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Abstract

Mammalian milk is a source of antimicrobial compounds such as xanthine oxidase (XO). The 

interplay of infant saliva, which contains the substrates for XO activity, and human milk 

containing XO has been recently shown to inhibit the growth of pathogenic bacteria. Based on the 

complex and protective mechanism observed in human milk, we hypothesized that bovine milk 

XO operates similarly, thus representing an opportunity to investigate its functionality in broader 

health implications. We demonstrated that bovine milk-hypoxanthine mixture (0 to 400 μM) 

inhibited several Gram-negative and -positive bacterial pathogens in a dose-dependent manner. 

Kinetic experiments revealed that XO catalyzed hypoxanthine reduction (Km, 58.0 μM; Vmax, 5.1 

μmol−1 min−1 mg) resulted in the production of antimicrobial hydrogen peroxide. These results 

demonstrate that the antimicrobial properties of bovine milk XO are similar to those of human 

milk XO with significant implications for the development of novel products targeting infant 

health.

1. Introduction

Lactation is a biological process that has evolved to deliver a complete postnatal nutrition for 

newborns. Its biodynamic aspect is evidenced by compositional changes in milk throughout 

the lactation period to better suit the infant requirements (Hinde & German, 2012). Milk 

delivers all the required essential nutrients, substrates, and fuel molecules for the growth and 

health of the neonate. More recent research is documenting that milk has also been selected 

through evolution for its ability to protect the infant from bacterial pathogens. For example, 

milk creates a specific microenvironment for the gut microbiota of the neonate (Petherick, 

2010; Smilowitz, Lebrilla, Mills, German, & Freeman, 2014; Walker, 2010). Milk contains 
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antimicrobial factors and in many cases those antimicrobials are not fully functional or 

become functional during the transit through the gastro intestinal tract. Such a dynamic 

protective strategy is emerging as a common theme for milk-based antimicrobials and may 

reflect the unique selective pressures on milk as a product of evolution. For example, the 

fragments of milk proteins released during infant digestion have antimicrobial properties. 

These peptides are typically inactive within the sequence of the parent protein and become 

active when released by proteolysis (Dallas et al., 2013).

Xanthine oxidase (XO) is an example of an even more complex mechanism of protection 

because its substrates are not present in milk. However, with all components in place except 

the enzyme substrate, the secretion/addition of xanthine or hypoxanthine as substrates 

ostensibly controls the entire antimicrobial process. The enzyme complex works in 

combination with the lactoperoxidase system to produce reactive oxygen and nitrogen 

species that serve as antimicrobials in situ, thus protecting the mammary gland against 

mastitis and the offspring against bacterial infections (Al-Shehri et al., 2015; Björck & 

Claesson, 1979; Harrison, 2004, 2006; Millar et al., 2002; Stevens et al., 2000; Vorbach, 

Harrison, & Capecchi, 2003). XO has broad substrate specificity and can reduce nitrite, 

yielding reactive nitrogen species such as nitric oxide and peroxynitrite, a strong 

antibacterial agent (Hancock et al., 2002; Martin, Hancock, Salisbury, & Harrison, 2004; 

Millar et al., 1998). XO can also reduce oxygen to generate the reactive oxygen species 

superoxide (O2−) and hydrogen peroxide in the presence of hypoxanthine or xanthine (Fig. 

1). Non-human milk also contains XO and the biochemical properties of the XOs differ 

significantly among the species (Atmani, Benboubetra, & Harrison, 2004; Benboubetra, 

Baghiani, Atmani, & Harrison, 2004).

Until recently, milk XO was thought to perform solely a structural function in the membrane 

of the fat globule, a hypothesis based on the fact that milk does not contain its substrates. 

However, it has been proposed that XO-derived hydrogen peroxide exerts its antimicrobial 

effect by acting as a substrate for the lactoperoxidase system in bovine milk (Björck & 

Claesson, 1979) (Table 1). It has been shown that the addition of 100 μM hypoxanthine (XO 

substrate) to breast milk promotes the production of H2O2 (Stevens et al., 2000) (Table 1). 

Moreover, experiments carried out with animals, particularly bovine calves, suggest that 

animals supplemented with active XO put on weight at a faster rate than their untreated pen 

mates and show a 50% reduction in the incidence of infective scours (Millar et al., 2002). 

