamin E therapy, in order 
to limit the incidence and severity of these diseases, has produced conflicting  result^.^ 
Decreasing the production of reactive oxygen species may offer an alternative means 
of the rap^.^ Production of reactive oxygen species is enhanced by non-protein-bound 
iron: and in plasma iron-induced formation of reactive oxygen species is inhibited by 
the synergistic action of caeruloplasmin’s ferroxidase activity and transferrin’s ferric- 
ion binding ~apac i ty .~ ,~  Concentrations of these primary (preventive) antioxidants are 
low in babies compared to adults, and iron-induced oxygen damage may occur.’ We 
therefore compared, in vifro, the ability of plasma from newborn babies and adults 
to inhibit iron-induced peroxidation of liposomes.* 

Address for correspondence: H.M. Berger MRCP, Neonatal Unit, Department of Pediatrics, University 
Hospital, PO Box 9600, 2300 RC Leiden, The Netherlands, Tel **-3171262909. 
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286 J.H.N. LINDEMAN ET A L .  

TABLE I 
Clinical details of the newborn babies 

Preterm Term 

Number 20 21 
Gestational age, (completed weeks)t 31 (23-35) 39 (37-41) 
Weight percentile: 39 (17) 48 (31) 
Female 10 12 
APGAR score 1 mint l(1-9) 9 (7-10) 
APGAR score 5 mini 9 (7-10) 10 (9-10) 
Cord blood pH* 7.36 (0.08) 7.34 (0.06) 

'Median (range). 
:Mean (sd). 

MATERIALS AND METHODS 

Patients 

All patients were Caucasian. Healthy adults: 10 males, and 10 females who were not 
pregnant or taking contraceptives: aged 24-50 yrs were studied. The babies, born to 
healthy mothers, were well nourished (weight 10th-90th percentile") (Table I). The 
term babies (gestational age > 37 wks) did not show signs of birth asphyxia (Apgar 
score? > 7 at 1 min, cord blood pH > 7.2). Ten of the preterm babies showed no 
signs of birth asphyxia; the other 10, had a normal cord blood pH and their Apgar 
scores were 7 at 5 rnin." Babies with clincial evidence of haemolysis, e.g. rhesus 
haemolytic disease were excluded from the study. 

Collection of Samples 
Venous blood from the adults and cord blood (from the separated placenta within 
15 min of the babies birth), was slowly drawn through a 1.1 mm diameter needle to 
prevent haemolysis. The heparinized blood was immediately centrifuged (750 g, 
10 min) and the plasma stored at - 7OoC under argon until analysis (none of the 
plasma samples showed haemolysis assessed visually as pink discoloration). Preliminary 
studies showed that plasma values did not change during storage under these 
conditions. 

Measurements 

C-Reactive protein was measured by fluorescent polarization on the TDx" (Abbott, 
Amstelveen, The Netherlands). Iron and the latent iron-binding caeacity were measured 
by spectroscopy using ferrozine complexation on the Cobas Mira (Roche, Mijdrecht, 
The Netherlands). Caeruloplasmin and transferrin were determined by radial immuno- 
diffusion (Behring, Amsterdam, The Netherlands). All methods were performed 
following the manufacturers recommendations. 

Plasma antioxidant activities (due to ferroxidase activity or iron-binding) were 
measured in assays 1,2, and 3 (see below) which were based on the methods developed 
by Gutteridge.* These in vitro assays assess the ability of plasma to prevent iron- 
induced lipid peroxidation of phospholipid liposomes. Peroxidation is prevented by 

t A  clinical score to assess the babies condition at birth." 
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either oxidation or binding of iron by plasma. Small unilamellar vesicles'z were 
prepared from fresh ox brain phosph~lipid.'~ The phospholipids were dissolved 
(100 mg/mL) in dichloro-methane : methanol (2 : I )  and stored in capped glass vials at 
- 70°C (no lipid peroxidation occurred during storage). The use of multilamellar 
liposomes,' showed a large interassay variation in our experiments, but small uni- 
lamellar vesicles gave reproducible results (i.e., coefficients of variation for assay 1,2, 
and 3 were 9%, 4%, 4% respectively). Small unilamellar vesicles were prepared as 
follows: phospholipids in cold PBS ( 5  mg/mL), were vigorously vortexed (3 min), then 
sonicated (titanium probe, 10 min in ice water) under nitrogen. The resulting suspension 
was centrifuged (30000g, 1 h, 4°C) and the supernatant containing the small uni- 
lamellar vesicles, was used. 

