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Abstract

:

The growing number of antibiotic resistance genes is putting a strain on the ecosystem and harming human health. In addition, consumers have developed a cautious attitude towards chemical preservatives. Colostrum and milk are excellent sources of antibacterial components that help to strengthen the immunity of the offspring and accelerate the maturation of the immune system. It is possible to study these important defenses of milk and colostrum, such as lactoferrin, lysozyme, immunoglobulins, oligosaccharides, etc., as biotherapeutic agents for the prevention and treatment of numerous infections caused by microbes. Each of these components has different mechanisms and interactions in various places. The compound’s mechanisms of action determine where the antibacterial activity appears. The activation of the antibacterial activity of milk and colostrum compounds can start in the infant’s mouth during lactation and continue in the gastrointestinal regions. These antibacterial properties possess potential for therapeutic uses. In order to discover new perspectives and methods for the treatment of bacterial infections, additional investigations of the mechanisms of action and potential complexes are required.
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1. Introduction


Milk is a nutritional secretion that is tailored to the needs of newborns and can be modified depending on the species [1]. For this reason, the composition of milk components may vary [2], and these variations may alter the effect of milk on the mechanism and efficacy of activity. The main components of milk consist mainly of whey, casein, fats, lactose, and plenty of water to meet the general needs of newborns [3]. In addition to the main nutrients, milk also contains immunomodulatory and antipathogenic proteins such as xanthine oxidase (XO), lactoperoxidase (LPO), immunoglobulins (Igs), lysozyme (LZ), lactoferrin (Lf), etc. [4]. However, the concentration of these components is significantly lower, and some of them are even so low that they show no effects after consumption.



The milk secreted by mammals during the first days, namely the first 48 h of lactation, is known as colostrum. Colostrum serves as the main source of nutrients necessary for the growth and development of the newborn [5]. It differs significantly from mature milk in its composition and nutrient content. It is very rich in many immune-related molecules and growth factors, such as Igs, Lf, oligosaccharides (OS), LZ, and epidermal growth factor (EGF) [6,7]. It should be particularly emphasized that colostrum contains a high concentration of IgG, which is an essential component for the passive immunity of newborns [8]. It also has a higher concentration of lipids, proteins, minerals, and vitamins compared to mature milk [9]. In addition, the composition and quality of colostrum can be influenced by various inherent and surrounding factors such as environment, breed, individual characteristics, milking time, and diseases [10]. All in all, colostrum can be considered a key component to promote neonatal growth, development, and immune defense [6]. In addition, colostrum, especially bovine colostrum, which contains significant amounts of certain bioactive compounds, has a greater potential to be used in a broader spectrum for the treatment of gastrointestinal disorders and diseases, as it prevents the growth of pathogenic microorganisms and promotes beneficial microbiota, among others [7,11].



In this article, we summarized information on the antimicrobial effects of colostrum and milk, with particular emphasis on the discussion of antibacterial compounds and their mechanisms of action.




2. Antibacterial Components of Milk/Colostrum


The antibacterial components and their content in milk/colostrum may vary depending on the source or other factors. The list of antibacterial compounds and their content in human and bovine milk and colostrum is shown in Table 1.



2.1. Lactoferrin


Lf is a multifunctional glycoprotein that is remarkably similar to the transferrin present in blood serum and has a considerable binding affinity for iron. Lf is widely distributed in a variety of mammalian secretions, such as the secondary granules of neutrophils, bronchial and intestinal secretions, tears, and milk [20]. Human breast milk has the highest concentration, followed by cow and buffalo milk. It is present in varying concentrations in the milk of different animal species. It is also the second most abundant protein in human milk, and colostrum has a higher content of it [21]. Bovine milk, on the other hand, contains less, namely 0.09 mg/mL in mature milk and 0.83 mg/mL in bovine colostrum. It is often referred to as a natural antibiotic and is an essential component that bridges the gap between the innate and adaptive immune systems of mammals and protects human cells for the duration of their lives [22,23]. In addition to promoting nutritional status and defense against microbial diseases, Lf has a variety of functions, including immunomodulatory, enzymatic, antioxidant, antiviral, antibacterial, and anti-inflammatory effects [24,25,26].



Lf can act in a variety of ways, including directly inhibiting or eliminating pathogens, stimulating or suppressing the immune system, or maintaining the intestinal epithelium via the formation of tight junction proteins. Since Lf binds to iron, its absence is also associated with a simultaneous interruption of bacterial growth, which prevents infection of the body [27]. In addition, it has an immunomodulatory effect, accelerating the development of immune system cells and stimulating the body to produce chemokines and cytokines (Figure 1) [28,29,30,31]. In addition, the bacterial cell membrane is damaged, or its metabolism is altered. The direct antibacterial effect of Lf is further emphasized by its ability to bind free iron and extract it from the microbial environment. By influencing the immune system in its defense against infections, Lf has an indirect effect (Figure 1) [32].



The protein sequences of human and bovine Lf are very similar (77%) [34,35]. As a result, bovine Lf has been used in many in vitro and in vivo studies (Table 2).



Currently, there are several thorough reviews that thoroughly investigate the anti-infective properties of Lf [51,52,53,54]. Lf is both bacteriostatic and bactericidal, as it kills a large number of pathogens while restricting the growth of several others. The most widely used type of Lf from human milk (hLf) is iron-free Lf, which has been shown to be effective against several bacteria, including Pseudomonas aeruginosa, Candida albicans, Vibrio cholera, Streptococcus pneumoniae, Streptococcus mutans, and Escherichia coli [27,55]. The ability of Lf to deprive bacteria of the iron they need to grow contributes to its bacteriostatic properties. Apart from its iron-chelating properties, it also exhibits antiviral, antifungal, and antiprotozoal properties [55]. Antimicrobial peptides (AMPs) generated from milk and colostrum play a significant role in the innate defense system, particularly on mucosal surfaces such as the small intestine and lungs that are continuously exposed to a variety of pathogens. Peptides with antibacterial properties are released by the proteolysis of Lf [56]. For example, lactoferricin, a peptide derivative of Lf, has been found to share several biological functions with Lf [57]. Similar to Lf antimicrobial mechanisms, the specificity of milk and colostrum-derived AMPs against specific organisms is maintained via various mechanisms, including targeted interactions, recognition of specific patterns and structures of pathogens, as well as evolutionary processes that enhance the specificity of AMPs against pathogens commonly encountered. The charge and hydrophobicity of AMPs are also important for the specificity of these peptides against pathogens. This structural characteristic enables them to specifically target and damage bacteria membranes [34]. Tossi et al., for example, found that raising the charge of the magainin-2 peptide from +2 to +5 enhanced its antibacterial effectiveness while maintaining the stability of other parameters. Additionally, it was noted that the antibacterial activity was not enhanced by the cationic charge increase from +6 to +7 [58]. Chen and colleagues showed that the L-V13K peptide’s enhanced hydrophobicity increased its efficacy against RBCs by a factor of 62.5. Peptide oligomerization or dimerization results from hydrophobicity increases above a particular threshold, and energetically stable peptide aggregates are the end product [59]. Together with the antimicrobial activity of AMPs derived from milk and colostrum, these bioactive peptides are also found in the gut microbiome and have important roles in biological processes. By fighting bacteria that are resistant to several antibiotics, gut AMPs work in concert with other gut microbiota and antimicrobials to preserve gut homeostasis. Moreover, the consumption of conventional antibiotics induces a synergistic evolutionary pressure on gut AMPs, wherein the two agents collaborate to combat multi-organ failure [60].



The observation that the administration of bovine Lf to extremely low birth weight neonates protects against necrotizing enterocolitis (NEC) and late-onset sepsis due to a variety of infections supports these preclinical findings [49,61,62]. Lf helps fight disease as it is effective against both Gram-positive and Gram-negative bacteria thanks to its antibacterial properties. Moreover, it is important in preventing harmful bacteria like Staphylococcus aureus and P. aeruginosa from forming biofilms [63,64]. For another instance, Kutila et al. [65] studied the antibacterial effects of Lf on a variety of udder bacterial isolates, which were initially obtained from bovine mastitis. It was discovered that Lf had the greatest inhibitory effect on E. coli and P. aeruginosa. The growth patterns of all five E. coli isolates were comparable. According to the study, Lf may have some antibacterial properties overall, particularly against E. coli and P. aeruginosa, albeit the degree of inhibition would depend on the concentration and growth medium. It was determined in a different study that Lf exhibited greater inhibitory qualities in Gram-positive bacteria than in Gram-negative bacteria due to its antimicrobial efficacy against both types of bacteria [66]. The study by Wang et al. [67] investigated and contrasted the antibacterial properties of deer Lf and its hydrolysates with those of its bovine counterpart. The deer Lf that had been digested in the duodenum and gastric showed potent bactericidal properties against E. coli, with minimum inhibitory concentrations (MIC) of 402 µM and 280 µM, respectively. These results suggest that bioactive whey proteins found in deer milk can produce peptides with antibacterial features, which may have a positive impact on health by preventing the growth of food-borne pathogenic bacteria. Similar research comparing the antimicrobial activities of deer and bovine lactoferricin and lactoferrampin against E. coli and Lactobacillus acidophilus examined the antibacterial activity of deer milk Lf and its hydrolates, including lactoferricin and lactoferrampin. The study’s findings showed that, according to MIC, deer lactoferricin was a more effective inhibitor of L. acidophilus than bovine lactoferricin, but that lactoferrampin and bovine lactoferricin were more effective against E. coli [68]. In another study investigating the antibacterial activity of different types of Lf, investigating Lf’s effects on both desiccated and non-desiccated Cronobacter sakazakii in diverse media was the goal of the study. With its activity increasing with concentration and time, native bLf was shown to be the more potent form in preventing C. sakazakii growth in all media based on the research results. The results of the study demonstrate that iron sequestration is the primary mechanism underlying bovine Lf’s (bLf) antibacterial action against C. sakazakii. Interestingly, bLf that was iron-saturated showed some effectiveness in lowering the viability of C. sakazakii in whey. The phosphate buffer-desiccated bacteria did not show increased sensitivity to native bLf. While natural bLf showed some antibacterial activity against desiccated cells in whey or milk, it was significantly less effective in these media against non-desiccated C. sakazakii than it was in phosphate buffer. The study also evaluated how heat treatments affected the antibacterial activity of native bLf. The findings indicated that treatments at 72 °C and 85 °C for 15 s, and 63 °C for 30 min completely conserved the activity against bacteria [69]. Similar research on Lf’s antibacterial activity and its effect on foodborne microorganisms was conducted. Listeria monocytogenes was tested by Ripolles et al. [70] for the activity against the bacteria of bovine whey fractions, pepsin, chymosin, and microbial rennet hydrolysates containing bLf. With the exception of chymosin and microbial rennet hydrolysates at low concentrations, the hydrolysates obtained with each enzyme were shown to be inhibitory of bacterial growth, albeit the activity was less than that of the whole Lf. In another study investigating the antibacterial properties of similar pathogens, hLf from milk, recombinant hLf (rhLf) from Aspergillus awamori, and their pepsin-derived hydrolysates were used. Except for L. monocytogenes, where rhLf showed higher activity, both hLf and rhLf behaved similarly in terms of MICs. Heat treatments had a significant effect on the antibacterial activity, except when 85 °C was applied for 10 min. Viable cell counts decreased in UHT milk and whey when hLf and rhLf were evaluated against L. monocytogenes and E. coli O157:H7, although not as much as in broth media [71].



In contrast to previous studies investigating the antibacterial activity of Lf, Conesa et al. [72] used ion-exchange chromatography to isolate Lf from the milk of a range of animals, including sheep, goats, camels, alpacas, elephants, and humans. The antimicrobial activity of the isolated Lf from different animals and humans against E. coli 0157:H7 was investigated using MIC and minimum bactericidal concentrations (MBCs). In contrast to alpacas and hLf’s, camel Lf showed the greatest efficacy against E. coli 0157:H7. Overall, the study shows differences between Lf’s from different animal sources in terms of their thermal stability and antibacterial activity.



Together with the antibacterial properties of Lf, a strong synergy between Lf and LZ in the destruction of bacterial membranes has been demonstrated [73]. In addition, Lf makes bacteria more susceptible to drugs such as vancomycin and penicillin [74]. In response to the increasing resistance of fungal and bacterial strains to conventional treatments, researchers are exploring novel therapeutic chemicals to improve the efficacy of current treatments. Promising findings from Lf research are opening new avenues for the use of Lf and its peptides to treat and prevent a variety of bacterial diseases. Also, these research findings have led to an increased interest in milk-derived AMPs as a safe and effective antibiotic substitute, with the added benefit of application in food to target shelf-life extension.




2.2. Lysozyme


LZ is an antibacterial protein with a single polypeptide chain containing 129 amino acids. It exhibits enzymatic activity by hydrolyzing bonds between ß-1,4-N-acetylmuramic acid and N-acetyl-D-glucosamine in the peptidoglycan of bacterial cell walls [75,76] (Figure 2). Due to its ability to degrade the bacterial cell wall, LZ is considered an endogenous antibiotic that is essential for the defense against harmful bacteria [77]. LZ, a component of the innate immune system, is present in a variety of secretions, including milk, mucus, tears, saliva, and urine [76]. Although the standard concentration of LZ in human milk is 200–400 µg/mL, it can reach ranges between 3 and 3000 µg/mL. On the other hand, cow’s milk contains only traces, about 0.05–0.22 µg/mL [17]. As the concentration of LZ in human colostrum and milk is high, it can be considered a valuable source for improving immunity and protecting human infants from microbial infections. In addition to human secretions, LZ can also be found in the organs and secretions of various mammals, microorganisms, and plants. In particular, chicken egg white, which contains about 0.3% LZ and accounts for 3.4–5.8% of the total protein content of egg white, is considered a significant source of LZ [77].



