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ARTICLE INFO ABSTRACT

The innate immune system in mammals is the first-line defense that plays an important protective role against a
wide spectrum of pathogens, especially during early life before the adaptive immune system develops. The
enzymes xanthine oxidase (XO) and lactoperoxidase (LPO) are widely distributed in mammalian tissues and
secretions, and have a variety of biological functions including in innate immunity, provoking much interest for
both in vitro and in vivo applications. The enzymes are characterized by their generation of reactive oxygen and
nitrogen species, including hydrogen peroxide, hypothiocyanite, nitric oxide, and peroxynitrite. XO is a major
generator of hydrogen peroxide and superoxide that subsequently trigger a cascade of oxidative radical path-
ways, including those produced by LPO, which have bactericidal and bacteriostatic effects against pathogens
including opportunistic bacteria. In addition to their role in host microbial defense, reactive oxygen and nitrogen
species play important physiological roles as second messenger cell signaling molecules, including cellular
proliferation, differentiation and gene expression. There are several indications that the reactive species gen-
erated by peroxide have positive effects on human health, particularly in neonates; however, some important in
vivo aspects of this system remain obscure. The primary dependence of the system on hydrogen peroxide has led
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us to propose it is particularly relevant to neonate mammals during milk feeding.

1. Introduction

The mammalian immune system comprises two parts: adaptive (or
acquired) immunity and innate immunity. Adaptive immunity com-
prises specific antigen-antibody binding and long-lived memory T-cells
and B-cells. The memory feature of the adaptive immune system allows
it to react rapidly to a previously recognized pathogen, however, its
response to any new antigen exposure may take days or weeks [1]. The
innate immune system, as the first line of host defense against patho-
gens, does not require prior exposure to specific pathogens or antigens
and is rapid but nonspecific. Innate immunity provides barriers to in-
fection for the skin and the linings of the gastrointestinal, respiratory,
and genitourinary tracts, and consists of antimicrobial peptides and
enzymes (e.g. lactoferrin, lysozyme, and oxidative enzymes), as well as
cellular components (e.g. neutrophils and dendritic cells) [2].

Oxidative enzymes play important roles as part of host innate im-
munity [3-5]. These enzymes are able to generate reactive oxygen
species (ROS) and reactive nitrogen species (RNS) through oxidor-
eductive mechanisms. Reactive free radicals are produced as

byproducts of metabolism and turnover in cells and secretions. These
are tightly regulated, as excess levels of these molecules result in per-
oxidation of proteins, lipids, and nucleic acids, thereby leading to cell
death [6,7]. However, when at physiological concentrations they also
have important roles in cell signaling [8,9] in addition to destroying
invading pathogens [10,11]. For example, NADPH oxidase mediates the
release of an oxidative burst of ROS in response to infection, a me-
chanism utilized for the elimination of pathogens particularly by neu-
trophils [12].

The enzyme xanthine oxidase (XO) acts together with lactoperox-
idase (LPO) to generate ROS and RNS [4,13]. These two enzymes
comprise what can be referred to as the ‘XO-LPO system’ [14]. Hy-
drogen peroxide (H»0,) and superoxide are generated by XO, and these
are antimicrobial agents alone, or H,O, activates secreted LPO to oxi-
dize the pseudo-halide substrate thiocyanate (SCN") or other physiolo-
gical halides, to produce potent antimicrobial agents such as hy-
pothiocyanite (OSCN ™). Table 1 shows the reported concentrations of
XO-LPO system components in some human body fluids and in bovine
milk, while the major XO-LPO pathway and reactions are summarized
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Table 1
Concentrations of XO-LPO components in some human body fluids and bovine
milk.