Hydrogen peroxide has been well described chemically and its generation has been 

demonstrated to inactivate various microorganisms (Baldry, 1983). Furthermore, a recent 

study suggested that the observed antimicrobial activity of human milk XO results from the 

interplay of infant saliva, which contains the required hypoxanthine and xanthine substrates 

for XO activity, and human milk containing XO and lactoperoxidase (Al-Shehri et al., 2015) 

(Table 1). During nursing, the interaction between breast milk and infant saliva enables the 

production of antimicrobial N and O species thus influencing the early oral microbiota and 

possibly the infant gut. However, the implications of XO enzyme and its biological 

properties towards infant health have not been well characterized.

Considering that milk is heat treated prior to human consumption to ensure its microbial 

safety and to improve its shelf life (Rowe & Donaghy, 2011), the choice of the heat 
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treatment has a significant impact on this enzyme activity. We have recently demonstrated 

the effects industrial heat treatments such as of batch pasteurization (BP), high temperature 

short time (HTST), and ultra high temperature (UHT) on the inactivation of xanthine 

oxidase and its antimicrobial properties. XO activity was preserved by HTST (100%), but 

partial (8%) and nearly complete (95%) enzyme inactivation was observed when milk was 

subjected to BP and UHT, respectively (Ozturk, German, & de Moura Bell, 2019).

While this complex antimicrobial mechanism has been demonstrated in human milk, there is 

a lack of information about the mechanism of action of bovine milk XO. We hypothesized 

that bovine milk XO operates similarly to human milk XO and, therefore, we investigated 

the functions of bovine milk XO under conditions that mimic the oral cavity (oxygen, 

temperature, and pH). In this study, the ability of endogenous bovine XO to generate the 

antimicrobial radical hydrogen peroxide under conditions mimicking the oral cavity was 

evaluated on the growth of Staphylococcus aureus. Further, we examined the effects of 

bovine milk-hypoxanthine mixture on the growth of a range of both Gram-negative 

pathogens including Escherichia coli O157:H7, Klebsiella pneumoniae and Salmonella 
endocarditis and Gram-positive pathogens including S. aureus MRSA, Listeria 
monocytogenes and Enterococcus faecalis. Antimicrobial activities were evaluated at high 

(106 cfu mL−1) and low (103 cfu mL−1) bacterial inoculum with hypoxanthine 

concentrations in the range of 0 to 400 μM.

2. Materials and methods

2.1. Milk samples

Fresh raw bovine milk was obtained from a UC Davis local dairy farm (Davis, California, 

USA) and stored immediately at −80 °C until use.

2.2. Enzyme assays and kinetic parameters

For bovine milk XO activity and kinetic parameters assays, bovine milk (stored at −80 °C) 

was diluted 1:100 in Tris buffer immediately before analysis. 50 μL diluted samples were 

mixed with 50 μL of 100 μM Ampliflu Red (Sigma-Aldrich Pty Ltd, Australia) and 0.8 U 

mL−1 horseradish peroxidase (Sigma-Aldrich Pty Ltd, Sydney, Australia) in 100 mM Tris-

HCl buffer. The 100 μL mixture (sample + peroxidase reagent) was incubated at pH 7.5 for 

30 min and the production of H2O2 resulting from the oxidation of hypoxanthine to uric acid 

was measured fluorometrically using a M5 plate reader (Molecular Devices, San Jose, CA, 

USA), for 30 min at a regular interval of 10 min. H2O2 in the presence of horseradish 

peroxidase (HRP), reacts stoichiometrically with Ampliflu Red (10-acetyl-3,7-

dihydroxyphenoxazine) reagent to generate the red-fluorescent oxidation product, resorufin. 

