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Human Milk has Anti-Oxidant Properties to Protect Premature Infants 
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Abstract: Human milk (HM) is recognized as the optimal form of nutrition in the newborn period, providing nutrients 
and a variety of components (minerals, vitamins, enzymes, hormones, growth factors, and immunoglobulins) that are very 
important for growth and healthy development. In the case of premature (PM) infants, functional and in certain cases, 
structural development of most organ systems is completed in the weeks following birth. PM infants do not get enough 
oxygen and may require supplemental oxygen as high as 95%. This high level of inspired oxygen necessary to maintain 
arterial oxygen tension exposes these infants to more reactive oxygen species (ROS) compared with full term infants. 
ROS may lead to diseases associated with prematurity, including necrotizing enterocolitis, retinopathy of prematurity, 
intraventricular-periventricular hemorrhage, and bronchopulmonary dysplasia. There is then a need to reduce oxidative 
stress or boost antioxidant defenses in these vulnerable infants. Data suggest that HM has unique antioxidant properties 
that will assist the premature infant in coping with the increased oxidative stress. HM antioxidant components include the 
enzymes superoxide dismutase for dismutation of superoxide anion, catalase for degradation of hydrogen peroxide 
(H2O2), glutathione peroxidase for destruction of H2O2 and organic peroxides. Human milk contains other molecules 
including cysteine, vitamins C and E, which are scavengers of oxygen radicals. 
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INTRODUCTION 

Premature infants (<37 weeks gestation) are a very 
vulnerable group in the population. While they account for 
5-7% of all live births they are responsible for 40% of all 
infant deaths. Those that survive are at a high risk for 
medical and surgical complications that are extremely costly 
to the health care system as well as compromising the quality 
of their lives [1]. Very low birthweight premature infants 
(VLBW, < 1500 g birthweight) have a multitude of diseases 
including: chronic lung disease (CLD) or broncho-
pulmonary dysplasia (BPD) and respiratory distress syn-
drome (RDS) [2]; necrotizing enterocolitis (NEC), an in-
flammation of the small intestine; intraventricular-
periventricular hemorrhage (IVH-PVH), a brain injury often 
leading to developmental abnormalities; retinopathy of pre-
maturity (ROP), damage to blood vessels in the retina; and 
the risk of abnormal development due to high inspired 
oxygen concentrations, among other factors [3].  

At birth, premature infants do not get enough oxygen 
(hypoxia) due to immature lung development and therefore 
may require supplemental oxygen, often as high as 95%. 
Because of the high level of inspired oxygen required to 
maintain arterial oxygen tension necessary for post natal life, 
which is substantially higher than that would normally be 
present during foetal existence, these infants are far more 
exposed to reactive oxygen species (ROS) than they would  
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be had if they remained in utero. Saugstadt [2] suggests that 
all the factors, conditions and problems affecting premature 
infants are the outcome of one unifying disease, “oxygen 
radical disease”. He suggests that there is higher production 
and lower protection against free radicals. There is then a 
need to reduce oxidative stress and/or boost antioxidant 
defenses in these vulnerable infants. Data from the literature 
[4-8] suggest that HM has antioxidant properties that will 
assist the premature in coping with increased oxidative 
stress.  

REACTIVE OXYGEN SPECIES 

 ROS except hydrogen peroxide (H2O2) are oxygen–
derived free radicals. They are extremely reactive and can 
function as reducing or oxidizing agents by donating or 
removing electrons from other molecules. Although ROS are 
potentially harmful to cellular components, a substantial 
body of evidence supports a role for these highly reactive 
chemical molecules in fundamental cellular reactions and 
cell-cycle regulation [9-11]. Micromolar concentrations of 
H2O2 induced vascular endothelial growth factor in wound-
related cells at the expense of cell proliferation [12]. 
However, when acting on inadequately protected tissues or 
when generated in amount that exceeds the cell’s antioxidant 
defense systems ROS can result in oxidative damage to 
proteins, lipids, and DNA, with possible cell dysfunction or 
death. ROS play a role in injury caused by hypoxemia and 
ischemia (reperfusion injury) and are involved in the 
inflammatory process. Some of the major sequellae of 
premature birth, such as RDS, BPD, ROP, NEC, and IVH 
may be mediated through oxidative injury (Fig. 1) [13, 14].  
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The superoxide anion (O2· ) is formed when molecular 
oxygen acquires an additional electron (e ): 

O2 + e       O2·
 

The superoxide anion can then go on to form hydrogen 
peroxide, H2O2. 