LZs are divided into three major families: chicken or conventional type (c-type), goose type (g-type), and invertebrate type (i-type) [78]. These LZs, primarily C-type, are widely used in scientific research. To give an example, a study aimed to observe the antibacterial activity of amyloid fibrils and oligomers formed from hen egg white LZ (HEWL) against S. aureus and E. coli [79]. Another following example analyzed the expression, activity, and antibacterial effect of C-type LZ by the characterization of LZ from Scophthalmus maximus, SmLysC [80]. The antibacterial activity of HEWL fibrils was enhanced against LZ-resistant S. aureus and LZ-insensitive E. coli, according to the results. The HEWL oligomers, in contrast, did not manage to show a considerable improvement in the antibacterial activity compared to native HEWL. Regarding the outcomes of the second research, purified recombinant SmLysC, which has the conserved E50 and D67 residues that form the putative catalytic site, exhibited bacteriolytic activity that resembles a catalytic mechanism when compared to higher vertebrate LZs.



Some features of LZ, including amino acid sequences, biochemical traits, and particularly enzymatic qualities, can vary based on the source and varieties [78]. The research was carried out to analyze the characteristic and enzymatic activity of the c-type LZ, found in crucian carp, against infectious Aeromonas salmonicida, indicating that recombinantly produced C-type LZ exhibiting significant in vitro antibacterial activity against A. salmonicida, with an average 0.92 cm radius inhibition zone, when 40 μg LZ is used [81]. In addition, research aiming to induce health benefits via secreting hLZ by using Sacharomyces boulardii, a probiotic yeast, investigated the changes in the gut microbiome and fecal metabolomes in mice after the introduction of engineered S.boulardii. It was concluded that S. boulardii is able to increase beneficial microbial diversity and change the gut microbiome structure by promoting the growth and diversity of beneficial clostridia [37] Table 1. Also, various factors such as osmotic strength, pH, salt concentration, and temperature can affect the activity of LZ [75]. LZ exhibits its highest antibacterial activity at a pH of approximately 5. Throughout the investigation, HEWL was exposed to heat stress at pH 3.0–7.0 between 25 °C and 95 °C, with FTIR spectroscopy being used to track the samples. The enzyme had the highest degree of thermal stability at pH 5.0, as determined by calculated Tm values in comparison to other pH values [82]. Another research aimed to investigate the effect of thermal treatments such as pasteurization and condensation on the antibacterial activity of LZ in jenny milk. In the course of the research, they evaluated the antibacterial activity of jenny milk against the following bacteria: E. coli, Xanthomonas campestris, Clavibacter michiganensis, Bacillus megaterium, and Bacillus mojavensis. The results indicated that condensation and pasteurization retained most jenny milk’s antibacterial properties except for B. mojaventis. Specifically, LZ in jenny milk showed synthetic antibiotic-like antibacterial action against C. michiganensis and X. campestris. Additionally, it was also observed that the concentration of the LZ remained unchanged after thermal treatments [83].



Compositionally, LZ is a compact globular enzyme with a deep groove on the protein surface. It is an active region that helps the LZ to attach the peptidoglycan structure of bacterial cell wall to hydrolyze ß-1,4-N-acetylmuramic acid (NAM) and N-Acetyl-D-glucosamine (NAG) linkages [76,84] (Figure 2). Based on Fleming’s findings, the lytic activity of LZ has historically been determined by monitoring the lysis of UV-killed and lyophilized Micrococcus luteus cells. Shugar carried out the following modifications [85]. More recently, it has been used in protein purification, DNA extraction, RNA extraction, and laboratory techniques such as Northern blotting to lyse cells in bacterial expression systems. Additionally, peptides derived from LZ are also able to show lytic activity. A study was carried out to examine the antibacterial role of the peptides of human milk LZ (hLZ). Pepsin was used to generate five different peptide motifs, helix-loop-helix (HLH), two helices (H1 and H2), and two helix-sheets (H2-S12 and H2-S13) from hLZ. Each of the peptide motifs derived from hLZ was characterized and examined for antibacterial activity. HLH peptide and its N-terminal helix, among others, were found to have considerable bactericidal activity against Gram-positive, Gram-negative bacteria and the fungus C. albicans. Another study conducted by the same author examined the antimicrobial potential of the HLH peptide [86]. It was highlighted that 16 out of 28 amino acid sequences of the HLH domain of hLZ and c-type LZ were identical. Due to this level of similarity, it is assumed that HLH peptide might play a crucial role in revealing the antimicrobial activity of LZ. Additionally, the HLH peptide’s ability to disrupt microbial membranes via channel formation and self-promoted uptake would represent a promising direction for the development of new antimicrobial drugs. Consequently, it was pointed out that hLZ having multiple antibacterial peptide motifs would provide insight into new potential uses in the long run [87]. For instance, LZ has been tested as an efficiency enhancer for antibiotic treatment. In a study investigating the administration of antibiotics and LZ, both together and separately, on Pseudomonas aeroginosa [88]. To identify if the combination of LZ can enhance antibiotic efficiency, ceftazidime and cefapime were tested during the experiment. The results showed that using these antibiotics combined with LZ significantly increased the reduction in biofilm mass in the average value of tested 16 isolates when compared with solo antibiotic treatment. On the other hand, the usage of LZ as an alternative antibiotic has also been discussed [77]. It has been emphasized that S. aureus, a Gram-positive bacteria responsible for numerous types of clinical illnesses, is a threatening agent for skin infections and is known to show antimicrobial resistance (AMR). LZ has been tested in mice to test its replaceability for antibiotics. It was indicated that results obtained from LZ activity were enough to compare it as an alternative for synthetic antibiotic treatment in this case. When all considered, LZ, with the configuration mentioned earlier, demonstrates antibacterial activity against a wide variety of bacteria and inhibits viruses, parasites, and fungi [89].



In conclusion, when multiple biochemical and immunological properties of LZ are considered, despite having less concentration when compared to other milk antibacterial components such as Igs and Lf, it can be regarded as a significant antibacterial agent with a unique capability to hydrolyze NAM and NAG linkages in the bacterial cell wall. Although LZ studies are currently limited to enhancement applications, conducting research at a molecular level will create a new working perspective to milk antibacterial mechanisms in the future.




2.3. Xanthine Oxidase


XO is a form of xanthine oxidoreductase (XOR) and can be bi-directionally converted to xanthine dehydrogenase (XDH) based on the presence of specific substrates [90]. When oxygen is accessible as a substrate, XO catalyzes the oxidation of xanthine (and/or hypoxanthine to xanthine) to uric acid by generating a superoxide molecule [91]. The catalysis reaction generally alters immune responses and oxidative stress levels, which is mostly likely due to the increase in uric acid concentrations [92]. There are contrary results of uric acid research as some studies indicate uric acid can show antioxidant activity in certain environmental conditions or as a pro-oxidant molecule and contribute to oxidative stress, especially in accumulated amounts [93]. XOR can be altered with post-translational modifications to XO and has a role in purine metabolism for uric acid synthesis in several tissues [94]. Distinctly, XOR also plays a role in lactation and pregnancy in mammals and is the major protein component in the milk fat globule membrane [95]. Expressed XO in breast tissue produces hydrogen peroxide (H2O2) and nitric oxide (NO), which is followed by the utilization of these molecules by LPO that leads an environment in the breast to prevent bacterial growth (which will be discussed in the further section) (Figure 3) [96]. To point out the substantial part, XO has been investigated as an antibacterial enzyme for a long time. Therefore, XO isolation and activity in milk under certain conditions have been investigated and discussed [97,98]. For instance, research investigated the kinetic aspects of inactivation and antibacterial activity of XO against several heat treatment methods on milk [91]. For the antibacterial activity test, S. aureus was used for XO activity after the heat treatments. The experiment showed the XO’s antibacterial activity, and its ability to preserve its activity against heat treatment methods (except ultra-high temperature).



The XO-LPO system has been referred to in a study that characterizes milk components as producing oxygen species to generate antimicrobial activity and protect the mammalian gland against bacterial infection [98]. The same system is also referred to by the same author in another research that directly investigated bovine milk XO’s antimicrobial activity [99]. The antibacterial activity of bovine XO by H2O2 production against S. aureus inhibits its growth, depending on the dose concentration. The antibacterial activity was tested with the addition of certain substrates, such as hypoxanthine and xanthine, to the bovine milk. The research confirmed the antibacterial activity belonged to the XO by showing the disappearance of the activity when the XO inhibitors were administered. Finally, in dose-dependent manners, E. coli O157:H7, K. pneumoniae, and L. monocytogenes were also inhibited in the bovine milk when certain amounts of hypoxanthine (50, 100, and 200 µM, respectively) were introduced. Only the highest concentration (400 µM) managed to inhibit Enterococcus faecalis by 60%. The rate activity of XO can also be different based on the source. For instance, research investigated the structure and functional aspects of XOR to identify the antibacterial activity of both buffalo and cattle XOR, as cattle XOR showed higher activity in higher doses when compared [95]. The ability to generate reactive oxygen species (ROS) comprises antibacterial activity, potentially creating both bactericidal and bacteriostatic characteristics. The bactericidal activity of XO was investigated in detail by a research group in breast milk. The research group investigated the activity of XO in breast milk by combining it with neonatal saliva after the analysis of neonatal saliva showed a high concentration of XO substrates, xanthine, and hypoxanthine [100]. The incubated bacteria, S. aureus, Lactobacillus plantarum, and Salmonella spp. showed a significant decrease in growth on the exposure of H2O2 generated by the milk-saliva mixture. The antibacterial activity of XO was confirmed as the addition of an inhibitor of the XO removed the bactericidal effect. It has been thought that the activation of H2O2 production by XO from neonatal saliva substrates is normally initiated in the lactation of the infant. To investigate further, the same research group investigated the activity of XO in the same setup but increased the width of microorganisms in more detail [101]. The microbial growth of certain microorganisms was investigated under the exposure of breastmilk and neonatal saliva, just like the previous research. The in vitro study on a similar in vivo environment of an infant’s mouth was designed and a wide range of microorganism species’ growth was inhibited. The antibacterial activity was also correlated with XO with XO inhibitor addition. The effect of using multiple bacteria at once was also tested to see if either one of them grew dominantly over the other organism. The results showed that each matched two bacteria species could not grow dominantly on the other in the in vitro system. They stated the general mechanism behind the antibacterial activity as the synthesis of ROS by breastmilk, followed by the initiation of the LPO system to decrease bacteria growth.



As discussed, it can be observed that XO has a strong and wide range of antibacterial activity that can produce ROS and disrupt bacterial growth. The fact that XO can be mainly found in milk is an important factor in antibacterial activity. The most highlighted study in this section pointed out the relationship of XO and its antibacterial activity between breast milk and newborns. The feature of neonatal saliva by containing substrates for XO creates a natural interaction between breast milk XO during lactation, thus potentially indicating the formation of XO’s antibacterial activity according to the evolutionary necessity.



The impact of the relationship between the mother and the child is not only limited by the XO and LPO interaction. The unique microbiome of human milk and its components are the primary source in the development of an infant’s gut microbiome and the XO-LPO system is just one of the regulators. The reason why this system is highlighted up to this point of the review is to point out that the antimicrobial activity of milk compounds is initiated immediately during lactation with a unique combination. In terms of gut modulation, it can be observed that other milk compounds, both antimicrobial and non-antimicrobial, can also regulate the shape of the gut microbiome and alter it favorably to the newborn. For instance, human milk OS (HMOs) are mainly known for their prebiotic factors for bifidobacteria in the infant intestine [102]. One of the unique characteristics of HMOs is that they can specifically increase the growth rate of bifidobacteria, increasing their dominance in the infant microbiome and creating pressure on pathogenic bacteria with bacterial competition [103]. The selective interaction of HMOs with pathogenic bacteria, which will be discussed in the further section of this review, is also shifting the favorability into the beneficial bacteria in the microbiome. Similar activity is also observed in IgA. IgA is the most abundant type of Ig that is synthesized from the mucosal surface. IgA is highly found in the human colostrum and plays a crucial role in the development and maturation of the infant gut microbiome development and maturation of the infant gut microbiome [104]. The influence of IgA on microbial diversity is rather less impactful when compared with its effect on supporting the dominance of beneficial bacteria in the gut. This is most probably caused by the similarity between IgA and IgM, as the influence on microbial diversity will not be solely dependent on a single type of Ig. This similarity was discussed in a study. The influence of IgA on microbial diversity is rather less impactful when compared with its effect on supporting the dominance of beneficial bacteria in the gut. This is most probably caused by the similarity between IgA and IgM, as the influence on microbial diversity will not be solely dependent on a single type of Ig. This similarity was discussed in a study [105] by indicating the potential similarity between the mechanisms of IgA and IgM that leads to influencing the same microbial populations. Since certain abnormalities in the gut and microbiome can be observed in the absence or insufficient levels of IgA, it is thought that IgA potentially controls some populations of bacteria in the gut in beneficial manners via several mechanisms [104]. To reference the previous paragraph, the evolutionary necessity is also influencing the other antibacterial compounds of milk by being in high amounts in colostrum from all mammals. These compounds are not only equipped with their antibacterial ability to control pathogenic populations but are also capable of increasing the selectivity and abundance of beneficial bacteria.




2.4. Lactoperoxidase


LPO is an enzyme in the group of peroxidases that is mainly found in the mammary gland to function as a protective agent on glands and milk [106]. LPO can increase the efficiency of the production of antibacterial molecules, along with its main function of catalyzing the oxidation of molecules when H2O2 exists in the environment [107]. To achieve a more comprehensive mechanism and activity, LPO forms the LPO system (LPOS) with thiocyanate (SCN−) and H2O2 [106]. The system initiates the oxidation of SCN− by LPO with H2O2 to create a hypothiocyanite ion, an effective antimicrobial molecule [108]. Hypothiocyanite can target -SH groups, partially specifically, and inhibit certain vital metabolic pathways (certain glycolysis enzymes) and transport mechanisms (glucose) of bacteria to lead to a bacteriostatic effect [109]. As an example of the antibacterial activity of hypothiocyanite, a study investigated LPO-synthesized hypothiocyanite, dose-dependently, on certain S. pneumoniae strains [38]. In the in vitro system, the antibacterial activity of LPOS was observed based on the counted colony numbers. Additionally, a second experiment was performed to identify the antibacterial agent by adding H2O2 scavenger catalase. The action of catalase removed the excess amount of H2O2, and the product of the system, hypothiocyanite. With the obtained results, the antibacterial activity directly correlated with LPOS product hypothiocyanite. Several variables based on the Streptococcus were also performed, such as a comparison of hypothiocyanite activity against encapsulated and capsule-free mutants. Still, these details are not discussed for the scope of the review.



