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ABSTRACT

Measurement Of Exhaled Pentane As An Indicator Of Lipid Peroxidation In
Sick Newborn Infants. Drury, JA.

The aim of this study was to develop and establish a technique for the quantitation of
hydrocarbons as markers of oxygen derived free radical damage in the exhaled breath
of ventilated preterm infants. With the technique established, it was planned to use
breath pentane as a predictive marker for CLD and investigate the effect of

therapeutic interventions, aimed at improving outcome, on exhaled pentane.

Despite considerable technical difficulties, a satisfactory method was developed for
the measurement of pentane, allowing quantitation of pmol levels. The technique

was reproducible (Intra- and inter-assay coefficients of variation <4%).

Measurements were made serially on 50 ventilated preterm infants during the first
week of life (22-32 weeks gestation, 520-1870 g birth weight), and showed low
pentane levels at birth, rising to a maximum on day 3, and falling thereafter.
Maximum pentane correlated significantly with birth weight and gestation. Infants
that died, had CLD (at 36 weeks conceptional age), IVH or ROP exhaled

significantly more pentane than their counterparts (P<0.05 in all cases).

There was no association between inspired oxygen concentration and exhaled
pentane. Lipid infusion was found to elevate breath pentane. Inhaled nitric oxide
therapy did not increase lipid peroxidation as measured by breath pentane.
Dexamethasone and Vitamin A did not inhibit lipid peroxidation as quantified by

exhaled pentane.

In conclusion, further study using breath pentane quantitation is warranted and may
help to clarify the role of lipid peroxidation in the aetiology of free radical disorders

of prematurity.
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1. INTRODUCTION

In most forms of life, under normal physiological conditions, there exists a balance
between oxygen derived free radical production (both beneficial and harmful) and
antioxidant defence systems. As oxygen derived free radical (ODFR) production
increases, there are corresponding rises in antioxidant enzyme production, and other
antioxidants are consumed in order to limit free radical damage. However, under
certain conditions these defences may become overwhelmed and free radical chain
reactions can proceed causing damage to DNA, proteins and other cell components.
If free radicals are formed in the vicinity of lipid membranes, then lipid peroxidation
occurs and cell membranes can be seriously damaged with subsequent loss of cell

function.

It has long been suspected that ODFR play a role in the aetiology of disease in
premature infants. Factors known to contribute to their production such as trauma,
high oxygen tensions, excess neutrophil activity and reperfusion are all present in
sick newborn infants undergoing intensive care. While it is evident that ODFR
induced injury may play a part in many complications such as chronic lung disease
(CLD), retinopathy of prematurity (ROP), necrotising enterocolitis (NEC) and
periventricular leucomalacia (PVL), it is in chronic lung disease that the role is best

established.

If it were possible to elucidate the part that ODFR production and lipid peroxidation
played in these diseases of prematurity, it may be possible to devise new therapeutic
interventions to reduce the incidence of these pathologies, and improve the outcome

of extremely low birth-weight infants.



Currently used methods for assessing ODFR damage as lipid peroxidation are non-
specific and invasive (such as malondialdehyde or conjugated diene measurement),
although relatively easy to perform. Pentane is produced in vivo specifically from -
6 polyunsaturated fatty acids (linoleic acids), and ethane is formed from ®-3
polyunsaturated fatty acids (and possibly from some amino acids). Their
determination by gas chromatography with thermal desorption and cryofocussing

enables accurate and reproducible assessment of oxidative stress.

The aim of this research was to develop and establish a technique for the
measurement of exhaled ethane and pentane in newborn infants as an indicator of the
degree to which lipid peroxidation occurs in infants during neonatal intensive care.

It was proposed that infants would be studied serially in order to follow longitudinal
changes in exhaled alkanes, and then, with the technique established, to observe the
effect of interventions aimed at reducing chronic lung disease such as corticosteroid,

vitamin A and nitric oxide administration.



2. LITERATURE

2.1 Free Radicals And Lipid Peroxidation

2.1.1 What Is A Free Radical?

A free radical is any species with one or more unpaired electrons. This definition
includes atomic hydrogen, most transition metal ions and the oxygen molecule,
which has two unpaired electrons. Free radicals can be charged or electrically
neutral (Halliwell and Gutteridge, 1990). The presence of an unpaired electron in

the free radical is conventionally represented by a superscript bold dot (R").

Free radicals can be formed by homolytic bond fission,

AB—>A'+B’

or by electron transfer reactions,

A-+B—> A"+B"-.

In general these reactions are initiated by absorption of radiation or by redox

reactions (Slater, 1984).



Free radicals are continuously being produced in the body. They have useful
functions in the role of ferryl species at the active site of cytochrome P45,
prostaglandin and leukotriene synthesis, the phagocytic reaction by neutrophils for
killing bacteria and other organisms that may initiate an acute inflammatory
response, the action of peroxidase and NADH oxidase systems and some

carboxylation reactions.