Resorufin has absorption and fluorescence emission maxima of approximately 530 ± 12.5 

nm and 590 ±17.5 nm, respectively. To confirm H2O2 was produced by XO activity only, the 

XO-specific inhibitor (allupurinol) was used. The fluorescence signal was measured in a 

temperature-controlled Molecular Devices M5 plate reader (excitation 540 nm, emission 590 

nm). For each milk sample, a corresponding assay substrate blank (i.e., excluding 

hypoxanthine) was subtracted from each data point and the H2O2 standard curve was 

plotted. Sample ΔA (A2−A1) to the H2O2 standard curve was applied to get B nmol of H2O2 
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(H2O2 generated between t1 and t2 in the reaction). XO activity (nmol−1 min mL−1 = mU 

mL−1 = U L−1) was measured according to the following equation:

XO activity = B × dilutionfactor / t2 − t1 × V (1)

where B is the amount of H2O2 (nmol) generated by XO from standard curve, t1 and t2 are 

the time of the first (A1) and second readings (A2) (in min), respectively and V is the pre-

treated sample volume (mL) added into the reaction well. One unit of XO is defined as the 

amount of enzyme that catalyzes the oxidation of hypoxanthine, yielding 1.0 μmol of uric 

acid and H2O2 per minute at 37 °C.

2.3. Kinetic parameters

Steady state kinetic studies were carried out to determine the parameters of the Michaelis-

Menten kinetic model, Vmax and Km, for milk XO using Graph Prism 6.0 software with non-

linear plotting techniques (Michaelis, Menten, Johnson, & Goody, 2011). XO kinetic 

parameters were determined using final hypoxanthine concentrations of 0, 25, 50, 100, 200, 

and 400 μM and bovine milk XO was assayed using 100 μM hypoxanthine. Measurements 

were replicated at least three times. Accordingly, the reaction rate (v) of XO and the 

substrate concentration [S] were determined according to the Michaelis–Menten equation:

v = kc Eo S / S + Km (2)

where [Eo] is the concentration of enzyme, and kc and Km are the catalytic constant of 

hydrolysis and the Michaelis constant, respectively.

2.4. Antimicrobial activity assays

To demonstrate the mechanism of action of bovine milk XO and to compare our results with 

the existing literature, a proof-of-concept antimicrobial assay that commonly uses incubation 

time of 24 h and conditions that mimic the oral cavity (oxygen, temperature, and pH) (Al-

Shehri et al., 2015) was employed. To determine the effects of hydrogen peroxide, S. aureus 
ATCC 29213 was used as a model microorganism for inhibition of bacterial growth. 

Bacterial stocks were diluted in nutrient broth to a final concentration of 100 colony-forming 

units (cfu) mL−1. Subsequently, 50 μL aliquots were added to microtiter plate wells with 

serial dilutions of H2O2 in nutrient broth to achieve final concentrations of 0, 50, 100, 200, 

300 and 400 μM. Microtiter plates were incubated at 37 °C for 24 h with shaking. Bacterial 

growth was determined turbidometrically using a microtiter plate reader (Biotek-Synergy-2 

Microplate Reader, Biotek, Winooski, VT, USA) as absorbance at 600 nm. All assays were 

set up with triplicate samples unless noted otherwise.

To understand the inhibition of bacterial growth by XO, S. aureus ATCC 29213, was used as 

a model microorganism (Al-Shehri et al., 2015). Raw milk was diluted 1:20 in sterile 100 

mM Tris-HCl buffer, pH 7.5. Bacteria (diluted in sterile phosphate buffer saline) were 

incubated with raw milk alone (control), raw milk and xanthine (milk + X), raw milk and 

hypoxanthine (milk + HX), and raw milk and xanthine + hypoxanthine (milk + X + HX). 

Each microtiter well contained 50 μL of xanthine, or hypoxanthine, or xanthine and 

hypoxanthine solutions with a final concentration of 0 (control), 25, 50, 100, 200, and 400 
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μM, 25 μL diluted milk (1:20) and 25 μL bacteria solution with a final concentration of 100 

cfu mL−1 (in triplicate). The 96-well plates were incubated for 24 h at 37 °C with mixing at 

200 rpm. Serial dilutions were made and aliquots were then spotted onto Tryptic soy agar 

plates, and incubated overnight at 37 °C for determining viable cfu. The assays were 

replicated at least three times, and error bars represent one standard deviation.

We investigated the effects of bovine milk-hypoxanthine mixture on the growth of a range of 

Gram-negative and Gram-positive bacterial pathogens including E. coli O157:H7, K. 
pneumoniae, Sal. endocarditis, S. aureus MRSA, L. monocytogenes and Ent. faecalis 
including high (106 cfu mL−1) and low (103 cfu mL−1) concentration of microorganism 

using final hypoxanthine concentrations (0, 50, 100, 200, 300, 400 μM). This experimental 

design was used to simulate a typical number of microorganisms that would be ingested and 

may result in an infection in the oral cavity of neonates. These assays were prepared as per 

the above protocol, in 96-well microtiter plates and the growth incubation conditions were 

used as described in the above.