Breastmilk
Components “Concentration  Sample type Number of Ref
subjects
XO (mU/mL) 0.52 Mature milk 7 [98]
8 Colostrum 24 [40]
0.91 Mature milk 14 [39]
H,0, (UM) 25 Mature milk 60 [51]
27 Mature milk 22 [40]
SCN (uM) 76 Mature milk 10 [99]
80 Mature milk 45 [471]
52 Mature milk 75 [100]
LPO (mU/mL) 3.28 Colostrum 45 [47]
0.89 Mature milk (whey 13 [101]
milk)
0-12.6 Colostrum 4 [102]
Bovine milk
XO (mU/mL) 20 Mature milk 8 [13]
49 Mature milk 33 [103]
80 Fresh mature milk 3 [39]
H,0, (M) 280 Fresh mature milk 7 [13]
SCN (uM) 86 Mature milk 7 [104]
60 Mature milk 7 [13]
36 Mature milk 2059 [105]
LPO (mU/mL) 5478 Mature milk 9 [106]
4000 Mature milk 8 [13]
2300 Mature milk 7 [104]
Neonates & Infants saliva
XO (mU/mL) " No activity
H,0, (UM) Not detected
SCN (uM) 285 Unstimulated 75 [47]
380 Unstimulated 31 (infants) [54]
420 Unstimulated 60 (neonates) [40]
LPO (mU/mL) 0-34 Unstimulated 63 (neonates) [47]
474 Unstimulated 31 (infants) [54]
7 Unstimulated 12 (neonates) [40]
Adult saliva
XO (mU/mL) No activity
H,05 (UM) 8-13 Calculated Calculated [65]
SCN (uM) 672 Unstimulated/ 20 [107]
nonsmokers
990 Unstimulated/ 39 [108]
smokers
643 Unstimulated/ 10 [109]
nonsmokers
LPO (mU/mL) 573 Unstimulated/ 16 [110]
nonsmokers
711 Unstimulated/ 39 [108]
nonsmokers
620 Unstimulated/ 12 [40]
nonsmokers

2 All concentrations are expressed as the mean values unless otherwise spe-
cified.
> Sourced through breastfeeding.

in Fig. 1.

Thus, XO and LPO are classes of enzymes that generate ROS and
RNS [4,13], acting together as a primal immunity function. The com-
ponents of the system are: XO substrates, XO enzyme, H>O, generated
by XO, secreted LPO, and its pseudo-halide substrate SCN~ (or other
halides). The system is active only in the presence of all of these
components.

The aim of this review is to highlight the key biochemical actions,
physiological roles, and health implications of the XO-LPO system as
part of the natural host defense innate immunity, describing the
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enzymes’ structures, reactions and mode of innate immunity action in
some important biological fluids and secretions. In addition, it points
out further investigations needed in the field of mammalian innate
immunity.

2. Xanthine oxidase structure and reaction

Xanthine oxidase (XO; E.C. 1.17.3.2) has been studied for more than
100 years [15]; it has attracted attention in research partly because of
its ability to generate ROS and RNS, and it is a major source of H,0,.
Previously, research into the generation of reactive free radicals in the
body has focused on the pathogenesis of ischemia-reperfusion injury
[16]. However, free radical species produced by XO have been found
also to fulfil important physiological roles in innate immunity. XO is
widely distributed in mammalian tissues, where the highest enzyme
activity in humans is found in the small intestine and liver, with very
low levels of mRNA expression reported in major organs such as the
heart, brain, lung and kidneys [17]. Interestingly, XO is highly ex-
pressed in the milk, with bovine milk having the highest activity of XO
among the mammalian species examined [18].

XOR is a homodimer with a molecular mass of approximately
300 kDa. Each subunit contains a single peptide chain of approximately
1330 amino acids, which binds one molybdopterin cofactor (Mo-co),
two nonidentical Fe,S, centers, and one FAD cofactor. Proteolytic
cleavage of XOR has demonstrated that the different cofactors are lo-
cated in the C-terminal 85 kDa, N-terminal 20 kDa and intermediate
40 kDa domains, respectively (for a review of XOR structure, see Ref.
[19D).

XO and xanthine dehydrogenase (XDH) are two forms of the xan-
thine oxidoreductase (XOR) enzyme expressed by the same gene [17].
The enzyme is synthesized as XDH, which uses NAD™ as the electron
acceptor, but can be readily converted reversibly to XO by oxidation of
sulfhydryl residues, or irreversibly by proteolysis [20]. XDH exists
mainly in intracellular spaces, while in the extracellular secretions and
circulatory system XO is the predominant form [21].