2.1.2 Reactive Oxygen Species

As seen in section 2.1.1, the oxygen molecule is a biradical, but it is relatively
unreactive under physiological conditions (Halliwell and Gutteridge, 1989).
However, oxygen can be modified in several ways to become more reactive. One
electron reduction yields the superoxide radical which is formed in nearly all
aerobic cells. A major source of superoxide is "leakage" of electrons onto oxygen
from various components of cellular electron transport chains. Superoxide is also
produced during the respiratory burst of phagocytes and is bactericidal (Freeman

and Crapo, 1982).

Superoxide can undergo dismutation to produce hydrogen peroxide. A considerable
degree of biological damage has been observed to be caused by superoxide
generating systems. Hydrogen peroxide is not a free radical and has limited
reactivity, but it is able to cross biological membranes and give rise to more reactive

species inside cells (Halliwell and Gutteridge, 1990).

In the presence of a suitable metal ion promoter, the hydroxyl radical can be formed
from superoxide and hydrogen peroxide (Gutteridge, 1982). The hydroxyl radical is
highly reactive and able to abstract hydrogen atoms from unsaturated fatty acids and

hence initiate the peroxidation of polyunsaturated fatty acids (lipid peroxidation).



Since the hydroxyl radical is so reactive, any reaction will occur close to the site of
formation. Reaction with a biomolecule usually results in the production of another
radical - usually of lower activity (Halliwell and Gutteridge, 1990). It now seems
clearly established that formation of the hydroxyl radical, or a similar highly
oxidising species accounts for much of the damage done to biological systems
where superoxide and hydrogen peroxide generation are increased (Halliwell and

Gutteridge, 1985).

2.1.3 Damaging Reactions Involving Free Radicals

Oxygen derived free radicals can cause permanent structural changes in nucleic
acids (Cerutti, 1994), activate cytoplasmic and nuclear signal transduction pathways
(Van der Vliet and Bast, 1992), and modulate the activity of stress proteins and
stress genes that regulate effector genes related to growth, differentiation and cell
death (Imlay and Linn, 1988). A range of studies have indicated that ODFR protein
damage may be important for protein activity loss and degradation, cytolysis and
cell functioning (Wolff et al, 1986; Alessi et al, 1993). They are also thought to
play a significant role in the mechanism of ageing, in many of the pathological
changes that occur in diabetes mellitus, the formation of atherosclerotic plaques,

cancer and myocardial infarction.

If ODFR react with unsaturated lipids then a chain reaction is initiated. This is
known as lipid peroxidation. Because of the ubiquity of unsaturated fatty acids in
cellular membranes, peroxidative damage has the potential to affect many cellular

functions.



2.1.4 Lipid Peroxidation

2.1.4.1 Products Of Lipid Peroxidation.

In lipid peroxidation, a primary reactive free radical interacts with a polyunsaturated

fatty acid resulting in a complex variety of degradation products (Slater, 1984).
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Figure 2.1 Scheme of lipid peroxidation. Diagram from Symons and Dowling, 1987 (used with

permission).



Lipid peroxidation is characterised by three distinct phases - a slow induction
period, rapid autocatalysis and a slow termination phase (Gutteridge, 1982).
Oxidation is initiated by allylic H® abstraction, followed by oxygen attack on the
carbon radical generated (Logani and Davies, 1980). Free radical attack on
polyunsaturated fatty acids characteristically causes rearrangement of the double
bonds to give diene conjugated lipids (Situnayake et al, 1990). Biomembranes and
subcellular organelles are susceptible to lipid peroxidation which impairs the
integrity of their structure and functions (Shimada and Yasuda, 1977; Esterbauer et
al, 1982; Esterbauer, 1985). Extensive lipid peroxidation in biological membranes
causes alterations in fluidity, decreased membrane potential, increased permeability
to protons and other ions, and eventual rupture leading to the release of cell and

organelle contents (Halliwell and Gutteridge, 1990).

Ideally, lipid peroxidation should be measured by monitoring oxygen consumption
or substrate loss (May and McCay, 1968). However, this is impossible in vivo, and
therefore most assays used in lipid peroxidation estimation rely on secondary
products. Lipid hydroperoxides are the major initial products of lipid peroxidation
and a number of methods have been developed to measure them in body fluids
including colorimetry, fluorescence, HPLC and GC-MS. Most of the commonly
used methods use peroxidases or hematin to allow formation of fluorescent or
coloured products. GC-MS provides the greatest chemical specificity, but requires
precolumn derivatization. However, lipid hydroperoxides are unstable in the
presence of metal ions and may decompose to form secondary products. These can
be used to measure hydroperoxides indirectly with the thiobarbituric acid (TBA)
reaction, but the reaction is non-specific, time dependent and only measures free

aldehydes.



Evidence for the formation of free radical derivatives from polyunsaturated fatty
acids (PUFAs) can also be found by utilising the fact that cis-trans and trans-trans
dienes absorb ultraviolet at different wavelengths. However, it can be difficult to
estimate a small amount of conjugated diene as a small shoulder on high
background absorption. The most abundant conjugated diene is 9,11-linoleic acid,

but lipid peroxidation is not the only source in plasma.