2.5. Statistics

The parameters of the Michaelis-Menten kinetic model, Vmax and Km, for bovine milk XO 

were estimated using Graph Prism 6.0 software with non-linear plotting techniques (Woolf, 

1931). The statistical significance of the differences compared with control values are 

indicated above the bars using t-test, **** p < 0.0001.

3. Results and discussion

3.1. Enzyme activity and kinetic parameters

Measured XO activity of bovine milk samples in this study were 170 ± 5.3 U L−1. The 

results herein presented are in agreement with those previously presented by Ozturk et al. 

(2019) (200 U L−1) and Demott and Praepanitchai (1978) (208 U L−1), in spite of the fact 

that different methodologies were used: XO activities were quantified by spectrophotometric 

measurement of either the rate of oxidation of xanthine to uric acid (Ozturk et al., 2019) or 

the rate of formation of vanillic acid from vanillin (Demott & Praepanitchai, 1978). Overall, 

there is a wide range of variation for bovine milk XO activity reported in the literature, 

which might be, in part, due to different reaction conditions used by different methods to 

quantify XO activity (temperature, pH, and reaction substrates). For example, Zikakis and 

Wooters (1980) reported an average XO activity (38 °C and pH 7.5) of 61.2 μL O2
−1 (40 U 

L−1), while Cerbulis and Farrell (1976) reported XO activities (25 °C and pH 7.4) for raw 

bovine milk from 75.7 to 151 U L−1 by directly using 133 μM xanthine. The observed 

differences could be also expected due to variations in milk associated with the sexual cycle 

of the cow, season, feeding regime, and breed (Cerbulis & Farrell, 1977).

The kinetics of XO in raw milk were determined using various initial concentrations of 

hypoxanthine over 30 min for each reaction. The reaction rate for each substrate 

concentration was for the first 30 min, and initial rates of reaction were therefore calculated 

from the equation (1). The assumption that [S]>>[E] is not valid after 30 min. Therefore, the 

enzyme concentration becomes limited and the reaction rate slows. The velocity of 
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hypoxanthine conversion by native XO measured using different substrate concentrations, is 

shown in Fig. 2. The direct plot was created by plotting the reaction rate (v) against the 

initial substrate concentration (S). Km refers to the minimum substrate concentration that 

yields half of Vmax. Based on the kinetic experiments with bovine milk XO, an apparent Km 

for hypoxanthine of 60 μM and a Vmax value of 5 μmol min−1 mg−1 were obtained. These 

results are in agreement with those reported by (Ozturk et al., 2019) where a Vmax value of 7 

μmol min−1 mg−1 has been reported for bovine milk XO with xanthine as substrate. These 

results were important for the design and interpretation of subsequent studies of bacterial 

inhibition by milk-hypoxanthine mixtures.

3.2. Antimicrobial properties of xanthine oxidase

There is increasing evidence that human milk XO has physiological functions associated 

with the production of antimicrobial, reactive oxygen and nitrogen species if the substrate is 

available. (Al-Shehri et al., 2015; Hancock et al., 2002; Stevens et al., 2000; Vorbach et al., 

2003). XO uses O2 as its electron acceptor and produces superoxide (O2•) and H2O2 (Fig. 

1). H2O2 has been commonly used for infection and microbial control in health care, 

biotechnology industry and environmental applications. We have evaluated whether the 

addition of micromolar concentrations of H2O2 would inhibit or stimulate bacterial growth. 

A turbidity assay was used to assess in vitro bacterial growth in standard nutrient growth 

medium supplemented with micromolar concentrations of H2O2 ranging from 0 to 400 μM, 

incubated at 37 °C for 24 h. The dose-dependent bactericidal effects of different 

concentrations of H2O2 are shown in Fig 3. The results demonstrated the inhibition of the 

Gram-positive S. aureus by 200 μM H2O2 (Fig. 3).