Intracellularly, XDH plays a major role in the final stages of cata-
bolism of purine nucleotides by catalyzing the oxidation of the bases
hypoxanthine and xanthine to uric acid, the end-product of purine
catabolism in humans (Fig. 1) [22]. The reaction occurs at the Mo-co
site in which electrons are transferred via the two Fe,S, domains to the
FAD site, where NAD" is reduced by XDH to form NADH [23]. Fur-
thermore, it has been shown that in the presence of NADH and low
oxygen concentrations (< 5%), XOR can also reduce organic and in-
organic nitrate (NO3 ) and nitrite (NO,~) to generate nitric oxide
(-NO) [24], although xanthine is a more effective reducing substrate
than NADH [25]. Nitrite reduction takes place at the molybdenum site
of the enzyme, unlike the reduction of NAD* (and molecular oxygen)
which has been long known to occur at the FAD cofactor site [26].
Extracellularly, oxygen is reduced by XO to yield H,O,, which can then
be used by LPO.

3. Lactoperoxidase structure and reaction

Lactoperoxidase (LPO; E.C. 1.11.1.7) is a member of the heme-
containing peroxidase enzyme family [27]. All mammalian peroxidases
consists of 576-738 amino acids, with a covalently attached heme
moiety in the center [27,28]. The primary structure of LPO has been
described as a globular single-chain monomer of approximately 80 kDa
for human milk [29], and 78 kDa for bovine milk [30]. Some studies
portray LPO as a scavenger enzyme, which acts to decrease the con-
centration of H,0, in cells and secretions and consequently to prevent
cellular oxidative stress and membrane peroxidation [31]. Other studies
have described LPO as an essential part of the mammalian natural host
defense system because of its ability to generate a highly reactive
pseudohalide, OSCN™~, which exhibits antimicrobial effects against
bacteria, fungi and viruses [3]. LPO is mainly found in secretions
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Fig. 1. The major XO-LPO system pathway and me-
tabolism. XDH is synthesized but then converted to
XO during secretion, in the milk fat globule mem-
brane (MFGM). The system is associated with a wide
range of antimicrobial () ROS and RNS. The
system is triggered by its main substrates, which in-
clude the purines hypoxanthine/xanthine, thiocya-
nate, nitrates, and nitrites.
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including tears, saliva, airway mucus, and milk [32].

The LPO heme moiety comprises a heterocyclic protoporphyrin ring
holding a ferric ion in the center [27]. All peroxidases catalyze a similar
reaction, as shown in the general formula below:

H,0, + reduced acceptor — oxidized acceptor + H,0

The reduced acceptor in this scheme is typically a halide or pseu-
dohalide, which is converted to an oxidized hypohalide or hypothio-
cynous acid [5]. The enzymatic mechanisms of LPO are complex.
Briefly, the reaction is initiated when H,0, oxidizes the ferric (Fe™)
moiety of the porphyrin from its resting state to the ground state,
Fe=0. This ‘compound I’ state may then enter either a ‘halogenation’ or
a ‘peroxidation’ cycle. In the halogenation cycle, physiological con-
centrations of reduced acceptor (halides such as Cl~ /Br™ /1" /NO, ™~ or
the pseudo-halide SCN ™) react with compound I to form Compound II
(Fig. 1). The iron-bound oxygen is then transferred to form the oxidized
acceptor (hypothiocyanite or a hypohalide ion), and LPO continuously
returns at a low rate to its resting enzymatic state. In the presence of
excess, non-physiological H>O, concentrations, Compound II can also
react to form Compound III, producing complete irreversible inactiva-
tion of LPO. It has been shown, based on the LPO kinetics and reaction
with its substrates, that SCN™ is the preferred substrate, followed by
halides I™, Br™, and Cl~ (for a review of the LPO reaction see Ref. [3]).
SCN™ is distributed in mammalian extracellular fluids including
plasma, saliva, tears, milk, gastric juice and trachea secretions [33].