2 O2·  + 2H+       H2O2 + O2 

Hydrogen peroxide can react with superoxide anion as 
well as with ferrous ions (Fe2+); in each case the reaction 
results in the formation of hydroxyl radical (HO·).  

O2·  + H2O2    O2 + HO  + HO· (Haber-Weiss reaction) 

Fe2++ H2O2    Fe3+ + HOHO + · (Fenton reaction) 

The hydroxyl free radical is a very energetic, short-lived 
toxic oxygen species [15]. An excess of oxidant generation 
may overwhelm body defenses resulting in tissue injury [16] 
so that some investigators recommend direct antioxidant 
therapy [17]. HO· is one of the most potent oxidants known. 
It can initiate lipid peroxidation, cause DNA strand breaks 
and indiscriminately oxidize virtually any organic molecule. 
The fact that it is so indiscriminate works in our favour, 
since reactivity and toxicity are not synonymous [18]. The 
family of reactive intermediates (ROS) resulting from the 
partial reduction of oxygen therefore includes O2·  + HO·, 
and H2O2.  

INCREASED OXIDATIVE STRESS IN PREMATURE 
INFANTS AND DISEASE SEQUELLAE 

Premature infants are often exposed to supplemental 
oxygen (FiO2 > 0.21) due to the immaturity of their lungs. 
Intercurrent problems of lung disease, sepsis and poor respi-
ratory control, generate situations where infants are tran-
siently exposed to high inspired oxygen concentrations 

(FiO2) during resuscitation. This results in alternating 
periods of hypoxia and hyperoxia. These may be associated 
with depressed cardiac output, vasoconstriction of critical 
vascular beds and low blood pressure, resulting in ischemia 
as well as hypoxemia of tissues. Ischemia/reperfusion injury 
is well characterized in heart disease leading to cellular 
damage and dysfunction [19]. Free radical generation has 
been shown to occur in ischemia-reperfusion injury and is 
responsible for ensuing tissue damage [20]. In conditions of 
ischemia and reperfusion, the most acute problem resulting 
from the overproduction of superoxide appears to be greatly 
increased rates of lipid peroxidation. In this case, superoxide 
radical can both initiate and terminate the peroxidation chain 
reactions [21]. Within and adjacent to cells throughout the 
body, oxygen can react with pro-oxidants (compounds or 
agents capable of generating toxic oxygen species) to 
produce ROS that can produce inflammation as well as cell 
death.  

ROS AND DISEASES OF PREMATURITY 

The most important sequellae of prematurity appear to be 
due to inadequate protection against oxidant stress [6, 22]. 
Post hypoxic reoxygenating injury caused by ROS may be a 
key factor [23, 24]. Ischemia/reperfusion injury is now re-
cognized as a probable contributing factor to much of the 
morbidity of premature infants. Very low birthweight 
(VLBW) infants have an increased susceptibility to brain 
damage as 5-15% to develop cerebral palsy and an additional 
25-50% have less severe neurological deficits [25] due to 
higher partial pressure of oxygen (PO2) dissolved in blood. 
Furthermore, due to the developmental immaturity of their 
free radical defenses, the brain appears to be susceptible to 
oxidative stress [26]. Lung injury and eye damage due to 
hyperoxia and free radical mediated damage are well 
established. Respiratory distress due to ROS occurs because 
of a surfactant deficiency at the gas-liquid interface. About 
14% of all infants < 2500 g at birth and 60% of infants born 
at 29 weeks or less develop respiratory distress syndrome. 
Because of this condition, oxygen requirements may increase 
from 21% (room air) to 40-50% and may reach 100% after 
48 hours. Chronic lung disease (CLD) or bronchopulmonary 
dysplasia (BPD) is a form of chronic lung disease that us-
ually occurs in preterm infants receiving respiratory support 
with mechanical ventilation or prolonged oxygen supple-
mentation [3, 27]. BPD has been defined as either an oxygen 
requirement at 28 days of life plus confirmation by radio-
graphy or supplemental oxygen at 36 weeks. The National 
Institutes of Health (NIH) workshop on BPD proposed and 
validated a new definition which includes specific criteria for 
mild, moderate and severe BPD [28]. Necrotizing entero-
colitis (NEC) is an inflammation of the small intestine and 
bowel surface, with infiltration of epithelial cells by bacteria. 
While its etiology is unclear it may be precipitated by 
ischemia/reperfusion injury [22]. Intraventricularperiventri-
cular hemorrhage (IVH-PVH) is a brain injury, usually 
occurring within 24-48 hours after birth (95% occur by 3 
days) or may occur later. It is believed to be an ischemic 
injury followed by reperfusion injury. IVH-PVH in its 
severest form carries a high risk of poor neuro-
developmental outcome (> 50%). Retinopathy of prematurity 
(ROP) is oxygen induced damage to blood vessels in the 