Plasma Antioxidant Activity 

Assay 1 measures mainly plasma ferroxidase activity. Lipid peroxidation is stimulated 
by added ferrous ions, and inhibited when these are oxidized to ferric ions. 200pL 
phosphate buffer (0.1 M, pH 7.4), 200 pL liposome suspension and 50 pL plasma were 
mixed, and peroxidation was started with the addition of 1OOpL ferrous ammonium 
sulphate (1 mM) (prepared in deoxygenated water). The high ascorbate levels in cord 
blood compared to adult b!oodI4 may antagonize caendoplasmin ferroxidase activity." 
Therefore, the influence of ascorbate on ferroxidase antioxidant activity was assessed. 
In cord blood (n = 4), ascorbate was removed by an ascorbate oxidase spatula 
(Boehringer Mannheim, Amsterdam, The Netherlands) and in adult plasma (n = 2) 
ascorbate was increased to cord blood levelsI4 by adding 50 pL ascorbate (0.1 mM). 

Assay 2 also measures mainly plasma ferroxidase antioxidant activity. Lipid 
peroxidation however, is stimulated by ferrous ions formed by the reduction of 
ferric ions by ascorbate. 200pL phosphate buffer (0.1 M, pH 6.5), 200pL liposome 
suspension, 30 pL ascorbate (0.1 mM) and 20 pL plasma were mixed and peroxidation 
was started by the addition of 50pL ferric ammonium sulphate (0.5 mM). 

Assay 3 measures mainly plasma iron-binding antioxidant activity. Lipid peroxi- 
dation is stimulated by intrinsic iron (present in glassware and reagents), which will be 
reduced by added ascorbate, if it is not first bound by transfemn. 200pL phosphate 
buffer (0.1 M, pH 7.4), 200 pL liposome suspension and 5 pL plasma were mixed and 
peroxidation started with 30 pL ascorbate (6.0 mM). Since the added ascorbate results 
in concentration many times greater than in normal plasma (ca. 150 fold), plasma 
caeruloplasmin activity is inhibited and the plasma ascorbate levels of the babies do not 
interfere with the results. 

All assays were erformed in duplicate using freshly prepared reagents in ultra 
clean water (Elgastat , ELGA , High Wycombe, Bucks, England). After incubation of 
the liposomes (1 h, 37OC), 0.5 mL HCl(3 M) and 0.5 mL thiobarbituric acid (1 % (wlv)) 
in NaOH (0.01 M) were added, the mixture heated (15 min, 100°C) and then cooled on 
ice. Thiobarbituric-acid reactive substances were extracted in 1.5 mL butan-1-01 and 
centrifuged (IOmin, 1500g). The butan-1-01 fraction was removed and centrifuged 
(2min, 1OOOOg) and the absorption measured at 532nm. The percentage inhibition of 
lipid peroxidation was calculated as follows: 

((absorbance 100% peroxidation - absorbance 100% blank) - (absorbance plasma 
inhibited peroxidation - absorbance plasma blank))/(absorbance 100% peroxidation 
- absorbance 100% blank) 
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TABLE I1 
The concentrations of plasma proteins and iron 

Preterm 
n = 20 

Term 
n = 21 

Adult 
n = 20 

Caeruloplasmin mg/L 75 (41)': 132 (61)' 313 (44) 
Transferrin g/L 1.98 (0.40)'' 2.70 (0.34)' 3.49 (0.36) 
Iron pmol/L 14.4 (9.7)' 25.3 (5.9)' 15.3 (6.9) 

Results are shown as mean (sd). 
'Preterm different from term group. 
:Preterm group different from adult group. 
'Term group different from adult group (all p values < 0.002). 

100% peroxidation was derived from a sample to which no plasma was added. 
After completion of the above studies the bleomycin assay for the presence of 

non-protein-bound became available in our department. As a result, retro- 
spective studies were performed on the 17 babies and 9 adults for whom plasma samples 
were still available. Preliminary studies showed that storage did not affect the results of 
this assay. 

Statistics 

The differences between the groups were tested by analysis of variance (ANOVA). 
When significant, pairwise comparisons were carried out using the independent t test or 
Mann Whitney as indicated. Correlations were analyzed by Pearson's or Spearman's 
rank method as appropriate. P values less than 0.05 were regarded as significant. 

RESULTS 

Caeruloplasmin and transferrin are acute phase proteins, and C-reactive protein was 
measured to exclude elevated levels due to infection. All C-reactive protein values were 
normal (< 15 mg/L)." 