The LPO system (LPOS)’s antibacterial activity was tested in different studies as well. For instance, bovine milk isolated LPOS was tested against E. coli to investigate the change in the antibacterial activity of the protein against lactose-reduced milk whey [110]. LPOS-treated E. coli population decreased after 4 h, indicating the antibacterial activity of LPO. The solo LPOS-treated group was selected as a control group, and different versions of milk were tested to identify the antibacterial activity levels. As the main point of the research, the lactose-reduced whey showed the highest activity among other variants of milk and whey. This result adds a different perspective in both terms of application and improvement methods of LPOS in the antibacterial area. The antibacterial application of LPO was also investigated with the nanoparticle method. Silica nanoparticles were combined with bovine milk LPO and tested on antibiotic-resistant bacteria, such as E. coli Salmonell typhii, and Streptococcus sp. [111]. The in vitro study showed a significant inhibition rate between 94 and 96% for used bacteria. Similar research was conducted with silver nanoparticles combined with LPO [39]. The effect of nanoparticles against the antibacterial activity of LPO was tested on E. coli. The experiment results showed antibacterial activity of both LPO and LPO nanoparticles, with more sustainability observed on nanoparticle LPO in terms of bacterial concentration increase over time.



Since the LPOS is based on the presence of H2O2 for the oxidation reaction, LPO itself can be combined with different types of molecules. For instance, the antibacterial role of Lf and LPO, isolated from camel colostrum, were investigated against Acinetobacter baumannii in both in vitro and in vivo mice models Table 2 [112]. In vitro study confirmed the antibacterial activity of both proteins, with LPO having the higher activity against the A. baumannii. Samples of lung and blood were taken from Infected mice to observe bacterial concentrations. Combined treatment of Lf and LPO successfully decreased lung bacterial numbers and prevented transmission of bacteria via blood. According to the researchers, the results show the synergic interaction between Lf and LPO in antibacterial activity.



One point that needs to be mentioned is the combined application of LPO with XO, as it was discussed based on research in the XO section. To briefly re-mention, the emphasized part was the existence of XO substrates in the neonatal saliva and induced antibacterial activity with a milk-saliva combination (Figure 3). In terms of LPOS, the production of H2O2 is mediated by specific oral bacteria in adults; thus, this way, the LPOS system can be activated in the adult saliva [15]. On the other hand, the oral microbiome of infants is less diverse than that of adults [113]. This connection might be another indicator of XO being a source of H2O2 production for LPOS activation, an evolutionary characteristic of lactation of mammals. A study might be shown as supportive data that showed the increased concentrations of XO and XDH in lactating rats [114]. Nevertheless, there is no doubt that lactation is a natural platform that creates the opportunity for antibacterial activity by LPO-XO. Yet, direct research that aims to investigate the antibacterial efficiency of this system in recent years is deficient. Studying this system not only holds the potential to discover new aspects of antibacterial activity but also possesses a new perspective on the mother–infant relationship in terms of lactation and microbiome influence.
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Figure 3. Scheme of XO-LPO systems with their combined antibacterial activity. Breast milk XO can use the substrates found in the neonatal saliva during lactation to initiate the uric acid pathway that creates H2O2 in the process. Excess H2O2 can be involve in the LPOS if the system has the required components. Alternatively, produced H2O2 can directly show antibacterial activity as disrupting bacterial growth. Thereafter, milk LPO creates the antibacterial molecule hypothiocyanite to inhibit bacterial enzymes and transport proteins that cause cellular death of the bacteria [100]. 
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2.5. Immunoglobulins


Igs are glycoproteins that are known for their role in the immune system, equipped with multifunctional protective activities, specifically binding into antigens on viruses and bacteria [115]. This binding capability is mediated by two antigen-binding sites, including antigen-binding fragments [116]. Igs can show diverse mechanisms against toxins and pathogens, but in terms of bacterial infection, the main mechanisms of Igs directly bind into the bacteria to lead cell lysis of bacteria by penetrating the membrane, binding and marking the viral particles for phagocytosis recognition, and partially neutralization of the bacterial secreted toxins and disrupt the cell entry of bacteria (Figure 4) [117]. The composition and concentration of Igs differ based on the type of milk. For instance, a specific type of IgA (secretory) is mainly found in human milk, and its unique structure enables certain activities such as mucosal defense, inflammation level controlling, and antipathogenic activities [118]. On the other hand, IgG is the main Ig type (IgG1 and IgG2) found in bovine colostrum and milk, which is also capable of binding into pathogens, including bacteria [115].



As an example, a study investigated the interaction between both human and bovine IgA with bacteria in terms of immune interactions [119]. The study showed the non-specific binding of these antibodies (no significant difference in binding rate between two types of IgA, except for one species of E. coli) to commensal (at high rates, 78 to 94%) pathogenic (low and high, 24 to 83%), and probiotic (low and high, 17 to 80%). Some of the used species of bacteria are some species of Lactobacillus for the prebiotic class, Salmonella typhimurium, Yersinia enterocolitica, and some species of E. coli for the pathogenic class, and some species of Bacteroides and Ruminococcus obeum for commensal class were used. The potential mechanisms behind these interactions are Ig’s directly binding capability to bacteria, and potentially marking them (especially pathogenic bacteria) for phagocytosis. Additively, glycans that comprise IgA play a major role in the binding of bacterial components [120]. Since glycosylation impacts the function of IgA, especially its binding into bacteria [121], variations among different host Igs in antibacterial activity are expected. This characteristic of IgA can lead to multiple outcomes, especially in the gut region. An in vivo study demonstrated that IgA can identify gut bacteria that possess the potential to lead to inflammation among the microbiota [122]. The interaction of IgA with the intestinal microbiota of mice and humans was investigated. The findings indicated that IgA could specifically bind disease-causing potential carrier bacteria in the mice gut microbiota and potentially identify the tendency of inflammation marks.



IgG can also act as a regulator during gut infection with antibacterial activity. A study researched the activity of gut IgG in systemic infection [123]. At first, mice feces were analyzed to determine if there were sufficient amounts of Igs (IgG, IgA, and IgM) in pathogen-free microbiota. The results indicated a reasonable amount of Igs in pathogen-free wild-type mice. Thereafter, the activity of pre-existing IgG was analyzed by inducing the transmission of bacteria from the gut by disrupting epithelium to blood in mice. Fecal analysis showed an increase in the amounts of IgA and IgG, specific to symbiotic bacteria. The following results after one week showed significantly increased numbers of IgG-bound fecal bacteria, potentially indicating the IgG’s mechanism of action during the disturbance in the epithelium in the gut. Two main bacteria, E. coli, and Escherichia fergusonii, were found that are majorly responsible for causing the death of mice in induced infection. There are differences between IgG and IgA, maybe not mainly by mechanism, but by the environmental conditions that they are prone to show activity. Studies that primarily focus on IgG activity in similar cases are relatively deficient, especially when compared with IgA.



Lastly, to highlight an important point, IgA antibody levels were investigated from breast milk against four types of streptococcal species, which can be found in oral microbiota and cause diseases [124]. The obtained human colostrum samples showed significant levels in terms of IgA concentration levels, followed by IgM and IgG, respectively. The study indicated all tested samples contained sufficient levels of antigen-specific IgAs for streptococcal species and their virulence antigens. Such a conclusion was also discussed in the XO section; these results indicate the interaction of breast milk and infant oral microbiome and that components of breast milk cause antibacterial activity on the first contact. The current data indicate that the antibacterial activity of Igs is mediated via indirect pathways, such as initiating immune responses or exposing the pathogenic microorganism by binding into it, rather than a direct neutralization. This feature is also one of the main reasons that make Igs a promising alternative in antibiotic treatments. Since Igs administration can induce immune responses and host defense, it is possible to reduce the use of antibiotics in certain areas with Ig treatment. Such conditions were discussed in a review [125] indicating the potential of Igs in animal production to decrease antibiotic application, especially by possessing a significantly lower risk of causing a new resistance development to targeted bacteria. A similar study tested LZ as an alternative to antibiotics in nursery pigs [126]. In terms of growth and gastrointestinal health, antibiotics (carbadox/copper sulfate) and LZ showed significantly close results, which created the potential of LZ as an alternative in this related area. These characteristics might explain why these milk antibodies are shaped to regulate the activity of gut pathogenic microorganisms in the early stages of growth [127].




2.6. Oligosaccharides


Carbohydrates with three to ten monosaccharide residues covalently bound by glycosidic linkages are known as OS. But other than lactose, disaccharides—which have just two residues—are frequently referred to as OS as well. The two major categories of OS are neutral and acidic. The residues of charged carbohydrates are absent from neutral OS. Nevertheless, N-acetylneuraminic acid (sialic acid) residues, which are negatively charged, are present in one or more acidic OS (hence the term acidic). In contrast to goat, cow, and sheep milk, which have OS contents and compositions of less than 0.3 g/L, human milk has OS contents of more than 12 g/L. In comparison to cow and sheep milk, goat milk also contains a larger quantity of acidic and neutral OS [128].



The past ten years have seen significant advancements in food technology, chemical sciences, and chemical-enzymatic synthesis for large-scale manufacturing, which have all contributed to the increased interest in milk OS among scientists [129,130]. Given the vast quantity of milk produced by cows, goats, and other animals, even if the quantity and number of OS in animal milk are relatively small in comparison to those in human milk, it could be worthwhile to isolate a few constituents [131]. The highly concentrated OS found in human milk was the initial focus of most investigations on milk OS functionality. Up to 200 structures have been identified in thorough investigations that have characterized HMOs in detail [132,133]. In order to find the similarities in the structures and bioactivities of milk OS from different mammalian species, this field of study has lately grown. Research into the potential medical benefits of bovine milk oligosaccharides (BMOs) and the mostly underutilized BMO-containing side streams in the dairy industry has been spurred by the industrial production of bovine milk [134].



Certain OS possesses vital physiological characteristics that enhance human well-being, such as impeding pathogen growth and replication, enhancing the intestinal milieu, diminishing the likelihood of cardiovascular ailments, and functioning as a sugar alternative. OS are also thought to function as prebiotics to encourage the growth of gut probiotics [135]. Additionally, the composition of HMOs is highly influenced by the mother’s genetic composition. Not only genetics, but other external conditions, such as age and diet of the parent also affect the structure of HMOs [136]. This fact is mostly mediated by the milk microbiome and significantly influences the development of the infant’s intestinal microbiota. Similar to the XO-LPO system, protection of the infant, including against bacteria, is initiated by obtaining HMOs during lactation. Because of their functional and vital roles, they are involved in the development of functional food, medical components, and other health-supportive products (Figure 5) [137].



The antibacterial and prebiotic properties of OS have been investigated in a variety of contexts. Their outstanding broad-spectrum antibacterial capabilities are mostly due to numerous synergistic actions, such as pathogen cell wall breakdown. Furthermore, OS might prevent harmful substances from playing a part and prevent harmful microorganisms from adhering. Probiotic microbial growth has also been shown to be stimulated by natural OS [33,103].



Research by Asadpoor et al. [139], for instance, showed that eight bacteriostatic, non-digestible OS efficiently prevent the adherence of foodborne bacteria. The presence of galacto-oligosaccharides (GOSs) in lactic acid bacteria from fermented milk-permeated beverages was found to vary in concentration from 8.7 to 26.8 mg/100 mL sample. These GOSs showed a noteworthy inhibitory impact on more than half of the tested microorganisms [140].



As one of the most common causes of diarrhea globally, C. jejuni is an example of a pathogenic bacteria that is suppressed by OS from human milk [141]. A further recent study discovered that 2′-FL 80% lowers Campylobacter penetration in addition to inhibiting binding to the mucosal surface [142]. The results of these investigations are consistent with a prospective study of ninety-three mother–infant dyads who were nursing. The concentrations of α1-2 fucosylated HMOs in the mother’s milk were found to be inversely correlated with an infant’s susceptibility to diarrhea caused by C. jejuni. Based on these results, researchers determined that key components of human milk that help protect against contagious viruses include α1-2 fucosyl OS [143].



The potentially harmful effects of AMR infections are especially dangerous for infants [144]. There is evidence to show that enteric AMR pathogens may colonize or infect young children at an early age [145]. A high HMO concentration in the early infancy gut may lessen children’s susceptibility to AMR infections colonizing their guts. Invading AMR pathogens may be immediately neutralized by HMOs, and they may also lessen gut inflammation, which otherwise creates an environment that is conducive to Enterobacteriaceae development and antibiotic resistance genes (ARGs) transmission. Throughout the first two months of life, B. infantis, which grows in gut environments with high HMO levels, has also been demonstrated to reduce the generation of proinflammatory cytokines and is linked to lower quantities of fecal calprotectin, a hallmark of intestinal inflammation [146,147]. One of the most important ways to stop the emergence of dangerous AMR infections, such as AMR Enterobacteriaceae, is to reduce gut inflammation in the gut environments of breastfed infants and HMOs [148].



Given the possible advantages listed above, breastfeeding should be further investigated as a scalable and reasonably priced approach to combating antibiotic resistance. Reducing early-life antibiotic use and boosting gut colonization resistance to AMR infections, which are becoming more prevalent in the community, are two potential benefits of optimizing breastfeeding habits in high-income nations, where less than half of newborns receive any human milk at six months of age. Accelerating measures to promote breastfeeding at the policy level would be necessary if breastfeeding or components of human milk were found to be protective against colonization or infection with AMR bacteria [149]. Extracellular vesicles (EVs), maternal antibodies, HMOs, antimicrobial peptides, and the milk microbiota are just a few of the human milk components that may protect against early-life colonization by AMR pathogens and ARGs. These emerging mechanistic pathways should be further investigated as novel targets for intervention and, in cases where optimal breastfeeding practices are not feasible, supplementation. In the global effort to address AMR, breastfeeding and human milk supplementation deserve more attention as potential preventive interventions [148].