Aldehydes, including malondialdehyde and 4-hydroxynonenal, are commonly used
indices of lipid peroxidation, and are formed during iron ion catalysed
decomposition of hydroxy-endoperoxides. Malondialdehyde is the single most
abundant reaction product of PUFAs, and is cheaply and easily assayed by the TBA
reaction. However, the assay is non-specific, malondialdehyde is reactive and may
be further metabolised and has been shown also to derive from free radical mediated
attack on some amino acids. It may also be formed during the TBA assay from
other lipid peroxidation products. To overcome many of these problems,
thiobarbituric acid reactive substances (TBARS) are often used as an index of
general free radical or lipid peroxidation activity, measuring malondialdehyde and
other lipid degradation products derived from lipid hydroperoxides. The TBA assay
can be made more specific by the use of antioxidants (such as butylated hydroxy-
toluene) in the reaction, and by analysis of the reaction products using HPLC, thus

separating out other reaction products that absorb at 532 nm.

Hydrocarbon gas exhalation has been used as an in vivo index of lipid peroxidation
since 1974 (Riely et al, 1974). If bacterial sources can be excluded, then lipid
peroxidation is the only source of exhaled alkanes. Serial measurements can be
taken on the same patient over a period of time and the sample collection is truly
non-invasive. The most popular method for measurement of exhaled hydrocarbons

from human subjects is gas chromatography with thermal desorption of the sample



from an absorption tube. This concentrates the sample, overcoming the problem

that hydrocarbon gas production is only a minor end-product of lipid peroxidation.

In vitro, many other more direct techniques can be used to measure free radical
induced lipid peroxidation such as ESR, ESR-spin trapping of hydroxyl radical,
superoxide, singlet oxygen and lipid peroxides (Davies, 1989). Chemiluminescence
can be used to detect singlet oxygen (Miiller-Peddinghaus and Wurl, 1987) and lipid
hydroperoxides by inhibition of light emission in the absence of oxygen, since light
emission has been shown to be related to the concentration of lipid hydroperoxide.
Several review articles discuss the measurement of oxygen derived free radicals and
their reaction products (Halliwell and Grootveld, 1987; Weber, 1990; Pryor and
Godber, 1991). A review of the detection and measurement of the products of lipid

peroxidation has recently been produced (Halliwell and Chirico, 1993).

2.2 Measurement Of Hydrocarbons In Breath

An ideal index of lipid peroxidation would be a substance that was produced in a
fixed stoichiometry with peroxidized polyunsaturated fatty acids, and that is not
metabolised or otherwise lost from the compartment in which it is formed and
measured (Burk and Ludden, 1989). When ethane was first reported to be produced
by in vivo lipid peroxidation , it was thought to be such an ideal index. The
amounts of ethane exhaled in mouse breath were correlated with conditions that
increased (Phenobarbital pre-treatment) or decreased (o-tocopherol pre-treatment)
the susceptibility of liver to lipid peroxidation (Riely et al, 1974). However, in
recent years, it has become apparent that ethane and pentane are not the ideal
indices they were first thought to be. Alkane formation from intermediates of lipid
peroxidation is highly oxygen sensitive - a 100-fold drop in molar yield has been

demonstrated to accompany a rise in oxygen concentration from 5-100% (Kostrucha



and Kappus, 1986). The implication of this observation is that tissues with high
oxygen concentrations will produce smaller amounts of alkanes than poorly-
oxygenated tissues when they undergo lipid peroxidation. Thus, alkanes are likely
to be poor indices of free radical injury with presumable lipid peroxidation in well
oxygenated organs such as the lung. Since it is not possible to determine the origin
of exhaled alkane, this severely limits the use of exhaled alkanes to implicate lipid
peroxidation in specific pathologies (Burk and Ludden, 1989). Metabolism of
alkanes also occurs, and is more rapid for pentane than for ethane (Frank e al,

1980).

In spite of these limitations, the occurrence of lipid peroxidation can be inferred
when very high rates of alkane exhalation are demonstrated (Burk and Ludden,
1989) and it is a very attractive method due to its non-invasive nature, causing

minimal disruption and discomfort to the patient.

Ethane and pentane are produced exclusively from the oxidation of linolenic and
linoleic acids respectively and, due to their volatility, are exhaled in breath. This
provides a sensitive and non-invasive means to assess in vivo lipid peroxidation,
particularly longitudinally. The relationship of ethane and/or pentane to
antioxidants such as vitamin E and selenium (Dillard et al, 1978b; Dillard et al,
1977) and agents thought to promote lipid peroxidation including ozone (Dillard et
al, 1978a), exercise (Kanter et al, 1993), nitrogen dioxide (Dillard et al, 1980),
ageing (Zarling et al, 1993), iron (Dresow et al, 1995) and chloroform and carbon
tetrachloride (Ekstrom et al, 1986) have been investigated in animals and human

adults, but very little work has been carried out in preterm neonates.
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2.2.1 Measurement In Neonates