4. Innate immunity role of the XO-LPO system
4.1. XO-LPO system in milk

XO and LPO are both expressed in milk, to varying degrees in dif-
ferent mammalian species, and are capable of generating free radical
species. XO is an abundant enzyme in human milk and is present in all
mammalian milks investigated, with bovine milk containing the highest
activity relative to human milk (Table 1) [34]. XO is secreted in asso-
ciation with milk fat globule membrane (MFGM) and is generally a
major protein component of MFGM in mammals [35]. In bovine milk,
the enzyme is located in two major sites: the inner MFGM contains a
mixture of XO and predominantly XDH, while a second pool of XO is
attached to the outer MFGM and in the milk serum [36]. This suggests

that XDH is converted into XO by oxidation of a sulfhydryl residue after
the milk fat droplets are excreted into the mammary gland lumen
[37,38]. It has been demonstrated that approximately 90% of human
milk XOR is found in the demolybdo state and this could lower H,0,
production from the oxidation of purines. It may also produce H,0, via
oxidation of NADH to NAD* at the FAD but the yield will be both
considerably less and dependent upon the steady-state of NADH.
However, the activity of XO in human milk was assayed in vitro using
the purine bases xanthine and hypoxanthine, and the enzyme was able
to produce H,0, particularly in colostrum compared to that in sub-
sequent milk [39-41]. It has been found that XOR mRNA transcripts are
increased in mice mammary alveolar epithelial cells during the second
trimester of pregnancy and are significantly amplified at the beginning
of lactation, and then decline with induced involution [42], suggesting
that the secretion of the enzyme in milk is regulated at a genetic level.
Interestingly, lactation and the administration of oxytocin were found
to enhance both XDH and XO levels, and were associated with increased
H,0, generation in the milk of lactating rats, with the level of XO being
two-to three-fold higher compared to those in non-lactating rats [43].

LPO is also secreted from the mammary glands, into milk serum.
This enzyme is the second most abundant enzyme in bovine milk after
XO [44] and is commonly present in ruminant [45] and human [46]
milk throughout lactation. Bovine milk contains approximately 1-19 U/
ml of LPO, which is much higher than in human milk (Table 1). Similar
to XO, human milk LPO has the highest activity in colostrum then de-
clines gradually throughout the lactation period [47].

Researchers have demonstrated the presence of H,O, in freshly-
expressed bovine and human milk in a pattern consistent with the ex-
pression of XO in mammary glands. It has been shown that the sub-
strates of XO, hypoxanthine and xanthine, are secreted in bovine milk
[48]. In one study, a fresh milk sample was obtained, and then after
emptying the udder, cows were injected with a dose of oxytocin to
stimulate additional fresh milk secretion. These fresh milk samples were
immediately analyzed and found to contain approximately 40 uM of
both xanthine and hypoxanthine. These XOR substrates were then
consumed within 30 min, and this effect was suppressed by the addition
of allopurinol, an XO inhibitor. These findings demonstrate that xan-
thine and hypoxanthine are continuously secreted by mammary glands
and subsequently oxidized by XO to generate H,O,. Simultaneously, the
XO product uric acid is significantly increased in milk serum. Thus it
may be presumed that peroxide provides the mammary glands with
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continuous innate immunity protection against invading pathogens and
mastitis [13].

In addition to the role of XO as a generator of the antibacterial
H,0,, the enzyme has been suggested to be a physiological source of
peroxide substrate for LPO in milk. It has been suggested that XO can
generate as much as 360 uM/h H50, in bovine milk [48], making XO a
major physiological source of this oxidant in the mammary glands and
milk. The H,O, is then metabolized by LPO to oxidize SCN ™ into the
potent bactericidal OSCN ™~ [32].

Studies have shown that the XO-LPO system also extends its mi-
crobiocidal effect in milk through the synthesis of reactive nitrogen
species (RNS). Enzymatically, XO can convert nitrate (NO3 ™) to nitrite
(NO, "), and the latter is an important substrate for formation of the
nitric oxide free radical (‘NO) by the action of XO and under hypoxic
condition [49]. Simultaneously, LPO can convert NO, ™~ into the potent
microbiocidal radical, nitrogen dioxide (NO); this reaction step re-
quires the presence of H,0,, supplied by XO [50]. It has been shown
that with regard to the generation of RNS by the XO-LPO system, -NO
and NO; have an inhibitory effect against the major invasive mammary
gland pathogens such as Escherichia coli and Staphylococcus aureus in
bovine milk [13]. Thus, the interactions between the XO and LPO en-
zymes play a crucial role in innate immunity and exert a more powerful
microbiocidal function when they are present together.