Furthermore, serving to guard against E. coli pathogenesis is the OS found in human milk. Serious diarrheal illness with elevated infant death rates is caused by Enteropathogenic E. coli (EPEC). Compared to control or GOS-treated pups, HMO-treated mice show considerably less EPEC infection, and pre-incubating EPEC with combined HMO fractions lessens the pathogenic colonization of cultured epithelial cells [150]. These findings concur with those of Coppa et al.’s study [151], which showed that acidic HMO fractions reduced the infectivity of E. coli serotype O119. Conversely, sialylated structures like 3′-SL show significant suppression of Helicobacter pylori adherence to gastrointestinal epithelial cells [152]. Moreover, enteropathogenic Salmonella’s adherence and contagiousness are significantly decreased by fucosylated HMO structures [153].



Furthermore, it was shown that OS produced from bovine colostrum may prevent EPEC E. coli, C. sakazakii, and S. enterica [154]. It was also demonstrated that OS, both neutral and acidic, extracted from bovine colostrum prevented S. enterica IID604 from adhering to Caco-2 cells [155]. HMOs demonstrated antibacterial and antibiofilm activity against GBS, antibiofilm activity against a methicillin-resistant strain of S. aureus, and antimicrobial activity against a strain of Actinobacter baumannii in a different investigation using growth and biofilm assays [156]. By preventing bacterial growth and the development of biofilms, Spicer et al. [157] also showed how HMOs with bacteriostatic qualities have arisen as an alternate treatment approach against antibiotic resistance. In addition, a research team has emphasized the usage of HMOs as an alternative to antibiotics and performed multiple experiments to show the antibacterial activity against Streptococcus agalactiae [157]. It also has been mentioned that HMOs can be combined with certain types of antibiotics against S. agalactiae as well [158]. Furthermore, compared to native BMOs, fucosylated BMOs more successfully increased the antiadhesive activity of Caco-2 cells [159]. As for antibacterial activity, Craft et al. [160] discovered that fucose residue placement and quantity on HMOs are crucial. Therefore, because of their strong antibacterial activity, OS offers a wealth of research opportunities.





3. Other Antibacterial Components


3.1. α-Lactalbumin


α-Lactalbumin (α-La) is a predominant whey milk protein and one of the two regulatory components that are actively involved in lactose synthase in mammary epithelial cells. It also possesses an important role in many biochemical and nutritional studies focused on early infant development [33]. During lactation, human milk has approximately 2.44 ± 0.64 g/L mean concentration of α-La [161], containing 22% of total protein and 36% of overall whey proteins. Thereafter, bovine milk α-La is the second most abundant protein, accounting for 3.5% of total protein and nearly 17% of whey proteins [162].



In addition to the role of α-La in lactose biosynthesis and infant development, some studies are also emphasizing the antibacterial activity. The research investigated the antioxidant and antibacterial activity of α-La, isolated from camel and bovine, in both apo and holo forms [163]. Several types of bacteria, and in addition, some types of fungi, were used during the experiment. In terms of antibacterial activity, apo camel α-La managed to show its antibacterial activity against one of four bacteria, P. aeruginosa; meanwhile, it was ineffective against S. aureus, E. faecalis, and E. coli, just like in holo and apo bovine and holo camel α-La. Interestingly, a recent study showed that a complex formed between α-La and Car showed increased antibacterial activity when compared with only Car activity [164]. The study first exemplified the molecular interaction between Car and α-La. Then, the complex was tested on E. coli and S. aureus and successfully showed antibacterial activity in tests when compared with solo Car treatment. As a result, the potential of α-La as an antibacterial enhancer was also emphasized.




3.2. Epidermal Growth Factor


EGF is a protein known for the proliferation of various types of cells, such as fibroblasts and epithelial cells, as a mitogenic factor [165]. The biological action of the EGF is mediated via interaction with the EGF receptor (EGFR) to initiate intracellular signaling [165]. EGF is found in diverse body fluids: saliva, urine, plasma, intestinal fluid, amniotic fluid, and particularly in milk [166]. It is typically present in human milk at concentrations varying between 0.038 and 0.045 ng/mL [167], which may increase to approximately 100 ng/mL following parturition [168]. EGF, as an essential component of both human colostrum and milk, plays an essential role in promoting the growth and repair of the gastrointestinal tract of the newborn. Even though it is limited, there are some studies investigating the contribution of EGF to antibacterial activity.



The role of EGF and activation of EGF receptors (EGFR) were investigated from the perspective of transmission of pathogenic E. coli that accumulated in the gut, causing late-onset neonatal sepsis [169]. Late-onset neonatal sepsis occurs in neonates after three days of birth, commonly when Gram-negative pathogenic bacteria cause infection and are observed in the bloodstream of the neonate [170]. During the study, the role of EGFR was first tested on mice, as the E. coli colonization killed the mice when the EGFR inhibitor was also administered. The following experiment identified the location of the E. coli colonization in the lamina propria of the colon. Normally, goblet cells form the goblet cell-associated antigen passages to increase the efficiency of immune response and allow the antigens to be delivered to immune cells [171]. As expected, the immune responses are yet to be strong enough and have immunological memory to fight off an upcoming infection. Consequently, the discussed study found that EGF from early lactation interacts with EGF receptors and decreases the formation of goblin cell passages that protect against upcoming infections, especially on pathogenic E. coli, in early life. The role of EGF in the intestine area came out during the first days of lactation. As it prevents further fatal infection and bacterial spread, EGF’s role can be registered as an antibacterial activity.




3.3. Glycomacropeptide


Glycomacropeptide (GMP), which is also known as caseinomacropeptide, is a bioactive milk peptide that is liberated from κ-casein via either physiological enzymatic digestion or chymosin digestion while manufacturing cheese [172]. In the adult human gastrointestinal (GI) tract, pepsin hydrolysis produces GMP following milk consumption [173]. The bovine GMP is one of the most studied and well-characterized milk proteins because of its wide commercial availability. The most well-characterized ones that have a beneficial effect on human health are those that have antibacterial, prebiotic, remineralizing, digestive and metabolism-regulating, anti-tumor, and immune-modulatory properties [174].



GMP, a highly sialylated glycoprotein, and other carbohydrates together determine the peptide’s antibacterial activity, which is mostly a decoy receptor impact [175]. The cholera toxin (CT) and casein whey GMP interacted directly to block CT from binding to its target receptor, ganglioside GM1, which is present in the CHO-K1 cell line. The inhibition of CT binding to GM1 was lessened by the enzymatic breakdown of GMP using sialidase and pepsin. Therefore, the peptide sequence and the presence of sialic acid may be responsible for GMP’s direct inhibitory impact on CT [175]. A later investigation revealed that GMP had a dose-dependent binding capacity to harmful bacteria, such as Salmonella enteritidis, Morganella morganii, and enterohemorrhagic E. coli (EHEC O157), but not to Lactobacillus casei, a probiotic. According to the study, asialo-GMP was partially reduced, and peroxidation entirely abolished GMP’s attachment to S. enteritidis, while desialylation and peroxidation inhibited its binding to EHEC O157. This indicates that different carbohydrate molecules, such as sialic acid, may facilitate GMP binding depending on the bacteria [176].



Subsequent research added to our understanding of the bacteria, both pathogenic and probiotic, whose adherence is hindered by GMP. With regard to probiotic bacteria, GMP inhibited L. acidophilus, Lactobacillus pentosus, and L. casei from binding to HT-29 cells [177]. Brück et al. [178] investigated a number of distinct digests of bovine GMP to inhibit Shigella flexneri, S. typhimurium, and EPEC E. coli from adhering to Caco-2 cells by directly attaching the milk component to the pathogens. For EPEC, pepsin/pancreatin and pepsin-digested GMP were the most efficient combinations. GMP that had been pepsin or pancreatin-digested more strongly inhibited S. typhimurium, but undigested or pepsin-digested GMP had the greatest effect on S. flexneri. The sialic acid substructure of GMP, which largely retains its structure after digestion, was thought to be the reason for its capacity to maintain a decoy receptor function.




3.4. Glycosaminoglycans


Glycosaminoglycans (GAGs) are long-chained, negatively charged polysaccharides, which are usually covalently attached to proteins, resulting in the formation of proteoglycans [179]. They can be found as part of the extracellular matrix or directly located on the cellular membrane. GAGs are classified into four types based on the core disaccharide units: heparin/heparan sulfate, chondroitin sulfate, keratan sulfate, and hyaluronic acid [180]. The different conformations of GAGs contribute to their involvement in numerous biological functions, such as immunity development, cellular signaling, and pathogenesis [181]. Additionally, GAGs can serve as main targets in the initiation of viral infections.



In particular, GAGs isolated from milk can show significant activity as anti-infective agents [182]. The levels of GAGs in human milk change throughout lactation. The highest level of concentration is observed on day 4 at 3.8 g/L. The concentration declined to 0.4 g/L after one month, representing a 73% reduction. This decline occurs between days 4 and 10, highlighting the significance of GAGs in the first two weeks of life [33]. A study was conducted to observe the anti-infective activity of GAGs derived from human milk against pathogenic bacteria, E. coli, and Salmonella fyris. During the experiments, GAGs were isolated from different milk samples to observe their antibacterial activity. Results showed that the purified human GAGs complex inhibited, in vitro, the adhesion of E. coli and S. fyris to human intestinal cells [183].





4. Limitations, Advantages, and Disadvantages of Milk and Colostrum Compound Development and Usage


Although these compounds possess significant antibacterial activity and show considerable potential in antibacterial treatment, when the antibacterial activity of milk and colostrum aimed to be administered as a compound, alongside advantages some limitations as well became apparent.



For instance, when the mechanism of XO is thought of, its antibacterial activity is mediated by hydrogen peroxidase synthesis. Conversion of XOR to XO is highly regulated during the inflammation. During the first phases of the infection. activation of XO develops antibacterial activity by ROS, but sustained activation can create excess amounts of ROS and increase inflammation [184]. In terms of application, decided dose amounts play a crucial role in obtaining maximum efficiency while decreasing the potential negative feedback. Synergistic administration would increase efficiency and decrease the risk of potential ROS-derived damage. Using XO to procure the needed hydrogen peroxidase for LPOS directly meets this problem, as most of the created ROS will be utilized by the LPOS. Since sole treatment of LPO will be insufficient in terms of having a significant antibacterial activity, the combination of these two molecules fixes the negative aspect of both molecules.



The composition of HMOs is significantly suitable for prebiotic application and treatments in gastrointestinal regions. HMOs are not only resistant to metabolic enzymes but also remain unaffected by stomach acid and gastrointestinal absorption [185]. This gives HMOs a huge advantage in their therapeutic application in certain diseases and supplements as prebiotics. Yet, one major challenge that is discussed in terms of HMO production is shaping the biological function [136]. Since genetic factors are the main factor that influences the molecular structure of the HMOs, the relationship between the structure and function needs to be recorded specifically. Insufficiency in the current data about the relationship between HMOs and milk microbiome is an addition to this deficiency [186]. This necessity hinders the production and administration of HMOs in terms of therapeutic application. Additionally, the complexity of HMO structures alongside insufficient availability and the high cost of isolating and synthesizing them can be thought of as the main limitations [129]. These factors, collectively, lead to significant restrictions in HMO research and broader application, highlighting the need for innovative approaches to overcome these limitations.



Igs have a unique spot in therapeutic application since they can also be used to develop immune responses to deal with bacterial infection indirectly. Some types of Igs are potent in certain areas in terms of therapeutic application. In this way, Ig’s range of application is wider than most other compounds. Administration of Igs has several routes of administration and some of them can lead to adverse reactions [187]. Even though most of these reactions can be minimized, long-term therapies can cause abnormalities such as inhibition of endogenous Ig production, which is reversible after some time without treatment. One of the most discussed routes of administration of Igs for its high ratio of adverse effects is the intravenous route. A review discussed the adverse effects of Ig therapy in detail [188]. Even though most of these adverse effects seem likely to rarely show up, still some of the adverse effects can be observed more frequently as neurologic, hematologic, or dermatological reactions. Especially if the Ig therapy is desired to be used for increasing the host’s overall immune system for infections, the administration phase lasts for months. To decrease these side effects in the long term, shaping the treatment specific to the individual is highly necessary.



LZ exerts its antibacterial activity by degrading bacterial cell walls. However, a disadvantage is that it does not show the same efficiency against all types of bacteria. Specifically, the antibacterial efficiency of LZ remains insufficient against the cell walls of Gram-negative bacteria when compared to Gram-positive [189]. Consequently, it hinders the application of LZ and restricts its effectiveness against a wide range of bacterial infections. From another perspective, the ability of LZ to be used in combination with other antibacterial molecules might be considered as a significant advantage. An in vitro study [73] established that LZ could act together with Lf to show bactericidal activity. Experiments conducted on E. coli, Salmonella Typhimurium, and V. Cholerae revealed Lf significantly enhances the activity of LZ. The process begins with Lf rupturing the cell membrane of the Gram-negative bacteria by binding to the lipopolysaccharides on the outer cell membrane. This action allows LZ to penetrate more proficiently to break down the bacterial cell wall, indicating its effectiveness could be improved in a combined treatment.



Lf’s antibacterial activity has been shown against a broad range of bacteria, and it has long been understood to play a critical role in host defense systems [190]. The issue with bacteria generally is that lf can only be used in conjunction with antibacterial medications against pathogens that are unable to use Lf as an iron source [191]. Yet, certain drugs that do not show this disadvantage can cause toxic-based adverse effects and increase the ratio of drug-resistant microorganisms at the site of treatment. At this point, Lf not only differs from drugs as a natural compound with non-toxic characteristics but also can demonstrate unique mechanisms that cannot be observed from traditional drugs [192].



Nevertheless, these limitations are not only affecting the production and therapeutic application of these compounds. Some of these compounds are insufficiently investigated in current literature, especially when compared to other antibacterial compounds. For instance, research on Lf and HMOs is at a significant level in many perspectives. For other compounds, however, like XO and LPO, the studies that directly investigate their antibacterial activity are very few. Moreover, the XO-LPO system is one of the major antibacterial compounds that directly indicates the evolutionary relationship between the infant and mother. Still, just a few studies successfully mentioned this relationship, and experiments to explain it in detail. Potentially, the needed ethical approvals in the background are needed to study components of human colostrum is also a hindering situation. Igs and HMOs show significant differences based on the type of colostrum and the genetic background of the mother. This condition not only generates difficulties in the therapeutic application and production but also creates gaps in the literature. It is not hard to point out the power of these compounds in antibacterial research, as this review intended to. Yet, we cannot fully demonstrate that these compounds are or should be the preferred agents in related infections.