Wispe et al (1985) were the first to measure exhaled ethane and pentane in a small
group of premature and full term infants using a face mask. They showed that
levels in infants were significantly higher than those found in adults and that
intravenous lipid infusion significantly elevated pentane exhalation. Pitkanen et al
(1990) described a method for breath collection, and ethane and pentane
measurement from ventilated preterm infants. A non-rebreathing valve was
connected to the endotracheal tube to separate inspired from expired air. A
hydrocarbon free air (HCFA) and oxygen mixture was used to hand-ventilate
patients lungs for 5 minutes before connecting an inert bag to the outflow of the
non-rebreathing valve, and expired gas collected for 2 minutes. A face mask with
the valve connected was used in infants without endotracheal tubes. Cis-2-pentene
was added to gas specimens as an internal standard. Water and carbon dioxide were
eliminated before suctioning the sample through a hydrocarbon trap immersed in a
liquid nitrogen-ethyl alcohol bath. Bound hydrocarbons were then heat-desorbed
into a gas chromatograph. Ethane and pentane were calculated according to the

detector response to cis-2-pentene.

They found that during the first five days of life, ethane and pentane rose to a peak
on the fourth day, and then fell in all infants, and that babies with poor outcome
(defined as the presence of IVH of any grade, CLD, ROP or death) had higher
maximum ethane and pentane excretion than those with good outcome, implying a
role for free radical induced lipid peroxidation in the determination of outcome for
preterm infants. In a later study (Varsila et al, 1994a) correlations between
gestational age and birth-weight , and both expired ethane and pentane were shown.
This result was confirmed in another study by the same group, who found that
infants with high maximum ethane and pentane had increased risk of death or

chronic lung disease than those with low hydrocarbons (Varsila et al, 1994b).
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2.2.2 Technical Aspects Of Hydrocarbon Analysis In Breath

Ethane and pentane are both commonly found in room air, typically in
concentrations of 90-800 pmol/l ethane and 30-240 pmol/l pentane. Therefore,
when attempting to quantitate endogenous levels, one must either subtract baseline
levels, or use hydrocarbon free air (HCFA). If HCFA is being used, exogenous
ethane and pentane must be removed from the airways. This has been shown to
take only a few minutes (Morita ez al, 1986; Kneepkens et al, 1992). The question
of alkanes dissolved in body stores has also arisen. Since ethane and pentane are
lipophilic, they are known to accumulate in tissue. Washout of hydrocarbons from
body stores is thought to take much longer (60-90 min (Morita et al, 1986)) and if
this is not achieved, basal production of ethane and pentane may be overestimated.
Some investigators have simply subtracted room hydrocarbon concentrations from
those obtained from the subject under investigation (Phillips and Greenberg, 1991).
Others have used hydrocarbon free air and employed short washout times (1-10
min) in order to remove hydrocarbons from the airways (Van Gossum et al, 1992),
and one group used a specially constructed breathing circuit using Heliox and
nitrogen monitors to test for leakage, and thus hydrocarbon contamination (Morita
et al, 1986). It has been suggested from rat studies that even a washout time of 90
min is insufficient to remove alkanes from body stores (Springfield and Levitt,

1994).

Collection and storage containers must be hydrocarbon impermeable and not absorb
or release hydrocarbons. Glass gas sampling bulbs, special plastic bags or stainless
steel bottles are the usual choice for collection, and storage is usually in gas tight

glass syringes.

12



Since the concentration of exhaled hydrocarbons is usually low (a few parts per
billion) then samples must be concentrated before gas chromatography is practical -
the smaller the volume, the sharper and higher the peaks. Exhaled alkanes can be
concentrated by using a rebreathing circuit, but pentane and, to a lesser extent,
ethane are metabolised by the cytochrome P45 group of enzymes, and this would
affect the results. Alternatively adsorption/desorption and/or cryofocussing can be
used. Adsorption tubes are typically glass or metal (approximately 6-16 cm long
and outside diameter of typically 6 mm), packed with an appropriate adsorbent,
such as charcoal, molecular sieves, silica gels, or artificial polymers. A mixed bed
of Carbotrap (graphitized carbon black) and Carbosieve SIII (a carbon molecular

sieve) is most effective in retaining ethane and pentane (Massias et al, 1993).

Silanised glass tubes have been found to be better than metal ones. Although metal
tubes have better mechanical stability, they may show catalytic decomposition of
the components or special adsorption effect on their surface. Samples are passed
over the adsorption bed at a rate which is not too high so that the gas has adequate
time to bind to the adsorbent, otherwise components would be carried through
leading to poor recovery. In addition, if two adsorbents were being used, the sample
would be distributed between the two beds, which on desorption and subsequent gas
chromatography, would show several peaks per component, complicating
qualitative interpretation, and making quantitative analysis impossible. Recoveries
of 94-98% from adsorption-desorption have been reported for ethane and pentane
respectively (Massias ef al, 1993). Cryofocussing can be carried out at the
beginning of the gas chromatography column, or on a special cold trap to focus the
sample into a tight band, which is subsequently heated very quickly and released

onto the GC.

13



Breath samples from humans are difficult to analyse chromatographically, since
water is known to influence retention times. The use of a hydrophobic adsorbent
helps to prevent this problem, or samples can be passed through a precolumn of, for
example, anhydrous sodium sulphate and anhydrous sodium hydroxide to remove
carbon dioxide and water. Porous layer open tubular (PLOT) columns of
Al,03/KCI have been shown to separate hydrocarbons satisfactorily and the use of a

temperature gradient allows reasonable run times.