Having demonstrated direct inhibition of S. aureus growth by micromolar concentrations of 

H2O2, a more physiological assay was developed, where the H2O2 was generated by XO 

through the interaction between hypoxanthine or xanthine and bovine milk in vitro. To 

demonstrate inhibition of bacterial growth under physiological conditions (at pH 7.5 and 37 

°C, in the presence of oxygen), the viability of S. aureus was examined in a medium 

comprising bovine milk mixed with serial dilutions of hypoxanthine. H2O2 generated by 

bovine milk and hypoxanthine mixture inhibited, in a dose-dependent manner, the viability 

of S. aureus (Fig. 4b). S. aureus inhibition required the addition of >100 μM hypoxanthine. 

It has previously been shown that addition of 100 μM hypoxanthine to breast milk promoted 

the production of H2O2 thus completely inhibiting bacterial overgrowth in milk for at least 7 

days (Stevens et al., 2000).

For the use of xanthine as a substrate for the production of H2O2, the viability of S. aureus 
was assessed in a medium comprising bovine milk mixed with serial dilutions of xanthine 

from 0 to 400 μM. The bovine milk-xanthine mixture inhibited, in a dose-dependent manner, 

the viability of S. aureus. Over 200 μM of supplemented xanthine was needed to completely 

inhibit S. aureus growth (Fig. 4a). When both hypoxanthine and xanthine were added in the 

milk, the inhibition of S. aureus was achieved at levels >100 μM of each substrate (p < 0.05). 

The addition of the XO inhibitor allopurinol eliminated XO-milk generated inhibition of S. 
aureus suggesting that XO was responsible for the H2O2 production observed during 

enzymatic and microbiology assays (Fig. 4d). When allopurinol was added to prevent XO 
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generation of H2O2, no inactivation of S. aureus was observed (Fig. 4d) Inhibition of XO by 

allopurinol restored normal S. aureus growth, demonstrating the quantitative contribution of 

XO in milk to the overall killing of S. aureus in the milk system.

The effects of a bovine milk-hypoxanthine mixture were investigated on the growth of each 

of the six microorganisms at high (106 cfu mL−1) and low (103 cfu mL−1) (Figs. 5 and 6). 

We found that all species grew in bovine milk (0 μM hypoxanthine). At concentrations ≥ 50 

μM hypoxanthine, E. coli O157:H7 and S. aureus MRSA were completely inhibited, 

independent of the initial inoculum. For Sal. endocarditis there was no microorganism 

recovery at levels ≥50 μM hypoxanthine at the low inoculum. However, K. pneumoniae was 

inhibited fully at levels >100 μM hypoxanthine with low initial inoculum. Whereas, at 

higher inoculum, K. pneumoniae was not inhibited. Additionally, 100% inhibition of L. 
monocytogenes required the addition of >200 μM hypoxanthine, whereas Ent. faecalis was 

inhibited by 60% in the presence of 400 μM hypoxanthine. In general, the bovine milk and 

hypoxanthine mixture inhibited, in a dose-dependent manner, the viability of these 

pathogens, with the initial inoculum being relevant in specific cases. Sweeney et al. (2018) 

investigated the effect of breastmilk XO and lactoperoxidase system and saliva (27 μM 

hypoxanthine and 20 μM xanthine) on the growth of ten microbial species, including high 

and low initial concentrations of microorganisms over time. They found that for the 

microorganisms tested at low (200 cfu) concentration [Staphylococcus epidermidis, S. 
aureus (MSSA), Pseudomonas aeruginosa] and at high (107 cfu) concentration 

[Streptococcus pyogenes, S. aureus (MSSA), and Ps. aeruginosa], after 24h incubation, the 

decrease in viability was significant for the groups where hypoxanthine and xanthine were 

added (Sweeney et al., 2018).

The abundance of XO in milk has been recognized for more than a century (Massey & 

Harris, 1997); however, its physiological function has remained a matter of speculation. 

Recent studies demonstrated an increasing evidence that XO has additional physiological 

functions associated with the production of antibacterial reactive oxygen species and 

reactive nitrogen species in the presence of its substrates (Al-Shehri et al., 2015; Björck & 

Claesson, 1979; Harrison, 2004; Stevens et al., 2000; Vorbach et al., 2003); however, it has 

remained unclear if bovine milk XO operates similarly as human milk XO in the oral cavity. 