This suggests that breastmilk is a source of significant factors es-
sential for the natural host defense mechanism for the mammary glands
and for the suckling infant. Surprisingly, the importance of the milk XO-
LPO system for mammary gland resistance to infection, and its positive
effect on neonatal and infant health, has only been partially in-
vestigated in vivo [40,43,47]. In humans, freshly-expressed breastmilk
has been found to contain H,O, of 25-27 uM [40,51], about 10 times
lower than bovine milk [48]. The highest concentrations of H,O, in
breastmilk have been found in colostrum, with the concentration de-
clining until it reached a mean of about 9 uM in the fourth week of
lactation [51]. It is worth noting that although the XO-LPO activity of
human milk is lower than that of bovine milk, the presence of peroxide
in fresh breastmilk suggests it uses the same mechanism as bovine milk,
i.e. the secretion of substrates xanthine and hypoxanthine by the
mammary gland, with subsequent reaction with XO to produce H;0,. In
vitro addition of serial concentrations of exogenous hypoxanthine to
fresh breastmilk showed a significant dose dependent inhibitory effect
against E. coli and S. aureus [41]. It has been demonstrated that the
concentrations of human milk NO;~ and NO,~ are relatively higher
during early days of lactation, suggesting that elevated RNS con-
centrations are also important for innate immune defense in mammary
glands, and in the stomachs of breastfed neonates [52].

Thus, the XO-LPO system is a key innate immunity component of
milk against invading pathogens and common infectious diseases such
as mastitis [40]. It has an equally essential antibacterial protective role
for neonates and infants in the upper gastrointestinal tract, as discussed
below.

4.2. XO-LPO system in saliva

Human whole saliva contains a variety of antimicrobial factors that
work together to regulate the colonization of oral microorganisms and
fight against pathogens [53]. In human neonates, salivary LPO activity
was identified a few hours after delivery, albeit with high inter- and
intra-individual variability. LPO activity was shown to be raised
throughout the first week after birth, followed by a gradual decrease
with increasing age of infants [47]. While the LPO substrate SCN~ has
been found in infants' saliva, with higher levels found in neonatal
saliva, presumably deriving from the mother's circulation [40,54], there
was doubt about the availability of H,O, as an essential substrate for
LPO. Studies have demonstrated that in adults, H;O, can be provided
for LPO by oral bacteria [55,56]. Production of H,0, in adult saliva
mainly occurs through the action of the metabolic processes of the oral
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microbiota. Streptococcal species such as S. mutans, S. mitis and S.
sanguinis have been found to be important in H,O, generation [55,57].
It has been demonstrated that H,O, produced by S. mitior is able to
activate LPO using synthetic saliva [58]. In contrast, bacterial coloni-
zation and formation of biofilms may not be well established in the
neonatal mouth. Therefore the presence of milk XO as a generator of
H,0, may be of critical importance as a selective pressure for mammals
within the early neonatal period.

Recently, the XOR substrates hypoxanthine and xanthine were
found to be at higher concentrations in saliva of neonates than adults
[40,59]. It was shown that human milk, which contains XO, generated
H,0, when mixed in vitro with neonatal saliva, and this mixture ex-
hibited an inhibitory effect against opportunistic bacteria such as S.
aureus and E. coli. This bacterial inhibitory effect was cancelled by
oxypurinol, an inhibitor of XO. It is probable that the observed mi-
crobiocidal activity was not only caused by H,O, generation, but also
by the activation of LPO present in both saliva and milk [40]. Never-
theless, several studies have reported that oral streptococci are highly
susceptible to H,O, by itself, with complete inhibition or killing at
concentrations as low as 100 uM [55,57,60].