2.3 Defence Mechanisms In Oxidative Stress

An antioxidant has been defined as any substance that, when present at low
concentrations compared to those of an oxidizable substrate, significantly delays or
inhibits oxidation of that substrate (Halliwell and Gutteridge, 1989). Cells have
several lines of antioxidant defence to prevent the build-up of toxic oxygen
metabolites, including: 1. the presence of enzymes specifically to convert free
radicals to less harmful products, such as superoxide dismutase (Autor et al, 1976)
and glutathione peroxidase (Burk et al, 1978); 2. molecules that will prevent the
formation of free radicals, such as transferrin and caeruloplasmin (Stocks et al,
1974b). By tightly binding copper and iron, these metal ions are unable to catalyse
the production of hydroxyl radical from superoxide and hydrogen peroxide; 3.
molecules such as glutathione, that prevent the initiation phase by reacting with
initiating species such as the hydroxyl radical (Halliwell and Gutteridge, 1989); 4.
chain-breaking antioxidants which scavenge intermediate radicals and prevent metal
ions from decomposing lipid peroxides to peroxy or alkoxy radicals, for example
vitamin E (Burton and Ingold, 1981). Many antioxidants have multiple mechanisms

of action.

14



2.3.1 Enzymatic Defences

Superoxide dismutase (SOD) catalyses the dismutation of superoxide (Equation 1).
It is an enzyme present in all aerobic organisms and therefore of universal

importance.

Equation 1

SOD
02'° +02'° + 2Ht ——m8 — HQOZ F 02

The hydrogen peroxide formed by SOD is scavenged by catalase, an ubiquitous
haem protein that catalyses the dismutation of hydrogen peroxide into water and
molecular oxygen (Equation 2). Peroxidases (also haem enzymes) catalyse an
analogous reaction (Equation 3) where hydrogen peroxide is reduced to water by a

reductant (RH»).

Equation 2
Catalase
2H202 _ 2H20 + 02
Equation 3

Peroxidase
H202 + RHZ ————) 2H20 4+ R

Glutathione peroxidase also reacts directly with lipid peroxides (Chance et al,

1979).
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Exposing animals to increasing oxygen concentrations often increases the activities
of SOD, catalase and glutathione peroxidase in some tissues. This implies that the
amounts present under normal circumstances are only sufficient to cope with the
usual rates of superoxide and hydrogen peroxide production (Halliwell and

Gutteridge, 1985b).

2.3.1.1 Antioxidant Enzymes In Preterm Neonates

Since preterm infants are immature and unprepared for birth in many respects, it
could be expected that they would have underdeveloped antioxidant defences, and
as such would be more vulnerable to imbalance in the oxidant-antioxidant equation
than their full term counterparts. Researchers studying the developmental profile of
antioxidant enzymes in lung and erythrocytes have found conflicting results. One
study analysed human placentas of various gestations and found increasing SOD as
term approached, with plasma SOD in preterm infants slightly lower at birth than
full term controls, but these levels increased significantly in the first 24 hours
(Yoshioka et al, 1979). In a second study (Autor et al, 1976) pulmonary SOD was
found to increase throughout gestation. However, others (Strange et al, 1988;
McElroy et al, 1992) found no change in either pulmonary SOD or glutathione
peroxidase. Much more data is available for erythrocyte enzyme levels, but again,
results are conflicting. Bonta et al (1977) found an inverse relationship between
erythrocyte SOD activity and gestation; several groups found that erythrocyte SOD
remained constant throughout development or found no difference between levels in
term and preterm infants (Legge et al, 1977; Ripalda et al, 1989; Haga, 1981; Vilas
et al, 1984; Fattal et al, 1989). Both Varga et al (1985) and Strange et al (1988)
found erythrocyte SOD to increase during development so that levels were

significantly lower in preterm than term infants at birth. Catalase has been shown to
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rise linearly throughout gestation implying that infants born prematurely would be

catalase deficient (McElroy et al, 1992).

Much of the work on lung antioxidant enzyme levels, and their response to
hyperoxia has been carried out in animals because of the difficulty in obtaining
human lung tissue. A chronological study of SOD, catalase, glutathione peroxidase
and surfactant during late gestation in rat, rabbit, hamster and guinea pig showed an
essentially similar pattern of biochemical maturation in all four species with rapid
increases in antioxidant enzyme levels during the final 10-15% of gestation, and an
essentially parallel rapid rise in lung surfactant content (Frank and Sosenko, 1987).
Premature rabbits and 7 day old rats were shown to increase pulmonary SOD when
exposed to 85% oxygen for 24 h (Autor et al, 1976) and lung SOD was also seen to
increase rapidly when immature rats were exposed to hyperoxia (Frank et al, 1977).
Another study (Yam et al, 1978) showed that rats (4-7 days old) that were able to
survive 5 days exposure to 96-98% oxygen had significantly elevated levels of
SOD, glutathione peroxidase, glutathione reductase, reduced glutathione and
glucose-6-phosphate dehydrogenase compared with those that died. In fact,
neonatal rats, mice and rabbits were all shown to significantly increase pulmonary
SOD, catalase and glutathione peroxidase on exposure to 95% oxygen (except
catalase in mice) whereas guinea pigs and hamsters showed no antioxidant enzyme
response (Frank et al, 1978). So, it remains unclear from the animal studies as to
whether human preterm infants are able to mount a pulmonary antioxidant enzyme
response to hyperoxia. More recently, work on fetal rat lung cultures showed that
epidermal growth factor (EGF) accelerates antioxidant enzyme and surfactant
maturation under hyperoxic conditions and protects the cultures from hyperoxic
injury (Price et al, 1993). In addition, when recombinant human SOD was
administered intratracheally to piglets, acute hyperoxic lung injury was significantly