 

 

 

 

 

 

 

 

 

Fig. (1). Schematic diagram of factors contributing to ROS 
diseases in PM infants. 
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retina that are undergoing neovascularization. Oxygen 
therapy in the early 1940's led to an epidemic of ROP [12], 
ending with a more judicious use of oxygen. Increased 
oxygen can be administered at controlled levels without 
inducing ROP but high levels of oxygen before 32 weeks 
gestational age are still a serious concern for the genesis of 
ROP [29]. Saugstadt [22] has proposed that the above 
diseases are expressions of an inability to cope with an over-
exposure to ROS. Hypoxemia at birth leads to a breakdown 
of ATP to hypoxanthine and a conversion of xanthine de-
hydrogenase to xanthine oxidase (XOD), which circulates 
systematically after release from the liver. XOD is also 
highly concentrated in lung and in the gut of the newborn. 
Once reperfusion occurs, oxygen is available to form the 
superoxide radical and tissue damage is inevitable. 

EVIDENCE FOR THE ROLE OF ROS AND MAR-
KERS OF TISSUE DAMAGE IN PREMATURITY 

There are increasing experimental and clinical data 
showing that ROS are formed too rapidly to be detoxified by 
the immature defenses of premature infants [30]. Tissue 
damage as indicated by plasma [14] and urinary malo-
ndialdehyde (MDA) [31], a marker of lipid peroxidation is 
increased in premature infants exposed to supplemental 
oxygen. Berger, et al. [32] found increased oxidative stress 
in premature infants due to unbound iron in the blood. They 
reported that plasma F2 isoprostanes were more than 3-fold 
higher in cord blood of premature infants than in adults. 
Halliwell [33] suggests that premature infants are at risk of 
ROS damage. Ethane and pentane, both volatile products of 
peroxidation correlated with poor respiratory outcome and 
death [34]. Protein carbonyls in lung tissue increased in 
subjects with BPD [35]. Vitamin C and E levels are low in 
preterm infants [36, 37]. Berger, et al. [31] proposed that low 
vitamin C might increase the risk of oxidant injury, 
manifested as BPD and IVH-PVH. Schmidt, et al. [38] found 
increased MDA and 4-hydroxynonenal as well as reduced 
glutathione (GSH) in cord blood of hypoxic infants. 
Hydroxyl radical (HO·) modification of phenylalanine 
resulted in ortho-hydroxylation with the formation of ortho-
tyrosine (Fig. 2), a reliable dose-dependent marker of 
oxidative damage. The biochemical consequences of HO· 
modification are protein oxidation with subsequent im-
pairment of protein function [39].  

In infants treated with supplemental oxygen, ortho-
tyrosine was associated with increased inspired oxygen [39]. 
Buonocore, et al. [40] found increased oxidation in the cord 
blood of hypoxic newborn infants while Ogihara, et al. [41] 
found plasma lipid peroxidation associated with the 
development of lung disease. Several clinical studies have 
observed deficiencies in the antioxidant defenses including 
lower cord blood superoxide dismutase (SOD) activities 

[42], lower concentrations of glutathione in the broncho-
alveolar lavage fluid [43, 44] and lower plasma glutathione 
concentrations [45, 46]. These data suggest a susceptibility 
of the PM infant to ROS-mediated disorders. 