Thus, in addition to H,O, present in freshly-expressed breastmilk,
the H,0, generated by breastmilk-saliva interaction may further acti-
vate LPO in the neonatal mouth during suckling, so providing a host
defense mechanism that could have crucial implications for infant
health [40]. The presence of XO in breastmilk therefore has a function
beyond antibacterial protection of mammary glands. While it has been
demonstrated that the microbiocidal activity of breastmilk-saliva is
selective against opportunistic pathogens, commensal bacteria were
found to be insensitive to this inhibitory effect [40,60]. Since the in-
teraction of breastmilk with neonatal saliva has a host defense role, it
has been suggested that this mechanism could then affect the coloni-
zation of the gut by oral bacteria during early infancy, creating distinct
microbiota patterns between breastfed and formula-fed infants [61,62].
Of course, the variations in infant oral and gut microbiota cannot be
attributed solely to the XO-LPO system, as saliva and breastmilk contain
other antibacterial and growth-enhancing factors, including amino
acids, organic acids, nucleotides, proteins, enzymes, and im-
munoglobulins. There is also the contribution of skin bacteria from the
breast to the breastfed oral bacteria, as compared with bottle-fed babies
[61].

Another source of H,O, may exist within salivary glands. Saliva
collected directly from these glands has been shown to contain OSCN",
indicating that H,O, in the cells of the glands can oxidize SCN ™~ via LPO
prior to excretion into the oral cavity [63,64]. Although H,0, has not
been directly measured in saliva, because of the presence of active
scavenging systems, the concentration of HyO, in adult unstimulated
saliva prior to secretion has been estimated to be 8-13 uM, increasing to
18 uM in stimulated saliva [65]. It has been found that mRNA of Duox2,
an isoform of dual oxidase that produces H»O,, is highly expressed in
human and rat salivary glands, including the excretory ducts that
showed high oxygen demand for generation of ROS [66]. These findings
suggest that H>O, is continuously synthesized in salivary glands and
secreted (increasing with stimulation) into the oral cavity to activate
salivary peroxidase.

The concentration of SCN ™ in adult saliva is higher than in neonates
and infants and shows less inter- and intra-individual variation [40].
The highest and most stable level of salivary LPO was observed in a
group of subjects aged 10-24, and then the activity decreased with age
[67]. In the context of adult oral health, LPO provides one of the main
mechanisms of anti-caries defense, regulating the composition of mi-
crobiota and preventing the growth of pathogens present in period-
ontitis. The biochemical roles of LPO and its physiological products
have been tested in several clinical trials aiming to produce an enriched
preparation as an oral hygiene treatment. Bacterial biofilm formation
on the teeth is one of the most common causes of caries formation, as
bacteria ferment dietary carbohydrates into organic acids. It has been
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shown that LPO is effective in the prevention of dental cariogenic
biofilm formation. LPO, together with lysozyme, lactoferrin, and im-
munoglobulins, is able to inhibit the formation of S. mutans biofilms,
the most common cause of dental caries. In cases of multispecies bio-
films, the application of toothpaste containing LPO has been shown to
produce significant decreases in microbial viability, but no decrease in
biofilm integrity. A similar finding was observed when using enzymatic
toothpastes with children, with the bioactivity of S. mutans being sig-
nificantly decreased [68].

Thus, it can be concluded that there are four major sources of H,O,
in the human oral environment that contribute to the activation of LPO.
First, secretions collected directly from the adult salivary glands contain
OSCN™ [63] indicating that HO, is generated in the glands prior to
excretion into the oral cavity, as evidenced by Geiszt, M. et al. [66].
Second, when whole adult saliva is incubated in vitro, the OSCN™
concentration increases because of H,O, production by oral bacteria,
primarily streptococci [55,56]. Third, freshly-secreted milk provides
neonates with H,O, produced within mammary glands by the action of
XO [40,51]. Finally, the XO substrates xanthine and hypoxanthine are
secreted into neonatal saliva, and react with breastmilk XO during
suckling to generate H,O, [40].