Under conditions that mimic the oxygen, temperature and pH, the bovine milk xanthine 

oxidase and hypoxanthine mixture inhibited, the viability of a variety of human pathogens, 

in a dose-dependent manner. Results presented herein demonstrate that the antibacterial 

activity of bovine milk against microorganisms in the mouth is dependent on XO-catalyzed 

reduction of hypoxanthine and/or xanthine, leading to H2O2 production. These findings not 

only contribute significantly to the long-standing question of the physiological significance 

of XO in milk but are also relevant to a proposed biological function for this protein in 

mammalian newborns. The present data present opportunities for important applications in 

settings where the normal interaction of breast milk and saliva could be limited, particularly 

in the case of preterm infants. Considering the importance of XO antimicrobial activity 

during the breastfeeding process, which involves a short contact time between XO (in the 

milk) and its substrate (in the saliva) and the presence of endogenous H2O2 in the milk, the 

evaluation of the effects of shorter incubation times on the antimicrobial activity of XO is 

warranted. While the abundance of xanthine oxidase in human milk is a compelling 
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argument for its efficacy and safety, it is important to consider the pro-oxidative effects of 

ROS and NOS when using substrate concentrations exceeding the values naturally present in 

the infant saliva (50 μM) (Al-Shehri et al., 2015). A safety dossier addressing potential risks 

to the infant would be required when using substrate concentrations above 50 μM.

4. Conclusions

In the present study, under conditions that simulate the oxygen, temperature and pH 

conditions present in the oral cavity, the bovine milk xanthine oxidase and hypoxanthine 

mixture inhibited, in a dose-dependent manner, the viability of several human pathogens. 

These results suggest that this group of enzymes should be investigated beyond their 

immediate biological properties towards infant health.
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Fig. 1. 
Human milk xanthine oxidase (XO) has antimicrobial properties in the presence of its 

substrates such as hypoxanthine and xanthine. XO is the most abundant protein component 

of the milk fat globule membrane. XO uses O2 as its electron acceptor and produce 

superoxide (O2•), hydrogen peroxide (H2O2), catalyzing the conversion of hypoxanthine into 

xanthine and then further into uric acid (UA). H2O2 subsequently acts as a substrate for the 

milk enzyme lactoperoxidase present in both milk and saliva to convert thiocyanate into the 

antibacterial hypothiocyanite (adapted from Vorbach et al., 2003).
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Fig. 2. 
Michaelis-Menten kinetics of raw bovine milk xanthine oxidase for H2O2 generation. The 

Km, and Vmax data were obtained using the Michaelis-Menten equation.
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Fig. 3. 
The effect of increasing H2O2 concentration (0–400 μM) on S. aureus growth. H2O2 was 

added to nutrient broth inoculated with S. aureus and incubated for 24 h at 37 °C. The 

concentration of cells was determined as turbidity by measuring absorbance at 600 nm. 

Values represent the mean ± SD (n = 6); **** p <0.0001 t test was used to compare means.
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Fig. 4. 
Bactericidal effects of H2O2 generated by bovine milk xanthine oxidase and increasing 

concentrations of (a) xanthine, (b) hypoxanthine or (c) xanthine and hypoxanthine (0–400 

μM) and (d) hypoxanthine and allopurinol (inhibitor) for 24 h at 37 °C and then enumerated 

by sub-culturing onto agar plates. Values represent the mean ± SD (n = 3). Figure displays 

the concentration-dependent effect of hypoxanthine versus log cfu mL−1; **** p <0.0001 t 

test was used to compare means.
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Fig. 5. 
Inhibitory effects of H2O2 generated by bovine milk xanthine oxidase and increasing 

concentrations hypoxanthine (■, 0 μM; ■, 50 μM; ■, 100 μM; ■, 200 μM; ■, 300 μM; ■, 

400 μM). Bacteria at high (A; 106 cfu mL−1) and low concentrations (B; 103 cfu mL−1) were 

incubated with bovine milk and hypoxanthine for 24 h at 37 °C and then enumerated by sub-

culturing onto agar plates. Values represent the mean ± SD (n = 3); figure displays the 

concentration-dependent effect of hypoxanthine versus % cfu mL−1.
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