ameliorated (Davis et al, 1993).
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2.3.2 Other Antioxidant Defences

The major non-enzymatic antioxidant defences can be classified as lipid or water
soluble, or high molecular weight molecules. Water soluble antioxidants are
available in the intracellular and extracellular spaces of most biological systems.
The main antioxidants in plasma are ascorbate (vitamin C), protein thiols, urate and
glutathione along with the preventive antioxidants transferrin and caeruloplasmin.
The major lipid soluble antioxidant is vitamin E (a-tocopherol) which due to its
lipophilicity is positioned into lipid membranes, optimal for maximal antioxidant
effect. B-carotene also accumulates in high concentrations in the membranes of

certain tissues.

Using the bovine brain homogenate autoxidation model to calculate the antioxidant
capacity of serum, antioxidant activity in healthy children was found to increase
with age during the first four months, and then remain constant (Karmazsin et al,
1990). They found that antioxidant activity increased with gestational age and
birth-weight, and that there was a nadir of antioxidant activity on the fourth
postnatal day. These results were in agreement with an earlier study (Sullivan and
Newton, 1988). Miller et al (1993) devised a new assay and found that the total
antioxidant status (TAS) in cord blood was significantly lower in preterm infants
compared with term babies, and that there was a significant positive association
between TAS and birth-weight. After 5 days of life there was no significant

difference between levels in term and preterm infants.

However, Lindeman et al (1989) found that the free radical trapping ability of cord
blood plasma (TRAP) in babies (both term and preterm) was higher than adult

values, and that preterm values were certainly not low.



Vitamin C is hydrophilic and has both antioxidant and pro-oxidant activities (Bast
et al, 1991). Its ability to show antioxidant properties is related to its fast reaction
with many reactive oxygen species including superoxide and hydroxyl radical, and
to the fact that the resultant radical is poorly reactive (Bielski ez al, 1975). Vitamin
C has been shown to be elevated on day 1 in preterm infants, in sufficiently high
concentrations to inhibit the ferroxidase activity of caeruloplasmin (Powers et al,

1993).

Uric acid is formed by purine catabolism and directly scavenges hydroxyl radical,
singlet oxygen, oxoheme oxidants and peroxyl radicals. It can also prevent the
oxidation of vitamin C and bind transition metals in forms which will not stimulate
free radical reactions. It participates as a sacrificial antioxidant and as such is
irreversibly degraded. Levels in preterm infants have been found to be similar to

those in term infants.

Glutathione is not only involved in the redox cycle with the glutathione enzymes,
but is also able to interact directly with superoxide and hydroxyl radical. Smith et
al (1993) found that the reduced to oxidised glutathione (GSH/GSSG) ratio was
significantly higher in infants of greater than 34 weeks gestation compared with

infants below 34 weeks, indicative of oxidant stress in the lower gestational age

group.

Caeruloplasmin inhibits lipid peroxidation and deoxyribose degradation stimulated
by iron and copper salts. The antioxidant capacity of caeruloplasmin can be mainly
ascribed to its ferroxidase activity which effectively inhibits ferrous ion-dependent
lipid peroxidation and hydroxyl radical formation in the Fenton reaction
(Gutteridge, 1983). Caeruloplasmin levels have been shown to be significantly

lower in preterm than term infants (Haga, 1981).
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Transferrin is the iron transport protein and, in healthy humans, is only 20-30%
loaded with iron, so that the content of free ionic iron in plasma is effectively nil
(Gutteridge et al, 1982). Iron bound to transferrins will not participate in hydroxyl
radical formation or lipid peroxidation (Stocks et al, 1974a; Stocks et al, 1974b;
Scott et al, 1975). Transferrin in premature infants were found to be lower than
levels in both term babies and adults (Moison et al, 1993; Cooke et al, 1996) which

may leave them comparatively antioxidant deficient.

Tocopherols delay lipid peroxidation by scavenging intermediate radicals. Vitamin
E (o-tocopherol) occurs in membranes and lipoproteins. Concentrations of vitamin
E were found to be lower in premature babies than in older infants, children and
adults (Moyer, 1950). The tocopherol radical is much less reactive than peroxy

radicals and may be converted back to o-tocopherol by vitamin C (Halliwell, 1994).