5. Discussion and Conclusions


One possible approach to solving the problems caused by the increasing number of antibiotic resistance genes and the growing concern about chemical preservatives is research into the antibacterial properties of milk and colostrum. Natural defense substances such as Lf, LZ, LPO, Igs, OS, etc., represent a potential source of biotherapeutic agents. In this article, it is shown that these components are crucial for the development of the immune system of the offspring, as they accelerate the maturation of the immune system and, most importantly, have significant antibacterial properties.



A thorough study of the antibacterial properties of milk and colostrum shows that they are very promising for the treatment and prevention of a variety of diseases caused by microbes. It should be emphasized that certain types of antibacterial milk proteins tend to be associated with infections in different regions and environmental conditions and interact with specific molecules. This not only provides an opportunity to advance alternative therapeutic modalities but also addresses the urgent need for new techniques to combat antibiotic resistance and adds promising insights to the field of research.



Another unique consideration when looking at the antibacterial case is the ability of these proteins to exert their activity early in life. When looking at evolutionary aspects, particularly in lactation, it can be observed that some of these molecules naturally form complexes and/or systems to express antibacterial activity and specify it in terms of time and location. Further investigation into the exact processes by which these components of colostrum and milk exert their antibacterial properties, as well as possible synergistic effects, will contribute to our understanding. A potential and comprehensive strategy to promote ecosystem health and human well-being in addressing the problem of antibiotic resistance and the search for sustainable alternatives is the thorough exploration of milk and colostrum as therapeutic agents.







Author Contributions


Conceptualization, S.K. and D.Š.; writing—original draft preparation, F.E., E.A., H.D., Y.M.Y., A.E.K. and A.A.C.; writing—review and editing, S.K. and D.Š.; visualization, F.E., E.A. and H.D. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Informed Consent Statement


Not applicable.




Conflicts of Interest


The authors declare no conflicts of interest.




References


	



Crowley, S.V.; Kelly, A.L.; Lucey, J.A.; O’Mahony, J.A. Potential Applications of Non-Bovine Mammalian Milk in Infant Nutrition. In Handbook of Milk of Non-Bovine Mammals; Park, Y.W., Haenlein, G.F.W., Wendorff, W.L., Eds.; Wiley: Hoboken, NJ, USA, 2017; pp. 625–654. ISBN 978-1-119-11027-9. [Google Scholar]

	



Fox, P.F.; Uniacke-Lowe, T.; McSweeney, P.L.H.; O’Mahony, J.A. Biologically Active Compounds in Milk. In Dairy Chemistry and Biochemistry; Springer: Cham, Switzerland, 2015; pp. 415–497. ISBN 978-3-319-14891-5. [Google Scholar]

	



Beermann, C.; Hartung, J. Physiological Properties of Milk Ingredients Released by Fermentation. Food Funct. 2013, 4, 185–199. [Google Scholar] [CrossRef]

	



Thum, C.; Ozturk, G.; McNabb, W.C.; Roy, N.C.; Leite Nobrega De Moura Bell, J.M. Effects of Microwave Processing Conditions on Microbial Safety and Antimicrobial Proteins in Bovine Milk. J. Food Process. Preserv. 2020, 44, 14348. [Google Scholar] [CrossRef]

	



Kaplan, M.; Arslan, A.; Duman, H.; Karyelioğlu, M.; Baydemir, B.; Günar, B.B.; Alkan, M.; Bayraktar, A.; Tosun, H.İ.; Ertürk, M.; et al. Production of Bovine Colostrum for Human Consumption to Improve Health. Front. Pharmacol. 2021, 12, 796824. [Google Scholar] [CrossRef] [PubMed]

	



Playford, R.J.; Weiser, M.J. Bovine Colostrum: Its Constituents and Uses. Nutrients 2021, 13, 265. [Google Scholar] [CrossRef] [PubMed]

	



Gomes, R.D.S.; Anaya, K.; Galdino, A.B.S.; Oliveira, J.P.F.; Gama, M.A.S.; Medeiros, C.A.C.X.; Gavioli, E.C.; Porto, A.L.F.; Rangel, A.H.N. Bovine Colostrum: A Source of Bioactive Compounds for Prevention and Treatment of Gastrointestinal Disorders. NFS J. 2021, 25, 1–11. [Google Scholar] [CrossRef]

	



McGrath, B.A.; Fox, P.F.; McSweeney, P.L.H.; Kelly, A.L. Composition and Properties of Bovine Colostrum: A Review. Dairy Sci. Technol. 2016, 96, 133–158. [Google Scholar] [CrossRef]

	



Duman, H.; Karav, S. Bovine Colostrum and Its Potential Contributions for Treatment and Prevention of COVID-19. Front. Immunol. 2023, 14, 1214514. [Google Scholar] [CrossRef]

	



Arslan, A.; Kaplan, M.; Duman, H.; Bayraktar, A.; Ertürk, M.; Henrick, B.M.; Frese, S.A.; Karav, S. Bovine Colostrum and Its Potential for Human Health and Nutrition. Front. Nutr. 2021, 8, 651721. [Google Scholar] [CrossRef]

	



Playford, R.J.; Macdonald, C.E.; Calnan, D.P.; Floyd, D.N.; Podas, T.; Johnson, W.; Wicks, A.C.; Bashir, O.; Marchbank, T. Co-Administration of the Health Food Supplement, Bovine Colostrum, Reduces the Acute Non-Steroidal Anti-Inflammatory Drug-Induced Increase in Intestinal Permeability. Clin. Sci. 2001, 100, 627–633. [Google Scholar] [CrossRef]

	



Pereira, P.C. Milk Nutritional Composition and Its Role in Human Health. Nutrition 2014, 30, 619–627. [Google Scholar] [CrossRef]

	



Zhang, J.; Zhao, A.; Lai, S.; Yuan, Q.; Jia, X.; Wang, P.; Zhang, Y. Longitudinal Changes in the Concentration of Major Human Milk Proteins in the First Six Months of Lactation and Their Effects on Infant Growth. Nutrients 2021, 13, 1476. [Google Scholar] [CrossRef]

	



Czosnykowska-Łukacka, M.; Lis-Kuberka, J.; Królak-Olejnik, B.; Orczyk-Pawiłowicz, M. Changes in Human Milk Immunoglobulin Profile During Prolonged Lactation. Front. Pediatr. 2020, 8, 428. [Google Scholar] [CrossRef] [PubMed]

	



Al-Shehri, S.S.; Duley, J.A.; Bansal, N. Xanthine Oxidase-Lactoperoxidase System and Innate Immunity: Biochemical Actions and Physiological Roles. Redox Biol. 2020, 34, 101524. [Google Scholar] [CrossRef] [PubMed]

	



Kaiser, G.G.; Mucci, N.C.; González, V.; Sánchez, L.; Parrón, J.A.; Pérez, M.D.; Calvo, M.; Aller, J.F.; Hozbor, F.A.; Mutto, A.A. Detection of Recombinant Human Lactoferrin and Lysozyme Produced in a Bitransgenic Cow. J. Dairy Sci. 2017, 100, 1605–1617. [Google Scholar] [CrossRef] [PubMed]

	



Yang, B.; Wang, J.; Tang, B.; Liu, Y.; Guo, C.; Yang, P.; Yu, T.; Li, R.; Zhao, J.; Zhang, L.; et al. Characterization of Bioactive Recombinant Human Lysozyme Expressed in Milk of Cloned Transgenic Cattle. PLoS ONE 2011, 6, e17593. [Google Scholar] [CrossRef] [PubMed]

	



Lin, T.; Meletharayil, G.; Kapoor, R.; Abbaspourrad, A. Bioactives in Bovine Milk: Chemistry, Technology, and Applications. Nutr. Rev. 2021, 79, 48–69. [Google Scholar] [CrossRef] [PubMed]

	



Urashima, T.; Asakuma, S.; Leo, F.; Fukuda, K.; Messer, M.; Oftedal, O. The Predominance of Type I Oligosaccharides Is a Feature Specific to Human Breast Milk. Adv. Nutr. 2012, 3, 473S–482S. [Google Scholar] [CrossRef] [PubMed]

	



Spadaro, M.; Caorsi, C.; Ceruti, P.; Varadhachary, A.; Forni, G.; Pericle, F.; Giovarelli, M. Lactoferrin, a Major Defense Protein of Innate Immunity, Is a Novel Maturation Factor for Human Dendritic Cells. FASEB J. 2008, 22, 2747–2757. [Google Scholar] [CrossRef]

	



Katunuma, N.; Shiota, H.; Le, Q.T. Medical Significance of Cysteine Protease Inhibitors in Mammalian Secretory Fluids. J. Med. Investig. 2003, 50, 154–161. [Google Scholar]

	



Kowalczyk, P.; Kaczyńska, K.; Kleczkowska, P.; Bukowska-Ośko, I.; Kramkowski, K.; Sulejczak, D. The Lactoferrin Phenomenon—A Miracle Molecule. Molecules 2022, 27, 2941. [Google Scholar] [CrossRef]

	



Embleton, N.D.; Berrington, J.E.; McGuire, W.; Stewart, C.J.; Cummings, S.P. Lactoferrin: Antimicrobial Activity and Therapeutic Potential. Semin. Fetal Neonatal Med. 2013, 18, 143–149. [Google Scholar] [CrossRef]

	



Alves de Queiroz, V.O.; Assis, A.M.O.; da Costa, R.J.H. Protective Effect of Human Lactoferrin in the Gastrointestinal Tract. Rev. Paul Pediatr. 2013, 31, 90–95. [Google Scholar] [CrossRef]

	



García-Montoya, I.A.; Cendón, T.S.; Arévalo-Gallegos, S.; Rascón-Cruz, Q. Lactoferrin a Multiple Bioactive Protein: An Overview. Biochim. Biophys. Acta 2012, 1820, 226–236. [Google Scholar] [CrossRef]

	



Da Vieira, D.S.; Polveiro, R.C.; Butler, T.J.; Hackett, T.A.; Braga, C.P.; Lal Puniya, B.; Teixeira, W.F.P.; de Padilha, P.M.; Adamec, J.; Feirosa, F.L.F. An in Silico, Structural, and Biological Analysis of Lactoferrin of Different Mammals. Int. J. Biol. Macromol. 2021, 187, 119–126. [Google Scholar] [CrossRef]

	



Arnold, R.R.; Brewer, M.; Gauthier, J.J. Bactericidal Activity of Human Lactoferrin: Sensitivity of a Variety of Microorganisms. Infect. Immun. 1980, 28, 893–898. [Google Scholar] [CrossRef] [PubMed]

	



Siqueiros-Cendón, T.; Arévalo-Gallegos, S.; Iglesias-Figueroa, B.F.; García-Montoya, I.A.; Salazar-Martínez, J.; Rascón-Cruz, Q. Immunomodulatory Effects of Lactoferrin. Acta Pharmacol. Sin. 2014, 35, 557–566. [Google Scholar] [CrossRef] [PubMed]

	



Drago-Serrano, M.E.; Campos-Rodríguez, R.; Carrero, J.C.; de la Garza, M. Lactoferrin: Balancing Ups and Downs of Inflammation Due to Microbial Infections. Int. J. Mol. Sci. 2017, 18, 501. [Google Scholar] [CrossRef] [PubMed]

	



Actor, J.K.; Hwang, S.-A.; Kruzel, M.L. Lactoferrin as a Natural Immune Modulator. Curr. Pharm. Des. 2009, 15, 1956–1973. [Google Scholar] [CrossRef] [PubMed]

	



Artym, J.; Kocięba, M.; Zaczyńska, E.; Adamik, B.; Kübler, A.; Zimecki, M.; Kruzel, M. Immunomodulatory Properties of Human Recombinant Lactoferrin in Mice: Implications for Therapeutic Use in Humans. Adv. Clin. Exp. Med. 2018, 27, 391–399. [Google Scholar] [CrossRef] [PubMed]

	



Weinberg, E.D. Iron, Infection, and Neoplasia. Clin. Physiol. Biochem. 1986, 4, 50–60. [Google Scholar]

	



Morrin, S.T.; Buck, R.H.; Farrow, M.; Hickey, R.M. Milk-Derived Anti-Infectives and Their Potential to Combat Bacterial and Viral Infection. J. Funct. Foods 2021, 81, 104442. [Google Scholar] [CrossRef]

	



Manzoni, P.; Stolfi, I.; Messner, H.; Cattani, S.; Laforgia, N.; Romeo, M.G.; Bollani, L.; Rinaldi, M.; Gallo, E.; Quercia, M.; et al. Bovine Lactoferrin Prevents Invasive Fungal Infections in Very Low Birth Weight Infants: A Randomized Controlled Trial. Pediatrics 2012, 129, 116–123. [Google Scholar] [CrossRef] [PubMed]

	



Nguyen, D.N.; Jiang, P.; Stensballe, A.; Bendixen, E.; Sangild, P.T.; Chatterton, D.E.W. Bovine Lactoferrin Regulates Cell Survival, Apoptosis and Inflammation in Intestinal Epithelial Cells and Preterm Pig Intestine. J. Proteom. 2016, 139, 95–102. [Google Scholar] [CrossRef]

	



Singh, A.; Duche, R.T.; Wandhare, A.G.; Sian, J.K.; Singh, B.P.; Sihag, M.K.; Singh, K.S.; Sangwan, V.; Talan, S.; Panwar, H. Milk-Derived Antimicrobial Peptides: Overview, Applications, and Future Perspectives. Probiotics Antimicrob. Proteins 2023, 15, 44–62. [Google Scholar] [CrossRef]

	