Table I1 shows the concentrations of proteins and iron in plasma. Caeruloplasmin 
transferrin and iron levels were lower in preterm than in the term babies and correlated 
positively with gestational age (Table 111). The adults had higher protein levels than the 
babies but their iron levels were lower than levels in term babies (Table 11). 

Figures 1 and 2 show that plasma ferroxidase antioxidant activities (assays 1 and 2) 
were similar in the preterm and term babies, and lower than the adults. The potentially 
inhibiting effect of high ascorbate concentrations on ferroxidase antioxidant activity 
was measured and the following results obtained: (a) ferroxidase antioxidant activity 

TABLE 111 
The effect of gestational age on the concentrations of plasma proteins and 
iron (n = 41) 

Correlation' Slope (increase per week) 

Caeruloplasmin 0.50 24.6 mg/L 

Iron 0.58 3.47 pmol/L 
Transferrin 0.76 0.14glL 

'All p values were < 0.001. 
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I PT AT AD 

FIGURE 1 Plasma ferroxidase antioxidant activity (individual and mean values) as measured in assay 
1 (ferrous ammonium sulphate added) in the 3 patient groups: preterm (PT) or term (AT) versus adult 
(AD):p < 0.001 (Mann Whitney). 
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0 PT AT AD 

FIGURE 2 Plasma ferroxidase antioxidant activity (individual and mean values) as measured in assay 
2 (ferric ammonium sulphate and low concentrations of ascorbate added) in the 3 patient groups: preterm 
(PT) or term (AT) versus adult (AD): p < 0.001 (Mann Whitney). In this assay 11 preterm and term babies 
were studied. 
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290 J.H.N. LINDEMAN ET AL.  

. 

FIGURE 3 Latent iron-binding capacity (individual and mean values) in the 3 patient groups: preterm 
(PT) or term (AT) versus adult (AD): p < 0.001 (Mann Whitney). Open dots indicate samples which 
stimulated lipid peroxidation in assay 3 (see text and Figure 4). In the term group I sample was lost. 

rose after removal of ascorbate from neonatal plasma: inhibition of peroxidation 
increased from 16% to 40%, while (b) addition of ascorbate to adult plasma diminished 
ferroxidase antioxidant activity from 50% to 34%. 

Figure 3 shows that latent iron-binding capacity was similar in the preterm and term 
babies, and that they had a lower iron-binding capacity than the adults. In 9 babies there 
was no latent iron-binding capacity at all. 

Figure 4 shows the influence of plasma iron-binding antioxidant activity on lipid 
peroxidation in assay 3 .  Antioxidant activity was significantly higher in adults than 
in babies. In all adult plasmas peroxidation was inhibited, but in 17 (42%) of the 
babies peroxidation was actually stimulated i.e., negative inhibition is indicated in 
Figure 4. All of these babies had a low or absent latent iron-binding capacity (see 
legend, Figure 3) .  The babies' plasma iron-binding antioxidant activity, expressed as 
% inhibition of peroxidation, correlated positively with their latent iron-binding 
capacity (n = 40, r = 0.79, p < 0.001) and negatively with their bleomycin-detectable 
iron concentration (n  = 17, r = -0.55, p < 0.02). When lipid peroxidation was 
stimulated by plasma, peroxidation could be completely inhibited by addition of 
conalbumin (ovo-transferrin) (Figure 5).  The use of desferrioxamine and human 
apotransferrin. instead of conalbumin gave similar results (data not shown). 

DISCUSSION 

Non-protein-bound iron can greatly enhance formation of reactive oxygen  specie^.^.'^ 
Ferrous ions stimulate formation of reactive oxygen species such as alkoxyl (RO') 
and the hydroxyl radical (OH' ) by Fenton-type reactions.20 In plasma, iron-induced 
formation of reactive oxygen species is normally rigorously inhibited by the synergistic 
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FIGURE 4 Plasma iron-binding antioxidant activity (individual and mean values) as measured in assay 
3 (high amounts of ascorbate added, intrinsic iron only) in the 3 patient groups: preterm (PT) or term 
(AT) versus adult (AD): p < 0.001 (Mann Whitney). A negative inhibiton indicates stimulation of lipid 
peroxidation by plasma. 

action of the preventative antioxidants caeruloplasmin and transferrin.s.6 How- 
ever this defence system can fail in iron-overload (e.g., haemochromatosis” and 
thalassaemia22), ischaemia-reperfusion rheumatoid arthritis24 and in leukaemic 
patients after chemotherapy.*’ 

150 

100 

50 

0 5 10 15 20 

Conalbumin (pg) 