The antioxidant activity of B-carotene and vitamin A is well documented, but less
well characterised - the mechanism of action remains unclear. Preterm infants
frequently have lower levels of vitamin A and retinol binding protein than term
infants because vitamin A transfer across the placenta usually occurs in the last
trimester, and parenteral vitamin A administration is inefficient because of

photodegradation and absorption to intravenous plastic tubing.

B-carotene has been shown to quench singlet oxygen, and can react directly with
peroxyl radicals (Burton and Ingold, 1984). When healthy, non-smoking adults
received -carotene supplements, there was no change in breath ethane or pentane
when compared with a control group. However, in smokers receiving B-carotene,
lipid peroxidation (measured by breath pentane output) decreased significantly

(Allard et al, 1994).
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Bilirubin is generally regarded as a potentially cytotoxic waste product, but has also
been cited as an antioxidant of possible physiological importance (Stocker et al,
1987), showing antioxidant capabilities in several of the assays used to assess
overall antioxidant status. Levels in approximately 97% of healthy full-term
neonates are raised, and many infants undergoing intensive care receive
phototherapy for clinical jaundice. Several authors have investigated the possibility
that bilirubin could be protective against free radical diseases of prematurity
(Boynton and Boynton, 1989; Fauchére et al, 1994), but only one group found a
clinically measurable beneficial role of bilirubin on the development of ROP
(Heyman et al, 1989), although another group found that those infants with the
highest rate of bilirubin formation had lower incidence of free radical diseases of

prematurity (Hegyi et al, 1994).

Albumin can bind copper ions tightly, and it usually inhibits copper ion dependent
lipid peroxidation and hydroxyl radical formation (Gutteridge and Wilkins, 1983).
It is also able to loosely bind iron, and although this iron is still able to participate in
the Haber-Weiss reaction, any generated hydroxyl radical would immediately react
with and be scavenged by the albumin. Since it is present in such large quantities,

the protein damage caused is insignificant (Heffner and Repine, 1989).

2.4 Free Radical Diseases Of Prematurity

Oxygen derived radical injury may be a common pathogenic mechanism in several
neonatal diseases including retinopathy of prematurity (ROP), chronic lung disease
(CLD), subependymal and intraventricular haemorrhage, and necrotising
enterocolitis (NEC). The greater incidence of these disorders in preterm infants
suggests that some aspect of prematurity predisposes them to these conditions

(Sullivan, 1988).
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It has been suggested that antioxidant defences in premature babies are poorly
developed (Autor et al, 1976; Haga, 1981; Frank and Groseclose, 1984; Frank and
Sosenko, 1987; McElroy et al, 1992), and that this combined with mechanical
ventilation, supplemental oxygen, infection and inflammation may accentuate tissue

injury (Russell, 1994).

2.4.1 Chronic Lung Disease

Neonatal respiratory distress syndrome (RDS) is a life-threatening disorder of the
premature infant. Respiratory therapy is essential for many of these babies and this
therapy has been associated with pathologic findings in the lungs, starting as early
as 48-72 hours after initiation of therapy. The ventilator-induced lung disease is
known as chronic lung disease (also known as bronchopulmonary dysplasia or
BPD), and was first described by Northway et al in 1967. The newborn infants who
survive ventilator and supplemental oxygen therapy without developing chronic
lung disease tend to be larger and more mature at birth, and with less severe disease
as reflected by Apgar scores, radiographic staging, earliest age requiring assisted
ventilation, and peak ventilator pressure (Northway, 1979). Chronic lung disease
was originally defined as oxygen dependency at 28 days of life accompanied by
characteristic radiographic changes (Northway et al, 1967). However, neonatal
intensive care has advanced so dramatically that infants of much lower gestation
now survive, and require supplemental oxygen at 28 days of life, but have no long
term problems. Therefore, a new definition of chronic lung disease has been

introduced using oxygen requirement at 36 weeks post-menstrual age.
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There is a growing population of children with low birth-weight who have survived
due to improving neonatal intensive care, most of them after varying degrees of
respiratory problems during the neonatal period. Many of them still suffer from
chronic lung disease defined as continued oxygen dependency at 36 weeks post
menstrual age. Highly reactive oxygen metabolites are thought to mediate
pathologic changes in lungs exposed to oxygen. It has been shown that all infants,
regardless of gestation have evidence of oxidative damage in the first few days after
birth, and that premature babies have lower levels of many antioxidants at birth than
adults (McCarthy et al, 1984). In a study investigating urinary malondialdehyde
levels in the first month of life significantly higher levels were found in infants with
chronic lung disease compared with those infants who did not (Schlenzig et al,
1993). In addition, significantly higher plasma malondialdehyde levels on the
seventh day of life were found in those infants who remained dependent on oxygen
at 28 days of life (Inder et al, 1994) and high levels of ethane and pentane were
associated with increased risk of death or chronic lung disease (Varsila et al,
1994b). Supplementation of vitamin E alone has not been effective in protecting

neonates against the development of chronic lung disease (Saldanha et al, 1982).