4.3. XO-LPO system in the gastrointestinal tract

H,0, generated by milk XO, as well as milk/salivary LPO and its
oxidative products, may contribute to innate immunity within the
gastrointestinal tract (GIT), particularly in neonates [40,41]. Cieslak M.
et al. reported the presence of H,O, in rat fresh milk curds, suggesting
that its gastric biological activity is continued [43]. Studies on mice
demonstrated that orally-administered LPO was effective in preventing
infection with influenza virus [69] and reducing colitis [70]. Further-
more, Millar TM et al. showed that XO can catalyze the reduction of
NO;3;~ and NO,~ to -NO under hypoxic conditions, such as the gut [24].
This has lead to the proposal that the neonatal stomach provides a
suitable environment for peroxidative reactions to take place [41],
noting that neonatal stomach pH ranges between 4 and 6, with a hy-
poxic oxygen tension equal to or below 5% [71].

In the presence of superoxide from milk XO, -NO generates the
powerful microbiocidal peroxynitrite (ONOO ™). Generation of -NO was
demonstrated in vitro with samples of breastmilk collected from a full-
term mother between days 2 and 112 postdelivery, under conditions
similar to that in the neonatal stomach, i.e. oxygen less than 5%, pH
5.5, 37 °C. The highest levels of -NO were measured in milk from the
first 3 weeks postpartum, while no activity was found in any milk
formulae [41]. -NO derives from nitrite (NO5 ™), which is normally
present in the gut from the metabolism of enteric bacteria [72,73].
Thus, the XO-LPO system may contribute to neonatal GIT innate im-
munity by playing an important role in the prevention of opportunistic
infections and selection in favor of commensal microbiota.

XO has long been known to be present in high activity in the small
intestine, being highly expressed in both basal and apical layers of the
intestinal villi. Rat digestive tract studies also indicated that the enzyme
is highly active in intestinal goblet cells, enterocytes, and duodenum
mucus secretions. The presence of XO in the upper small intestine,
particularly on the surface of epithelial cells, suggests an innate im-
munity role, in addition to its traditionally assigned role of catabolizing
dietary purine bases to uric acid. The immunity hypothesis was sup-
ported by Van Den Munckhof et al., who found that bacteria sur-
rounded by the enzyme showed signs of membrane destruction and cell
toxicity death [74].

XOR has also been shown to be present in the epithelial cells of the
bile duct, where its highest activity is detected in the luminal surface.
The enzyme has been shown to be secreted into human and rat bile,
where it may act as an innate immunity agent to protect the biliary
system and upper gut from infection [75]. These studies did not clearly
confirm if XOR is present in the form of XO or XDH when secreted,
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however Van Den Munckhof et al. [74] demonstrated that ROS gen-
eration on the intestinal apical surface layers and in the secretions was
complete inhibited by allopurinol. It has been found that the form of the
enzyme in organs other than liver of the rat can be reversibly converted
between XO and XDH by sulfhydryl oxidation, except for the intestine
where the luminal proteolytic enzymes rapidly and irreversibly convert
XDH to XO [76].

4.4. XO-LPO system in cellular signaling

In addition to the direct role of XO-LPO enzymes as an antimicrobial
system, the generation of a wide range of ROS and RNS under various
conditions has important roles in cellular signaling and growth when
present at physiological concentrations.

In eukaryotes, H>O, is able to activate signaling transduction, to
stimulate cellular proliferation [77], migration [78], regulation of gene
expression [79,80], differentiation [81], apoptosis [82], and T-cell ac-
tivation [83]. Pan et al. showed that low H,O, concentrations stimu-
lated cell proliferation and enhanced adhesion, migration, and wound
healing in cornea cells [84]. Fajardo et al. found that H,O,, at a con-
centration similar to that in human milk, enhanced gastric motility and
emptying in rat neonates, a finding that directly implicates XOR in
neonatal health and wellbeing [85].