FIGURE 5 Inhibition of peroxidation in assay 3 by addition of conalbumin (ovo-transfernn). The 
relative amount (YO) of peroxiation is shown on the Y axis. A 100% peroxidation value was obtained 
without iron or plasma addition (0). Addition of conalbumin (shown on the X axis) diminished peroxida- 
tion. Addition of 5pl ferric ion (25pM) (+) increased the initial peroxidation value (125%) and addition 
of conalbumin diminished peroxidation. Addition of 5 pL cord blood plasma sample (0), also increased 
the initial peroxidation value (124%), and addition of conalbumin also diminished peroxidation. 
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It has been postulated that iron-induced formation of reactive oxygen species also 
plays an important role in diseases of the newborn, e.g., bronchopulmonary dysplasia 
and retinopathy of premat~ri ty .~ We have shown that iron-overload in babies due to 
rhesus haemolytic disease is associated with disturbed plasma chain-breaking anti- 
oxidant activity and increased plasma peroxidation products.26 

Sullivan and Newton, using a bovine brain homogenate assay concluded that 
neonatal plasma is less effective than adult plasma in preventing iron-induced 
per~xidation.~’ However, Gutteridge has pointed out that the intrinsic enzymatic and 
non-enzymatic pro- and anti-oxidant substances in brain homogenate, make it 
difficult to determine the specific effect of the primary plasma antioxidants.’ The 
modified method we use here is not affected by intrinsic pro- and anti-oxidants 
derived from the brain homogenate, and discriminates between plasma ferroxidase 
anti-oxidant activity and iron-binding antioxidant activity. 

As reported In previous studies, the concentration of caeruloplasmin was lower in 
newborns than in adults.2a Although caeruloplasmin levels were lower in preterm 
babies, their ferroxidase antioxidant activity was similar to that of term babies. This 
might be explained by differences in the proportions of apocaeruloplasmin and 
caerul~plasmin.~~ However differences in plasma vitamin C levels are not a likely 
explanation because we have shown these to be similar in the two groups of babiesi4 

The low transferrin concentration and the relatively high iron concentration resulted 
in a low latent iron-binding capacity in the newborn.30 In fact, a large number of 
infants had no latent iron-binding capacity at all. This explains the strongly diminished 
ability of cord blood plasma to protect liposomes against iron-induced lipid peroxi- 
dation in assay 3. Many plasma samples from babies, whose latent iron-binding 
capacity was absent or very low (see Figure 3), actually stimulated peroxidation. In 
the babies’ plasma iron-binding antioxidant activity correlated positively with the 
latent iron-binding capacity and negatively with the level of bleomycin-detectable 
iron. Furthermore peroxidation could be inhibited completely by addition of ovo- 
transferrin (conalbumin), apotransferrin or desferrioxamine. We suggest that non- 
protein-bound iron similar to that described in haemochromatosisZ’ and other 
conditions of iron-overload is present in cord blood. 

CLINICAL CONSIDERATIONS 

Low caeruloplasmin ferroxidase antioxidant activity and high transferrin saturation 
of newborn babies may predispose them to iron-induced oxygen damage of brain, 
eyes and lung.7 The brain and eye have relatively low concentrations of cellular 
antioxidant enzymes, such as catalase3’ and the protection provided by primary 
plasma antioxidants may therefore be important.32 Animal and adult studies show 
that caeruloplasmin and transferrin also help protect the lung, which has high 
antioxidant enzyme concentrations, against oxygen t o x i ~ i t y . ~ ~ , ~ ~  In the newborn the 
role of caeruloplasmin in the development of acute and chronic lung problems has 
also been studied. Decreased concentrations of caeruloplasmin and caeruloplasmin- 
oxidase-activity at birth have been reported in children who developed hyaline 
membrane disease and bronchopulmonary d y ~ p l a s i a . ~ ~ . ~ ~  We are not aware, however, 
of clinical studies to assess the antioxidant role of transferrin and caeruloplasmin in 
protecting the newborn against oxidative damage in relation to the presence of low 
molecular mass iron in the plasma. 
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The potential risk of damage by reactive oxygen species, because of deficiencies in 
caeruloplasmin and transferrin, would be greatly amplified by iron-overload and 
further exacerbated by iron supplementation of preterm feeding formulas, by blood 
transfusions3’ or by vitamin C therapy.” On the other hand, raising the concentration 
of primary antioxidants, by stimulating their endogenous production by corticosteriod 
therapy3’s3’ or providing exogenous sources via plasma transfusions,40 may inhibit 
iron-induced formation of reactive oxygen species, and provide rational therapeutic 
approaches for the future. 
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