Epithelial cells of the intestinal tract are exposed to ROS 
through systemic and luminal sources, both of which have 
been strongly linked to intestinal dysfunction and disease 
[47-49]. Fully-differentiated intestinal epithelial cells have a 
variety of anti-oxidant defense mechanisms, including free-
radical scavenging systems such as the enzymes catalase 
(CAT), SOD and glutathione peroxidase (GSHPx), as well as 
a battery of gene products collectively known as anti-oxidant 
response element (ARE)-driven genes. Recent studies by 
Nanthakumar et al. [50] with a novel neonatal gut cell line 
suggest that these immature cells mount an excessive pro-
inflammatory response to bacterial cell wall products, which 
provoke an 8-fold release of the interleukin proteins IL-1B, 
IL-6 and IL-8, all of which are cytokines invoked by ROS 
exposure.  

GENERAL DEFENSE AGAINST ROS ATTACK 

Normally we defend against ROS with antioxidants. To 
avoid the production of oxidative metabolism, our body has 
the ability to synthesize or accumulate antioxidant molecules 
that would react with and annihilate active oxygen species 
before they could damage vital components such as DNA or 
cell membranes. Among the most successful of these mole-
cules are the water-soluble antioxidant ascorbic acid (vitamin 
C) and the fat soluble antioxidant a-tocopherol (Vitamin E) 
[51]. Polyunsaturated fatty acids (PUFA) can also protect 
against oxygen toxicity [52]. Transfusions with increased 
transferrin protect neonates [53]. Enzymatic defenses include 
SOD for the elimination of superoxide radical, GSHPx and 
CAT for the elimination of hydrogen peroxide and organic 
peroxides. Superoxide dismutase (SOD) catalyzes the dis-
mutation (chemical reaction in which a single compound 
serves both as an oxidizing and a reducing agent) of super-
oxide anion to hydrogen peroxide. There are three types of 
SOD, which contain manganese, copper/zinc or iron [54]. 
The SODs catalyze the reaction: 

O2·  + O2·  + 2H+    H2O2 + O2 

This dismutation or disproportionation reaction makes 
use of the fact that O2·  is both an oxidant and a reductant, 
eager to get rid of its extra electron or to take on another. 
The enzyme uses one O2·  to oxidize another. Catalase 
works in much the same way because H2O2 can be a weak 
reductant as well as a fairly strong oxidant: 

H2O2 + H2O2      2H2O  + O2 

CAT catalyzes the decomposition of hydrogen peroxide 
and has a very high capacity to destroy H2O2. In higher 
organisms, GSHPx appear to have largely supplanted the 

 

 

 

Fig. (2). Conversion of phenylalanine to ortho-tyrosine by HO. attack. 
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need for CAT. These enzymes use NADPH, a reduced form 
of nicotinamide adenine dinucleotide phosphate (NADP) as 
the reducing species for H2O2 or organic peroxide: 

NADPH + H+ + H2O2     2H2O + NADP+ 

These are very important enzymes in the prevention of 
lipid peroxidation and to maintain the structure and function 
of biological membranes.  

ANTIOXIDANT DEFENSE OF THE PREMATURE 
INFANT 

The maturity of the antioxidant enzymes may peak in late 
gestation in different species [54]. Thus the premature infant 
may not have fully developed enzymatic protection [55] 
possibly because of RNA translational difficulties [56]. 
Kelly [30] suggests that free radical production exceeds the 
normal antioxidant capacity of the infant. Human lactoferrin 
has been shown to inhibit free radical processes via Fenton 
chemistry and its activity was reduced on complete satu-
ration with iron [57]. Recombinant human lactoferrin added 
to HM or formula attenuated iron-mediated ROS and lipid 
peroxidation [58]. There is evidence supporting the fact that 
one of the most natural defenses against oxidative stress for 
the premature may be mother’s milk [4, 59]. 