Kim, J. Microbiome Engineering Using Probiotic Yeast: Saccharomyces Boulardii and the Secreted Human Lysozyme Lead to Changes in the Gut Microbiome and Metabolome of Mice. Microbiol. Spectr. 2022, 11, e0078023. [Google Scholar] [CrossRef]

	



Gingerich, A.D.; Doja, F.; Thomason, R.; Tóth, E.; Bradshaw, J.L.; Douglass, M.V.; McDaniel, L.S.; Rada, B. Oxidative Killing of Encapsulated and Nonencapsulated Streptococcus pneumoniae by Lactoperoxidase-Generated Hypothiocyanite. PLoS ONE 2020, 15, e0236389. [Google Scholar] [CrossRef]

	



Sheikh, I.A.; Yasir, M.; Khan, I.; Khan, S.B.; Azum, N.; Jiffri, E.H.; Kamal, M.A.; Ashraf, G.M.; Beg, M.A. Lactoperoxidase Immobilization on Silver Nanoparticles Enhances Its Antimicrobial Activity. J. Dairy Res. 2018, 85, 460–464. [Google Scholar] [CrossRef]

	



Maga, E.A.; Desai, P.T.; Weimer, B.C.; Dao, N.; Kültz, D.; Murray, J.D. Consumption of Lysozyme-Rich Milk Can Alter Microbial Fecal Populations. Appl. Environ. Microbiol. 2012, 78, 6153–6160. [Google Scholar] [CrossRef] [PubMed]

	



Huang, G.; Li, X.; Lu, D.; Liu, S.; Suo, X.; Li, Q.; Li, N. Lysozyme Improves Gut Performance and Protects against Enterotoxigenic Escherichia coli Infection in Neonatal Piglets. Vet. Res. 2018, 49, 20. [Google Scholar] [CrossRef] [PubMed]

	



Xiong, X.; Zhou, J.; Liu, H.; Tang, Y.; Tan, B.; Yin, Y. Dietary Lysozyme Supplementation Contributes to Enhanced Intestinal Functions and Gut Microflora of Piglets. Food Funct. 2019, 10, 1696–1706. [Google Scholar] [CrossRef]

	



Rybarczyk, J.; Kieckens, E.; Vanrompay, D.; Cox, E. In Vitro and in Vivo Studies on the Antimicrobial Effect of Lactoferrin against Escherichia coli O157:H7. Vet. Microbiol. 2017, 202, 23–28. [Google Scholar] [CrossRef]

	



Diarra, M.S.; Petitclerc, D.; Deschênes, E.; Lessard, N.; Grondin, G.; Talbot, B.G.; Lacasse, P. Lactoferrin against Staphylococcus aureus Mastitis. Lactoferrin Alone or in Combination with Penicillin G on Bovine Polymorphonuclear Function and Mammary Epithelial Cells Colonisation by Staphylococcus aureus. Vet. Immunol. Immunopathol. 2003, 95, 33–42. [Google Scholar] [CrossRef]

	



Flores-Villaseñor, H.; Canizalez-Román, A.; Reyes-Lopez, M.; Nazmi, K.; de la Garza, M.; Zazueta-Beltrán, J.; León-Sicairos, N.; Bolscher, J.G.M. Bactericidal Effect of Bovine Lactoferrin, LFcin, LFampin and LFchimera on Antibiotic-Resistant Staphylococcus aureus and Escherichia coli. Biometals 2010, 23, 569–578. [Google Scholar] [CrossRef]

	



Théolier, J.; Fliss, I.; Jean, J.; Hammami, R. MilkAMP: A Comprehensive Database of Antimicrobial Peptides of Dairy Origin. Dairy Sci. Technol. 2014, 94, 181–193. [Google Scholar] [CrossRef]

	



León-Calvijo, M.A.; Leal-Castro, A.L.; Almanzar-Reina, G.A.; Rosas-Pérez, J.E.; García-Castañeda, J.E.; Rivera-Monroy, Z.J. Antibacterial Activity of Synthetic Peptides Derived from Lactoferricin against Escherichia coli ATCC 25922 and Enterococcus faecalis ATCC 29212. Biomed. Res. Int. 2015, 2015, 453826. [Google Scholar] [CrossRef]

	



Björck, L.; Rosén, C.; Marshall, V.; Reiter, B. Antibacterial Activity of the Lactoperoxidase System in Milk against Pseudomonads and Other Gram-Negative Bacteria. Appl. Microbiol. 1975, 30, 199–204. [Google Scholar] [CrossRef] [PubMed]

	



Alustiza, F.; Bellingeri, R.; Picco, N.; Motta, C.; Grosso, M.C.; Barbero, C.A.; Acevedo, D.F.; Vivas, A. IgY against Enterotoxigenic Escherichia coli Administered by Hydrogel-Carbon Nanotubes Composites to Prevent Neonatal Diarrhoea in Experimentally Challenged Piglets. Vaccine 2016, 34, 3291–3297. [Google Scholar] [CrossRef]

	



Chaneton, L.; Pérez Sáez, J.M.; Bussmann, L.E. Antimicrobial Activity of Bovine β-Lactoglobulin against Mastitis-Causing Bacteria. J. Dairy Sci. 2011, 94, 138–145. [Google Scholar] [CrossRef] [PubMed]

	



Berlutti, F.; Pantanella, F.; Natalizi, T.; Frioni, A.; Paesano, R.; Polimeni, A.; Valenti, P. Antiviral Properties of Lactoferrin—A Natural Immunity Molecule. Molecules 2011, 16, 6992–7018. [Google Scholar] [CrossRef]

	



Redwan, E.M.; Uversky, V.N.; El-Fakharany, E.M.; Al-Mehdar, H. Potential Lactoferrin Activity against Pathogenic Viruses. Comptes Rendus Biol. 2014, 337, 581–595. [Google Scholar] [CrossRef] [PubMed]

	



Telang, S. Lactoferrin: A Critical Player in Neonatal Host Defense. Nutrients 2018, 10, 1228. [Google Scholar] [CrossRef]

	



Ward, P.P.; Conneely, O.M. Lactoferrin: Role in Iron Homeostasis and Host Defense against Microbial Infection. Biometals 2004, 17, 203–208. [Google Scholar] [CrossRef]

	



Lönnerdal, B.; Erdmann, P.; Thakkar, S.K.; Sauser, J.; Destaillats, F. Longitudinal Evolution of True Protein, Amino Acids and Bioactive Proteins in Breast Milk: A Developmental Perspective. J. Nutr. Biochem. 2017, 41, 1–11. [Google Scholar] [CrossRef]

	



Bruni, N.; Capucchio, M.T.; Biasibetti, E.; Pessione, E.; Cirrincione, S.; Giraudo, L.; Corona, A.; Dosio, F. Antimicrobial Activity of Lactoferrin-Related Peptides and Applications in Human and Veterinary Medicine. Molecules 2016, 21, 752. [Google Scholar] [CrossRef] [PubMed]

	



Walzem, R.L.; Dillard, C.J.; German, J.B. Whey Components: Millennia of Evolution Create Functionalities for Mammalian Nutrition: What We Know and What We May Be Overlooking. Crit. Rev. Food Sci. Nutr. 2002, 42, 353–375. [Google Scholar] [CrossRef]

	



Tossi, A.; Sandri, L.; Giangaspero, A. Amphipathic, α-Helical Antimicrobial Peptides. Pept. Sci. 2000, 55, 4–30. [Google Scholar] [CrossRef]

	



Chen, Y.; Guarnieri, M.T.; Vasil, A.I.; Vasil, M.L.; Mant, C.T.; Hodges, R.S. Role of Peptide Hydrophobicity in the Mechanism of Action of α-Helical Antimicrobial Peptides. Antimicrob. Agents Chemother. 2007, 51, 1398–1406. [Google Scholar] [CrossRef] [PubMed]

	



Baindara, P.; Mandal, S.M. Gut-Antimicrobial Peptides: Synergistic Co-Evolution with Antibiotics to Combat Multi-Antibiotic Resistance. Antibiotics 2023, 12, 1732. [Google Scholar] [CrossRef] [PubMed]

	



Pammi, M.; Abrams, S.A. Oral Lactoferrin for the Prevention of Sepsis and Necrotizing Enterocolitis in Preterm Infants. Cochrane Database Syst. Rev. 2015, 20, CD007137. [Google Scholar] [CrossRef]

	



Manzoni, P.; Meyer, M.; Stolfi, I.; Rinaldi, M.; Cattani, S.; Pugni, L.; Romeo, M.G.; Messner, H.; Decembrino, L.; Laforgia, N.; et al. Bovine Lactoferrin Supplementation for Prevention of Necrotizing Enterocolitis in Very-Low-Birth-Weight Neonates: A Randomized Clinical Trial. Early Hum. Dev. 2014, 90 (Suppl. S1), S60–S65. [Google Scholar] [CrossRef] [PubMed]

	



Jenssen, H.; Hancock, R.E.W. Antimicrobial Properties of Lactoferrin. Biochimie 2009, 91, 19–29. [Google Scholar] [CrossRef] [PubMed]

	



Lizzi, A.R.; Carnicelli, V.; Clarkson, M.M.; Di Giulio, A.; Oratore, A. Lactoferrin Derived Peptides: Mechanisms of Action and Their Perspectives as Antimicrobial and Antitumoral Agents. Mini Rev. Med. Chem. 2009, 9, 687–695. [Google Scholar] [CrossRef] [PubMed]

	



Kutila, T.; Pyörälä, S.; Saloniemi, H.; Kaartinen, L. Antibacterial Effect of Bovine Lactoferrin against Udder Pathogens. Acta Vet. Scand. 2003, 44, 35–42. [Google Scholar] [CrossRef] [PubMed]

	



Jahani, S.; Shakiba, A.; Jahani, L. The Antimicrobial Effect of Lactoferrin on Gram-Negative and Gram-Positive Bacteria. Int. J. Infect. 2015, 2, e27954. [Google Scholar] [CrossRef]

	



Wang, Y.; El-Din Bekhit, A.A.; Mason, S.L.; Morton, J.D. Lactoferrin Isolation and Hydrolysis from Red Deer (Cervus elaphus) Milk and the Antibacterial Activity of Deer Lactoferrin and Its Hydrolysates. Foods 2020, 9, 1711. [Google Scholar] [CrossRef] [PubMed]

	



Wang, Y.; Morton, J.D.; El-Din Bekhit, A.A.; Carne, A.; Mason, S.L. Amino Acid Sequences of Lactoferrin from Red Deer (Cervus elaphus) Milk and Antimicrobial Activity of Its Derived Peptides Lactoferricin and Lactoferrampin. Foods 2021, 10, 1305. [Google Scholar] [CrossRef]

	



Harouna, S.; Carramiñana, J.J.; Navarro, F.; Pérez, M.D.; Calvo, M.; Sánchez, L. Antibacterial Activity of Bovine Milk Lactoferrin on the Emerging Foodborne Pathogen Cronobacter Sakazakii: Effect of Media and Heat Treatment. Food Control 2015, 47, 520–525. [Google Scholar] [CrossRef]

	



Ripolles, D.; Harouna, S.; Parrón, J.A.; Calvo, M.; Pérez, M.D.; Carramiñana, J.J.; Sánchez, L. Antibacterial Activity of Bovine Milk Lactoferrin and Its Hydrolysates Prepared with Pepsin, Chymosin and Microbial Rennet against Foodborne Pathogen Listeria Monocytogenes. Int. Dairy J. 2015, 45, 15–22. [Google Scholar] [CrossRef]

	



Conesa, C.; García, C.; Pérez, M.; Calvo, M.; Sanchez, L. Antimicrobial Activity of Recombinant Human Lactoferrin from Aspergillus Awamori, Human Milk Lactoferrin and Their Hydrolysates. Eur. Food Res. Technol. 2008, 228, 205–211. [Google Scholar] [CrossRef]

	



Conesa, C.; Sánchez, L.; Rota, C.; Pérez, M.-D.; Calvo, M.; Farnaud, S.; Evans, R.W. Isolation of Lactoferrin from Milk of Different Species: Calorimetric and Antimicrobial Studies. Comp. Biochem. Physiol. Part B Biochem. Mol. Biol. 2008, 150, 131–139. [Google Scholar] [CrossRef]

	



Ellison, R.T.; Giehl, T.J. Killing of Gram-Negative Bacteria by Lactoferrin and Lysozyme. J. Clin. Investig. 1991, 88, 1080–1091. [Google Scholar] [CrossRef]

	



Diarra, M.S.; Petitclerc, D.; Lacasse, P. Effect of Lactoferrin in Combination with Penicillin on the Morphology and the Physiology of Staphylococcus Aureus Isolated from Bovine Mastitis1, 2. J. Dairy Sci. 2002, 85, 1141–1149. [Google Scholar] [CrossRef]

	



Khorshidian, N.; Khanniri, E.; Koushki, M.R.; Sohrabvandi, S.; Yousefi, M. An Overview of Antimicrobial Activity of Lysozyme and Its Functionality in Cheese. Front. Nutr. 2022, 9, 833618. [Google Scholar] [CrossRef] [PubMed]

	



Ragland, S.A.; Criss, A.K. From Bacterial Killing to Immune Modulation: Recent Insights into the Functions of Lysozyme. PLoS Pathog. 2017, 13, e1006512. [Google Scholar] [CrossRef] [PubMed]

	



Ferraboschi, P.; Ciceri, S.; Grisenti, P. Applications of Lysozyme, an Innate Immune Defense Factor, as an Alternative Antibiotic. Antibiotics 2021, 10, 1534. [Google Scholar] [CrossRef] [PubMed]

	



Callewaert, L.; Michiels, C.W. Lysozymes in the Animal Kingdom. J. Biosci. 2010, 35, 127–160. [Google Scholar] [CrossRef]

	



Wei, Z.; Wu, S.; Xia, J.; Shao, P.; Sun, P.; Xiang, N. Enhanced Antibacterial Activity of Hen Egg-White Lysozyme against Staphylococcus aureus and Escherichia coli Due to Protein Fibrillation. Biomacromolecules 2021, 22, 890–897. [Google Scholar] [CrossRef]

	