Vitamin A maintains epithelial cell differentiation and integrity within the
respiratory tract, and since 25% of cells in the alveolar region are epithelial, it is
thought that vitamin A may play a role in the alveoli and airways. Very low birth-
weight (VLBW) infants have been shown to have low body stores of vitamin A, and
vitamin A deficiency is characterised by histologic changes in the lower respiratory
tract similar to the changes seen in chronic lung disease - early loss of cilia and
squamous metaplasia development in the tracheobronchial tree. Several studies of
vitamin A supplementation have shown significant benefit, with a decrease in
incidence and severity of lung disease (Papagaroufalis et al, 1988; Robbins and
Fletcher, 1993; Shenai et al, 1987), but another study failed to find such a

relationship (Pearson et al, 1992). It is now widely believed that chronic lung
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disease is of multifactorial cause, and therefore no single agent is likely to be
beneficial in all cases. There has been a massive drop in mortality since the use of
surfactant, which acutely decreases oxygen and ventilation requirements (Cvetnic
and Sills, 1992), and prenatal steroid administration which is known to mature both
the surfactant system and antioxidant enzyme development (Novak et al, 1989;

Frank ef al, 1985).

Inhaled nitric oxide therapy in neonates is best established for the treatment of
pulmonary hypertension, although as yet there have been no published randomised
controlled trials. Nitric oxide has been found to improve oxygenation allowing
reductions in ventilation (Roberts et al, 1992; Kinsella et al, 1993; Finer et al,
1994). In preterm infants with RDS this could decrease the risk of lung injury
caused by barotrauma and oxygen toxicity and decrease the likelihood of RDS

developing into CLD.

One trial has been carried out of bovine subcutaneous SOD administration showing
a significant decrease in the incidence of chronic lung disease (Rosenfeld et al,
1984). This has never been repeated because of concerns over the antigenicity of
bovine SOD. However, it gives credence to the hypothesis that oxygen derived free
radicals play a significant role in the aetiology of chronic lung disease. A
significant correlation was found by Varsila et al (1994b) between immaturity and

postnatal free radical-mediated lipid peroxidation in preterm infants.
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2.4.2 Retinopathy Of Prematurity

Retinopathy of prematurity (ROP) is a potentially blinding disease of the developing
retina, thus low birth-weight and low gestational age infants are most at risk. The
incidence of ROP is rising because of the improved survival of babies weighing less
than 1 kg after neonatal intensive care. Vascularisation of the human retina is
normally completed in utero. The immature retina has two blood supplies -
choroidal and inner retinal. The choroidal supply develops early, lies on the outer
surface and is the only source of nutrition to the thin undifferentiated retina. The
inner vasculature develops late, lies within the inner surface of the retina, and
supplies the inner parts of the maturing retina. The inner blood supply develops
from peripheral migration of spindle cells from the optic disc. In utero, spindle
cells are in a comparatively hypoxic environment. In premature infants, the spindle
cells are exposed to relative hyperoxia, thus migration and normal vessel formation
stop. Free radical damaged spindle cells secrete angiogenic factors inducing
abnormal neovascularisation at the boundary between vascular and avascular retina.
These new vessels lack structural integrity, and thus haemorrhage is common. The
boundary becomes a shunt that contains a large volume of rapidly flowing blood.
After about two months, myofibroblasts begin to differentiate from a stem line in
the shunt, form contractile sheets that invade the vitreous for approximately four
months and may cause traction (Kretzer and Hittner, 1988). The severity of
retinopathy is related to the degree of haemorrhage and the amount of traction on
the retina. Occasionally it may lead to total retinal detachment and blindness
(Watts, 1992). The entire process can be interrupted and regress spontaneously, or
continue to progress. In either case, overall enlargement of the eye continues

(Kretzer and Hittner, 1988).
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Careful control of oxygen administration decreased the incidence of ROP, but it is
still a significant problem, especially in very low birth-weight infants. Oxygen may
have direct effects on retinal tissue through the formation of free radicals to which
the immature retina may be particularly vulnerable. The association of ROP with
hyperoxia led to the theory that oxygen free radicals may play a role in the
mediation of spindle cell injury and arteriolar vasoconstriction. This presumption
led to the trial of vitamin E and D-penicillamine as antioxidants in the prevention of
ROP. Trials have failed to demonstrate a protective effect on vitamin E
supplementation. One trial has been carried out of D-penicillamine showing a
decrease in the incidence of ROP, which is an antioxidant that appears to protect
cell membranes from damage by free radicals (Lakatos et al, 1986), after they
found a lower incidence of retinopathy of prematurity in infants who had received
D-penicillamine for the treatment of jaundice. No surviving infants who received
D-penicillamine had grade 2 or more severe ROP compared with 6/70 surviving

controls. This work has not been replicated elsewhere.

Vitamin A is important for the maintenance of vision and the integrity of cell
membranes. In a study by Shenai et al (1987), designed to determine whether
vitamin A supplementation would decrease the incidence or severity of CLD, there
was a significant reduction in retinopathy in vitamin A supplemented infants (5/20),

compared to controls (12/20). This work has yet to be confirmed by larger studies.
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