ANTIOXIDANT PROPERTIES OF HUMAN MILK TO 

DEFEND AGAINST ROS 

Human milk is the ideal first food during infancy [60]. 
Breastfeeding is the preferable feeding method in infants 
whether premature or term. It is more economical than 
formulas for the family and beneficial in providing im-
munity, nutrition and protection against a number of dis-
eases for the infant [61-63]. Both mothers’ milk and 
formulas contain macronutrients, vitamins and minerals that 
support normal growth and development of the infant [64] 
however, evidence from the literature supports the concept 
that HM provides better protection for PM infants against 
oxidative stress [4].  

HM contains antioxidant enzymes such as superoxide 
dismutase, catalase, glutathione peroxidase [65] and non-
enzymatic antioxidants lactoferrin, ascorbic acid, and 
vitamin E that may help the premature infant to cope with 
ROS-mediated diseases. Cu/Zn-SOD is found in human milk 
[65, 66]. Cu/Zn-SOD is very resistant to various types of de-
naturing stress including heating and commercial pasteurized 
milk retains its SOD activity at a similar level to un-
pasteurized milk [67]. CAT is one the most heat-labile 
enzymes of HM with most of its activity being destroyed by 
treatment at 72oC for 15 sec [68]. Glutathione peroxidase 
(GSHPx) removes H2O2 and other peroxides. The percentage 
of total peroxidase activity associated with GSHPx is 29% in 
HM. The activity of GSHPx is 31-39 U/ml and mostly come 
from the fraction containing proteins with molecular weights 
of approximately 92 kDa [66]. GSHPx activity is lost by 
heating at 80oC for 10 min [69]. Lactoferrin (Lf) is a member 
of iron-binding transferrin protein family that inhibits the 
formation of ROS by binding iron and thus attenuating the 
conversion of hydrogen peroxide into hydroxyl radical via 
the Fenton type reaction. Lf is abundant in human milk [58]. 
Vitamin C is a water-soluble anti-oxidant and a free radical 

scavenger, able to moderate the oxidative stress effects of 
various diseases [70]. Humans must satisfy their vitamin C 
requirements through the diet, due to the lack of the last 
enzyme on the vitamin C synthesis pathway, l-gulono-
lactone oxidase [71]. The main form of vitamin C is 
ascorbate, which is rapidly oxidized at alkaline pH to 
dehydroascorbate and depleted in extra cellular biological 
fluid [70]. Vitamin E functions primarily as an antioxidant. It 
consists of eight vitamers (related chemical substances that 
fulfill the same specific vitamin function) four tocopherols 
and four tocotrienols. a-Toco-pherol, the form of vitamin E 
in HM is an important fat-soluble antioxidant that acts as a 
radical scavenger [66]. Both HM and formulas (F) contain 
vitamin C and E. There is usually more in F but their 
amounts in HM progressively change during lactation to 
reflect the needs of the growing infant [72, 73]. Sullivan and 
Newton [23] suggest that PM infants may absorb intact 
apolactoferrin from human milk into their plasma sufficient 
to boost plasma antioxidant capacity. Digestion of proteins 
in HM is not fully developed in the newborn [74]. CAT, 
SOD and GSHPx that exist in human milk may exert their 
influence directly in the gut or even be absorbed completely 
in the “leaky” gut of the infant to provide systemic 
protection [4]. 

CLINICAL STUDIES OF HM FROM MOTHERS OF 

PREMATURE INFANTS 

Early feeding of human milk compared with cow’s milk 
based infant formulas, reduces the incidence of NEC, likely 
due to increased exposure to ROS, in the premature infant 
[73]. Cunningham [59] reported that breastfed compared 
with formula fed premature infants had a lower incidence of 
retinopathy of prematurity. Premature infants who were 
human milk fed had higher plasma peroxyl radical trapping 
ability in vitro than did control formula fed infants [6]. 8-
Hydroxy-2'-deoxyguanoside (8-OHdG) is produced by oxi-
dative damage to the nucleoside deoxyguanosine and is 
excreted directly into the urine [75]. It is one of the 
biomarkers of DNA damage. Shoji, et al. [75] found that 
urinary 8-OHdG excretion of the one month old HM-fed 
infant group was significantly lower than those of the 
formula-fed group. Friel, et al. [4] found that HM is better 
able to scavenge free radicals than are artificial humanized 
formulas. In their study, HM as well as premature and full 
term infant formulas were subjected to identical physio-
logical stress generated by free radicals as would be seen in 
the infant gut. Without exception, human milk showed less 
stress (oxidation) than did infant formulas (Fig. 3). 