Yu, L.; Sun, B.; Li, J.; Sun, L. Characterization of a C-Type Lysozyme of Scophthalmus Maximus: Expression, Activity, and Antibacterial Effect. Fish Shellfish. Immunol. 2013, 34, 46–54. [Google Scholar] [CrossRef]

	



Ling, X.; Lv, J.; Chen, F.; Qin, X.; Wu, M.; Bai, F.; Luo, H. Expression Characteristics and in Vitro Antibacterial Properties of C-Type Lysozyme in Crucian Carp Infected with Aeromonas Salmonicida. Heliyon 2024, 10, e24044. [Google Scholar] [CrossRef]

	



Venkataramani, S.; Truntzer, J.; Coleman, D. Thermal Stability of High Concentration Lysozyme across Varying pH: A Fourier Transform Infrared Study. J. Pharm. Bioall. Sci. 2013, 5, 148. [Google Scholar] [CrossRef]

	



Cosentino, C.; Labella, C.; Elshafie, H.S.; Camele, I.; Musto, M.; Paolino, R.; D’Adamo, C.; Freschi, P. Effects of Different Heat Treatments on Lysozyme Quantity and Antimicrobial Activity of Jenny Milk. J. Dairy Sci. 2016, 99, 5173–5179. [Google Scholar] [CrossRef] [PubMed]

	



Nawaz, N.; Wen, S.; Wang, F.; Nawaz, S.; Raza, J.; Iftikhar, M.; Usman, M. Lysozyme and Its Application as Antibacterial Agent in Food Industry. Molecules 2022, 27, 6305. [Google Scholar] [CrossRef] [PubMed]

	



Davidson, P.M. Antimicrobials in Food; Routledge: London, UK, 2021. [Google Scholar]

	



Ibrahim, H.R.; Matsuzaki, T.; Aoki, T. Genetic Evidence That Antibacterial Activity of Lysozyme Is Independent of Its Catalytic Function. FEBS Lett. 2001, 506, 27–32. [Google Scholar] [CrossRef] [PubMed]

	



Martini, M.; Salari, F.; Licitra, R.; La Motta, C.; Altomonte, I. Lysozyme Activity in Donkey Milk. Int. Dairy J. 2019, 96, 98–101. [Google Scholar] [CrossRef]

	



Eladawy, M.; El-Mowafy, M.; El-Sokkary, M.M.A.; Barwa, R. Effects of Lysozyme, Proteinase K, and Cephalosporins on Biofilm Formation by Clinical Isolates of Pseudomonas Aeruginosa. Interdiscip. Perspect. Infect. Dis. 2020, 2020, e6156720. [Google Scholar] [CrossRef]

	



Ibrahim, H.R.; Imazato, K.; Ono, H. Human Lysozyme Possesses Novel Antimicrobial Peptides within Its N-Terminal Domain That Target Bacterial Respiration. J. Agric. Food Chem. 2011, 59, 10336–10345. [Google Scholar] [CrossRef]

	



Shibuya, S.; Watanabe, K.; Ozawa, Y.; Shimizu, T. Xanthine Oxidoreductase-Mediated Superoxide Production Is Not Involved in the Age-Related Pathologies in Sod1-Deficient Mice. Int. J. Mol. Sci. 2021, 22, 3542. [Google Scholar] [CrossRef]

	



Battelli, M.G.; Polito, L.; Bortolotti, M.; Bolognesi, A. Xanthine Oxidoreductase-Derived Reactive Species: Physiological and Pathological Effects. Oxidative Med. Cell. Longev. 2016, 2016, 1–8. [Google Scholar] [CrossRef]

	



Mehmood, A.; Ishaq, M.; Zhao, L.; Safdar, B.; Rehman, A.; Munir, M.; Raza, A.; Nadeem, M.; Iqbal, W.; Wang, C. Natural Compounds with Xanthine Oxidase Inhibitory Activity: A Review. Chem. Biol. Drug Des. 2019, 93, 387–418. [Google Scholar] [CrossRef]

	



Mi, S.; Gong, L.; Sui, Z. Friend or Foe? An Unrecognized Role of Uric Acid in Cancer Development and the Potential Anticancer Effects of Uric Acid-Lowering Drugs. J. Cancer 2020, 11, 5236–5244. [Google Scholar] [CrossRef]

	



Furuhashi, M. New Insights into Purine Metabolism in Metabolic Diseases: Role of Xanthine Oxidoreductase Activity. Am. J. Physiol.-Endocrinol. Metab. 2020, 319, E827–E834. [Google Scholar] [CrossRef] [PubMed]

	



Gadave, K.S.; Panda, S.; Singh, S.; Kalra, S.; Malakar, D.; Mohanty, A.K.; Kaushik, J.K. Structural and Functional Insights into the Catalytic Inactivity of the Major Fraction of Buffalo Milk Xanthine Oxidoreductase. PLoS ONE 2014, 9, e87618. [Google Scholar] [CrossRef] [PubMed]

	



Kostić, D.A.; Dimitrijević, D.S.; Stojanović, G.S.; Palić, I.R.; Đorđević, A.S.; Ickovski, J.D. Xanthine Oxidase: Isolation, Assays of Activity, and Inhibition. J. Chem. 2015, volume 2015, 1–8. [Google Scholar] [CrossRef]

	



Ozturk, G.; German, J.B.; De Moura Bell, J.M.L.N. Effects of Industrial Heat Treatments on the Kinetics of Inactivation of Antimicrobial Bovine Milk Xanthine Oxidase. NPJ Sci. Food 2019, 3, 13. [Google Scholar] [CrossRef] [PubMed]

	



Ozturk, G.; Liang, N.; Bhattacharya, M.; Robinson, R.C.; Shankar, S.; Huang, Y.-P.; Paviani, B.; Taha, A.Y.; Barile, D. Glycoproteomic and Lipidomic Characterization of Industrially Produced Whey Protein Phospholipid Concentrate with Emphasis on Antimicrobial Xanthine Oxidase, Oxylipins and Small Milk Fat Globules. Dairy 2022, 3, 277–302. [Google Scholar] [CrossRef]

	



Ozturk, G.; Shah, I.M.; Mills, D.A.; German, J.B.; De Moura Bell, J.M.L.N. The Antimicrobial Activity of Bovine Milk Xanthine Oxidase. Int. Dairy J. 2020, 102, 104581. [Google Scholar] [CrossRef] [PubMed]

	



Al-Shehri, S.S.; Knox, C.L.; Liley, H.G.; Cowley, D.M.; Wright, J.R.; Henman, M.G.; Hewavitharana, A.K.; Charles, B.G.; Shaw, P.N.; Sweeney, E.L.; et al. Breastmilk-Saliva Interactions Boost Innate Immunity by Regulating the Oral Microbiome in Early Infancy. PLoS ONE 2015, 10, e0135047. [Google Scholar] [CrossRef]

	



Sweeney, E.L.; Al-Shehri, S.S.; Cowley, D.M.; Liley, H.G.; Bansal, N.; Charles, B.G.; Shaw, P.N.; Duley, J.A.; Knox, C.L. The Effect of Breastmilk and Saliva Combinations on the in Vitro Growth of Oral Pathogenic and Commensal Microorganisms. Sci. Rep. 2018, 8, 15112. [Google Scholar] [CrossRef]

	



Musilova, S.; Rada, V.; Vlkova, E.; Bunesova, V. Beneficial Effects of Human Milk Oligosaccharides on Gut Microbiota. Benef. Microbes 2014, 5, 273–283. [Google Scholar] [CrossRef]

	



Walsh, C.; Lane, J.A.; van Sinderen, D.; Hickey, R.M. Human Milk Oligosaccharides: Shaping the Infant Gut Microbiota and Supporting Health. J. Funct. Foods 2020, 72, 104074. [Google Scholar] [CrossRef]

	



Yang, Y.; Palm, N.W. Immunoglobulin A and the Microbiome. Curr. Opin. Microbiol. 2020, 56, 89–96. [Google Scholar] [CrossRef]

	



Janzon, A.; Goodrich, J.K.; Koren, O.; the TEDDY Study Group; Waters, J.L.; Ley, R.E. Interactions between the Gut Microbiome and Mucosal Immunoglobulins A, M, and G in the Developing Infant Gut. mSystems 2019, 4, e00612-19. [Google Scholar] [CrossRef]

	



Silva, E.; Oliveira, J.; Silva, Y.; Urbano, S.; Sales, D.; Moraes, E.; Rangel, A.; Anaya, K. Lactoperoxidase System in the Dairy Industry: Challenges and Opportunities. Czech J. Food Sci. 2020, 38, 337–346. [Google Scholar] [CrossRef]

	



Köksal, Z.; Alim, Z. Lactoperoxidase, an Antimicrobial Enzyme, Is Inhibited by Some Indazoles. Drug Chem. Toxicol. 2020, 43, 22–26. [Google Scholar] [CrossRef]

	



Lara-Aguilar, S.; Alcaine, S.D. Lactose Oxidase: A Novel Activator of the Lactoperoxidase System in Milk for Improved Shelf Life. J. Dairy Sci. 2019, 102, 1933–1942. [Google Scholar] [CrossRef]

	



Bafort, F.; Parisi, O.; Perraudin, J.-P.; Jijakli, M.H. Mode of Action of Lactoperoxidase as Related to Its Antimicrobial Activity: A Review. Enzym. Res. 2014, 2014, 517164. [Google Scholar] [CrossRef] [PubMed]

	



Al-Baarri, A.N.; Damayanti, N.T.; Legowo, A.M.; Tekiner, İ.H.; Hayakawa, S. Enhanced Antibacterial Activity of Lactoperoxidase–Thiocyanate–Hydrogen Peroxide System in Reduced-Lactose Milk Whey. Int. J. Food Sci. 2019, 8013402. [Google Scholar] [CrossRef] [PubMed]

	



EL-Fakharany, E.M.; Abd-Elhamid, A.I.; El-Deeb, N.M. Preparation and Characterization of Novel Nanocombination of Bovine Lactoperoxidase with Dye Decolorizing and Anti-Bacterial Activity. Sci. Rep. 2019, 9, 8530. [Google Scholar] [CrossRef]

	



Mahdi, L.; Mahdi, N.; Al-kakei, S.; Musafer, H.; Al-Joofy, I.; Essa, R.; Zwain, L.; Salman, I.; Mater, H.; Al-Alak, S.; et al. Treatment Strategy by Lactoperoxidase and Lactoferrin Combination: Immunomodulatory and Antibacterial Activity against Multidrug-Resistant Acinetobacter Baumannii. Microb. Pathog. 2018, 114, 147–152. [Google Scholar] [CrossRef] [PubMed]

	



Jo, R.; Yama, K.; Aita, Y.; Tsutsumi, K.; Ishihara, C.; Maruyama, M.; Takeda, K.; Nishinaga, E.; Shibasaki, K.; Morishima, S. Comparison of Oral Microbiome Profiles in 18-Month-Old Infants and Their Parents. Sci. Rep. 2021, 11, 861. [Google Scholar] [CrossRef] [PubMed]

	



Cieslak, M.; Ferreira, C.H.F.; Shifrin, Y.; Pan, J.; Belik, J. Human Milk H2O2 Content: Does It Benefit Preterm Infants? Pediatr. Res. 2018, 83, 687–692. [Google Scholar] [CrossRef]

	



Ulfman, L.H.; Leusen, J.H.W.; Savelkoul, H.F.J.; Warner, J.O.; Van Neerven, R.J.J. Effects of Bovine Immunoglobulins on Immune Function, Allergy, and Infection. Front. Nutr. 2018, 5, 52. [Google Scholar] [CrossRef]

	



Hurley, W.L.; Theil, P.K. Perspectives on Immunoglobulins in Colostrum and Milk. Nutrients 2011, 3, 442–474. [Google Scholar] [CrossRef]

	



Sawa, T.; Kinoshita, M.; Inoue, K.; Ohara, J.; Moriyama, K. Immunoglobulin for Treating Bacterial Infections: One More Mechanism of Action. Antibodies 2019, 8, 52. [Google Scholar] [CrossRef]

	



Rio-Aige, K.; Azagra-Boronat, I.; Castell, M.; Selma-Royo, M.; Collado, M.C.; Rodríguez-Lagunas, M.J.; Pérez-Cano, F.J. The Breast Milk Immunoglobulinome. Nutrients 2021, 13, 1810. [Google Scholar] [CrossRef] [PubMed]

	



Hodgkinson, A.J.; Cakebread, J.; Callaghan, M.; Harris, P.; Brunt, R.; Anderson, R.C.; Armstrong, K.M.; Haigh, B. Comparative Innate Immune Interactions of Human and Bovine Secretory IgA with Pathogenic and Non-Pathogenic Bacteria. Dev. Comp. Immunol. 2017, 68, 21–25. [Google Scholar] [CrossRef] [PubMed]

	



Mathias, A.; Corthésy, B. N-Glycans on Secretory Component: Mediators of the Interaction between Secretory IgA and Gram-Positive Commensals Sustaining Intestinal Homeostasis. Gut Microbes 2011, 2, 287–293. [Google Scholar] [CrossRef] [PubMed]

	



Cakebread, J.A.; Humphrey, R.; Hodgkinson, A.J. Immunoglobulin A in Bovine Milk: A Potential Functional Food? J. Agric. Food Chem. 2015, 63, 7311–7316. [Google Scholar] [CrossRef] [PubMed]

	



Palm, N.W.; de Zoete, M.R.; Cullen, T.W.; Barry, N.A.; Stefanowski, J.; Hao, L.; Degnan, P.H.; Hu, J.; Peter, I.; Zhang, W.; et al. Immunoglobulin A Coating Identifies Colitogenic Bacteria in Inflammatory Bowel Disease. Cell 2014, 158, 1000–1010. [Google Scholar] [CrossRef] [PubMed]

	



Zeng, M.Y.; Cisalpino, D.; Varadarajan, S.; Hellman, J.; Warren, H.S.; Cascalho, M.; Inohara, N.; Núñez, G. Gut Microbiota-Induced Immunoglobulin G Controls Systemic Infection by Symbiotic Bacteria and Pathogens. Immunity 2016, 44, 647–658. [Google Scholar] [CrossRef] [PubMed]

	