In addition, -NO has a well-known regulatory role in the control of
smooth muscle relaxation, platelet aggregation, and neurotransmission
(for reviews see Ref. [86-88]). This suggests that both ROS and RNS
produced by the XO-LPO system may also provide these active meta-
bolites in appropriate concentrations for rapid cell signaling and
growth. These metabolites may come from breastmilk, saliva or from
the upper GIT, to be utilized by gastrointestinal cells for proliferation
and growth, and hence improve neonatal immunity and gut motility at
a time when other mechanisms are not fully developed. This me-
chanism of cell growth and signaling related to the XO-LPO system has
not been fully investigated, and research into this field may have im-
portant implications for the development of normal neonatal immunity
and health.

4.5. Exploitation of the XO-LPO system for preservation of bovine milk

In the dairy industry, the microbial quality of raw milk is usually
strictly controlled during collection, storage and transportation,
through the use of cooling systems. However, refrigerated facilities may
not be available in rural areas of developing countries, for technical,
economical, or practical reasons. As an alternative, the shelf life of raw
milk can be significantly prolonged by the LPO reaction [89-91]. The
UN Food and Agriculture Organization (FAO), in collaboration with the
World Health Organization (WHO), has developed a protocol based on
the reactivation of the endogenous milk LPO enzyme by the addition of
sodium thiocyanate and hydrogen peroxide to maintain the hygienic
quality of the milk without refrigeration [92]. However, preservation of
raw dairy milk by activation of the entire XO-LPO system, for example
by adding XO substrate (hypoxanthine), may provide a physiological
alternative approach to dairy milk product preservation.

4.6. XO-LPO system and infant formulae

Preterm infants who are provided with formula feeding have greater
susceptibility to GIT infections compared to those that are given human
milk [93]. If preterm infants are fed pasteurized breastmilk, the milk
will have low XO-LPO activity, no H,O, [43], and markedly reduced
levels of other milk defense proteins [94,95].

Since the activity of the XO-LPO system is absent from formula
preparations as well as from pasteurized breastmilk [40,41], the ab-
sence of this antimicrobial defense mechanism in the neonatal mouth,
and thus the GIT, may partially explain the greater susceptibility of
bottle-fed infants to GIT infection. An additional factor is that saliva is



S.S. Al-Shehri, et al.

normally aspirated from the mouths of preterm babies, due to the ab-
sence of a mature swallowing reflex: this removes the salivary hypox-
anthine and xanthine that activates the XO-LPO system in breastfeeding
babies. It is also possible that the XO-LPO mechanism provides an ad-
ditional protection against the risk of middle ear infection for babies if
fed in a prone position [40]. Because the XO-LPO system generates a
wide range of ROS/RNS that are important mediators and second
messengers, as discussed earlier, the absence of these free radical spe-
cies may also delay or affect the rapid growth of the gut cells in infants
relying on formula feeding.

It has been shown that feeding bovine calves with preparations
containing LPO enzymes is effective in curing diarrhea [96], while
calves fed XO-supplemented formula showed greater increases in
weight and a marked decreased incidence of infective scours compared
to controls [97]. Thus, this review raises questions of whether supple-
mentation of infant formula preparations with the XO-LPO system, for
therapeutic purposes, could be a potentially important factor in clinical
practice. Further studies and clinical trials are important to evaluate the
benefits and risks of supplementation of infant formula with the XO-
LPO system.

5. Conclusion

Apart from the roles of XO and LPO in normal catabolism, their
physiological roles extend to participating in the innate immunity of
mammals, particularly in the neonatal period. This arises from the ca-
pacity of the XO-LPO system to generate physiologically active con-
centrations of ROS and RNS, which have important roles as anti-
microbial agents, and in cellular signaling. Although the studies
reviewed in this article demonstrate that the microbiocidal activity of
oxidative radicals produced at physiological concentrations by the XO-
LPO system, and their role in cellular second messengers, most studies
have been conducted in vitro, with only a few addressing these functions
in vivo. Yet such research is important, especially with regard to their
relevant physiological roles of oxidative radicals for the health of full-
term breastfed babies, versus preterm neonates who receive pasteurized
or formula milk that has an inactivated XO-LPO system. Several studies
have now provided strong evidence for therapeutic use of the XO-LPO
system, in particular by ensuring that the system is active in infant
formula preparations. This will need additional studies and clinical
trials for justification, but may have important positive outcomes for
neonatal and infant health.
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