The small-molecule antioxidants vitamins E, A, and C 
are found in higher concentration in formulas than in HM 
[76], this implies that the protective effect of human milk is 
due to factors other than these known antioxidants com-
pounds and may involve milk enzymes and other 
components. The antioxidant enzymes (GSHPx, CAT) of 
HM were inactivated by pasteurization however; its anti-
oxidant properties were not compromised upon oxidative 
stress, suggesting that HM exhibits alternate and equally 
effective, means of dealing with excess oxidative stress and 
does not depend solely upon the known antioxidant enzymes 
[4].  
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Direct breastfeeding of human milk provides better 
protection against oxidative stress than do infant formulas, 
however, HM is often store for deferred use. Storage has 
been shown to have an effect on the milk antioxidant 
activity. Hanna, et al. [77] compared the antioxidant activity 
of fresh, refrigerated (+4oC), and frozen (-20oC) milk 
samples from mothers of term and preterm infants and found 
a decrease in antioxidant capacity using the 2,2'-azino-di-(3-
ethyl-benzothiazolinesulfonate) (ABTS) assay. Freezing 
resulted in a greater decrease and storage for seven days 
resulted in a lower antioxidant activity than after two days. 
In a similar study Miranda, et al. [78] found an increase of 
MDA in refrigerated milk but not in frozen samples and a 
decrease of glutathione peroxidase activity in both 
refrigerated and frozen HM samples. Turoli, et al. [64] 
observed very small variations of thiobarbituric acid reactive 
species (TBARS) and conjugated dienes between fresh and 
stored (-20oC) HM but lipid peroxides (LP) were higher in 
the stored milk. The increased LP concentration was 
believed to be due to lipoprotein lipase activity, which 
increased free fatty acid production at -20oC. Even though 
human milk antioxidant activity seems to be affected by 
storage, its overall activity is still higher compared with 
infant formulas 

FUTURE RESEARCH 

There are multiple components of human milk that 
provide for more than just nutrition [79, 80]. Molecules of 
interest that appear to provide antioxidant protection in 
human milk include: polyamines such as spermine [81], 
carotenoids [82], thioredoxin [83], coenzyme Q [84], lacto-
peroxidase [85] and L-carnitine [86]. There are undoubtedly 
many new bio-molecules in human milk with bioactive 
properties waiting to be discovered. For example, there is no 
report on the antioxidant properties of glycocon-jugates and 
oligosaccharides, the third most abundant components of 

HM [87]. Kelder et al. [87] compared the oligosaccharides 
of HM and milk from other species and found that HM 
samples had a rich and complex mixture while milk from 
mice, rabbits, goats and cows were virtually devoid of 
complex oligosaccharides.  

CONCLUSION 

Premature (PM) infants are born with underdevelopment 
of most organ systems. At birth, PM do not get enough 
oxygen due to immature lung development and therefore 
require supplemental oxygen consequently, they are far more 
exposed to ROS than are full-term (FT) infants. ROS are 
responsible for many diseases associated with prematurity. 
Human milk with its antioxidant properties has been proven 
more efficient than infant formulas in reducing ROS-
mediated diseases among premature infants. The milk 
antioxidant enzymes (SOD, CAT, and GSHPx) and non-
enzymatic anti-oxidants (lactoferrin, vitamins C and E) have 
been characterized however; more HM antioxidant com-
ponents can still be identified. Research identifying those 
other bio-active molecules will lead to more understanding 
of human milk antioxidant properties with the ultimate goal 
of supplementing PM infant formulas and reducing diseases 
associated with prematurity. 
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