Petrechen, L.N.; Zago, F.H.; Sesso, M.L.T.; Bertoldo, B.B.; Silva, C.B.; Azevedo, K.P.; De Lima Pereira, S.A.; Geraldo-Martins, V.R.; Ferriani, V.P.L.; Nogueira, R.D. Levels and Complexity of IgA Antibody against Oral Bacteria in Samples of Human Colostrum. Immunobiology 2015, 220, 142–146. [Google Scholar] [CrossRef]

	



Van Dijk, A.; Hedegaard, C.J.; Haagsman, H.P.; Heegaard, P.M.H. The Potential for Immunoglobulins and Host Defense Peptides (HDPs) to Reduce the Use of Antibiotics in Animal Production. Vet. Res. 2018, 49, 68. [Google Scholar] [CrossRef]

	



Oliver, W.T.; Wells, J.E. Lysozyme as an Alternative to Antibiotics Improves Growth Performance and Small Intestinal Morphology in Nursery Pigs1. J. Anim. Sci. 2013, 91, 3129–3136. [Google Scholar] [CrossRef]

	



Atyeo, C.; Alter, G. The Multifaceted Roles of Breast Milk Antibodies. Cell 2021, 184, 1486–1499. [Google Scholar] [CrossRef] [PubMed]

	



Giorgio, D.; Di Trana, A.; Salvatore, C. Oligosaccharides, Polyamines and Sphingolipids in Ruminant Milk. Small Rumin. Res. 2018, 160, 6. [Google Scholar] [CrossRef]

	



Bode, L.; Contractor, N.; Barile, D.; Pohl, N.; Prudden, A.R.; Boons, G.-J.; Jin, Y.-S.; Jennewein, S. Overcoming the Limited Availability of Human Milk Oligosaccharides: Challenges and Opportunities for Research and Application. Nutr. Rev. 2016, 74, 635–644. [Google Scholar] [CrossRef] [PubMed]

	



Sprenger, G.A.; Baumgärtner, F.; Albermann, C. Production of Human Milk Oligosaccharides by Enzymatic and Whole-Cell Microbial Biotransformations. J. Biotechnol. 2017, 258, 79–91. [Google Scholar] [CrossRef] [PubMed]

	



Urashima, T.; Hirabayashi, J.; Sato, S.; Kobata, A. Human Milk Oligosaccharides as Essential Tools for Basic and Application Studies on Galectins. Trends Glycosci. Glycotechnol. 2018, 30, SE51–SE65. [Google Scholar] [CrossRef]

	



Ninonuevo, M.R.; Park, Y.; Yin, H.; Zhang, J.; Ward, R.E.; Clowers, B.H.; German, J.B.; Freeman, S.L.; Killeen, K.; Grimm, R.; et al. A Strategy for Annotating the Human Milk Glycome. J. Agric. Food Chem. 2006, 54, 7471–7480. [Google Scholar] [CrossRef]

	



Wu, S.; Tao, N.; German, J.B.; Grimm, R.; Lebrilla, C.B. Development of an Annotated Library of Neutral Human Milk Oligosaccharides. J. Proteome Res. 2010, 9, 4138–4151. [Google Scholar] [CrossRef]

	



Robinson, R.C. Structures and Metabolic Properties of Bovine Milk Oligosaccharides and Their Potential in the Development of Novel Therapeutics. Front. Nutr. 2019, 6, 50. [Google Scholar] [CrossRef]

	



Mussatto, S.I.; Mancilha, I.M. Non-Digestible Oligosaccharides: A Review. Carbohydr. Polym. 2007, 68, 587–597. [Google Scholar] [CrossRef]

	



Sánchez, C.; Franco, L.; Regal, P.; Lamas, A.; Cepeda, A.; Fente, C. Breast Milk: A Source of Functional Compounds with Potential Application in Nutrition and Therapy. Nutrients 2021, 13, 1026. [Google Scholar] [CrossRef] [PubMed]

	



Qiang, X.; YongLie, C.; QianBing, W. Health Benefit Application of Functional Oligosaccharides. Carbohydr. Polym. 2009, 77, 435–441. [Google Scholar] [CrossRef]

	



Liu, X.; Li, X.; Bai, Y.; Zhou, X.; Chen, L.; Qiu, C.; Lu, C.; Jin, Z.; Long, J.; Xie, Z. Natural Antimicrobial Oligosaccharides in the Food Industry. Int. J. Food Microbiol. 2023, 386, 110021. [Google Scholar] [CrossRef] [PubMed]

	



Asadpoor, M.; Peeters, C.; Henricks, P.A.J.; Varasteh, S.; Pieters, R.; Folkerts, G.; Braber, S. Anti-Pathogenic Functions of Non-Digestible Oligosaccharides In Vitro. Nutrients 2020, 12, 1789. [Google Scholar] [CrossRef]

	



Zokaityte, E.; Cernauskas, D.; Klupsaite, D.; Lele, V.; Starkute, V.; Zavistanaviciute, P.; Ruzauskas, M.; Gruzauskas, R.; Juodeikiene, G.; Rocha, J.M.; et al. Bioconversion of Milk Permeate with Selected Lactic Acid Bacteria Strains and Apple By-Products into Beverages with Antimicrobial Properties and Enriched with Galactooligosaccharides. Microorganisms 2020, 8, 1182. [Google Scholar] [CrossRef]

	



Ruiz-Palacios, G.M.; Cervantes, L.E.; Ramos, P.; Chavez-Munguia, B.; Newburg, D.S. Campylobacter Jejuni Binds Intestinal H(O) Antigen (Fuc Alpha 1, 2Gal Beta 1, 4GlcNAc), and Fucosyloligosaccharides of Human Milk Inhibit Its Binding and Infection. J. Biol. Chem. 2003, 278, 14112–14120. [Google Scholar] [CrossRef]

	



Yu, Z.-T.; Nanthakumar, N.N.; Newburg, D.S. The Human Milk Oligosaccharide 2′-Fucosyllactose Quenches Campylobacter Jejuni-Induced Inflammation in Human Epithelial Cells HEp-2 and HT-29 and in Mouse Intestinal Mucosa. J. Nutr. 2016, 146, 1980–1990. [Google Scholar] [CrossRef]

	



Morrow, A.L.; Ruiz-Palacios, G.M.; Altaye, M.; Jiang, X.; Guerrero, M.L.; Meinzen-Derr, J.K.; Farkas, T.; Chaturvedi, P.; Pickering, L.K.; Newburg, D.S. Human Milk Oligosaccharides Are Associated with Protection against Diarrhea in Breast-Fed Infants. J. Pediatr. 2004, 145, 297–303. [Google Scholar] [CrossRef]

	



Blaser, M.J. Antibiotic Use and Its Consequences for the Normal Microbiome. Science 2016, 352, 544–545. [Google Scholar] [CrossRef] [PubMed]

	



Talbert, A.W.A.; Mwaniki, M.; Mwarumba, S.; Newton, C.R.J.C.; Berkley, J.A. Invasive Bacterial Infections in Neonates and Young Infants Born Outside Hospital Admitted to a Rural Hospital in Kenya. Pediatr. Infect. Dis. J. 2010, 29, 945–949. [Google Scholar] [CrossRef] [PubMed]

	



Henrick, B.M.; Chew, S.; Casaburi, G.; Brown, H.K.; Frese, S.A.; Zhou, Y.; Underwood, M.A.; Smilowitz, J.T. Colonization by B. Infantis EVC001 Modulates Enteric Inflammation in Exclusively Breastfed Infants. Pediatr. Res. 2019, 86, 749–757. [Google Scholar] [CrossRef] [PubMed]

	



Underwood, M.A.; German, J.B.; Lebrilla, C.B.; Mills, D.A. Bifidobacterium Longum Subspecies Infantis: Champion Colonizer of the Infant Gut. Pediatr. Res. 2015, 77, 229–235. [Google Scholar] [CrossRef]

	



Nadimpalli, M.L.; Bourke, C.D.; Robertson, R.C.; Delarocque-Astagneau, E.; Manges, A.R.; Pickering, A.J. Can Breastfeeding Protect against Antimicrobial Resistance? BMC Med. 2020, 18, 392. [Google Scholar] [CrossRef] [PubMed]

	



Victora, C.G.; Bahl, R.; Barros, A.J.D.; França, G.V.A.; Horton, S.; Krasevec, J.; Murch, S.; Sankar, M.J.; Walker, N.; Rollins, N.C.; et al. Breastfeeding in the 21st Century: Epidemiology, Mechanisms, and Lifelong Effect. Lancet 2016, 387, 475–490. [Google Scholar] [CrossRef]

	



Manthey, C.F.; Autran, C.A.; Eckmann, L.; Bode, L. Human Milk Oligosaccharides Protect against Enteropathogenic Escherichia Coli Attachment in Vitro and EPEC Colonization in Suckling Mice. J. Pediatr. Gastroenterol. Nutr. 2014, 58, 165–168. [Google Scholar] [CrossRef]

	



Coppa, G.V.; Zampini, L.; Galeazzi, T.; Facinelli, B.; Ferrante, L.; Capretti, R.; Orazio, G. Human Milk Oligosaccharides Inhibit the Adhesion to Caco-2 Cells of Diarrheal Pathogens: Escherichia Coli, Vibrio Cholerae, and Salmonella Fyris. Pediatr. Res. 2006, 59, 377–382. [Google Scholar] [CrossRef]

	



Simon, P.M.; Goode, P.L.; Mobasseri, A.; Zopf, D. Inhibition of Helicobacter Pylori Binding to Gastrointestinal Epithelial Cells by Sialic Acid-Containing Oligosaccharides. Infect. Immun. 1997, 65, 750–757. [Google Scholar] [CrossRef]

	



Weichert, S.; Jennewein, S.; Hüfner, E.; Weiss, C.; Borkowski, J.; Putze, J.; Schroten, H. Bioengineered 2′-Fucosyllactose and 3-Fucosyllactose Inhibit the Adhesion of Pseudomonas Aeruginosa and Enteric Pathogens to Human Intestinal and Respiratory Cell Lines. Nutr. Res. 2013, 33, 831–838. [Google Scholar] [CrossRef]

	



Maldonado-Gomez, M.X.; Lee, H.; Barile, D.; Lu, M.; Hutkins, R.W. Adherence Inhibition of Enteric Pathogens to Epithelial Cells by Bovine Colostrum Fractions. Int. Dairy J. 2015, 40, 24–32. [Google Scholar] [CrossRef]

	



Urakami, H.; Saeki, M.; Watanabe, Y.; Kawamura, R.; Nishizawa, S.; Suzuki, Y.; Watanabe, A.; Ajisaka, K. Isolation and Assessment of Acidic and Neutral Oligosaccharides from Goat Milk and Bovine Colostrum for Use as Ingredients of Infant Formulae. Int. Dairy J. 2018, 83, 4. [Google Scholar] [CrossRef]

	



Ackerman, D.L.; Craft, K.M.; Doster, R.S.; Weitkamp, J.-H.; Aronoff, D.M.; Gaddy, J.A.; Townsend, S.D. Antimicrobial and Antibiofilm Activity of Human Milk Oligosaccharides against Streptococcus agalactiae, Staphylococcus aureus, and Acinetobacter baumannii. ACS Infect. Dis. 2018, 4, 315–324. [Google Scholar] [CrossRef] [PubMed]

	



Spicer, S.K.; Gaddy, J.A.; Townsend, S.D. Recent Advances on Human Milk Oligosaccharide Antimicrobial Activity. Curr. Opin. Chem. Biol. 2022, 71, 102202. [Google Scholar] [CrossRef] [PubMed]

	



Lin, A.E.; Autran, C.A.; Szyszka, A.; Escajadillo, T.; Huang, M.; Godula, K.; Prudden, A.R.; Boons, G.-J.; Lewis, A.L.; Doran, K.S.; et al. Human Milk Oligosaccharides Inhibit Growth of Group B Streptococcus. J. Biol. Chem. 2017, 292, 11243–11249. [Google Scholar] [CrossRef] [PubMed]

	



Weinborn, V.; Li, Y.; Shah, I.M.; Yu, H.; Dallas, D.C.; German, J.B.; Mills, D.A.; Chen, X.; Barile, D. Production of Functional Mimics of Human Milk Oligosaccharides by Enzymatic Glycosylation of Bovine Milk Oligosaccharides. Int. Dairy J. 2020, 102, 104583. [Google Scholar] [CrossRef] [PubMed]

	



Craft, K.M.; Thomas, H.C.; Townsend, S.D. Interrogation of Human Milk Oligosaccharide Fucosylation Patterns for Antimicrobial and Antibiofilm Trends in Group B Streptococcus. ACS Infect. Dis. 2018, 4, 1755–1765. [Google Scholar] [CrossRef]

	



Permyakov, E.A. α-Lactalbumin, Amazing Calcium-Binding Protein. Biomolecules 2020, 10, 1210. [Google Scholar] [CrossRef]

	



Layman, D.K.; Lönnerdal, B.; Fernstrom, J.D. Applications for α-Lactalbumin in Human Nutrition. Nutr. Rev. 2018, 76, 444–460. [Google Scholar] [CrossRef]

	



Lajnaf, R.; Gharsallah, H.; Jridi, M.; Attia, H.; Ayadi, M.A. Antioxidant and Antibacterial Activities, Interfacial and Emulsifying Properties of the Apo and Holo Forms of Purified Camel and Bovine α-Lactalbumin. Int. J. Biol. Macromol. 2020, 165, 205–213. [Google Scholar] [CrossRef]

	



Diao, M.; Yan, M.; Wang, Y.; Yan, X.; Dong, S.; Lu, Y.; Zhang, T. Characterization and Antibacterial Activity Study of α-Lactalbumin-Carvacrol Complex. Food Chem. 2022, 397, 133820. [Google Scholar] [CrossRef]

	



Wong, R.W.C.; Guillaud, L. The Role of Epidermal Growth Factor and Its Receptors in Mammalian CNS. Cytokine Growth Factor Rev. 2004, 15, 147–156. [Google Scholar] [CrossRef] [PubMed]

	



Zeng, F.; Harris, R.C. Epidermal Growth Factor, from Gene Organization to Bedside. Semin. Cell Dev. Biol. 2014, 28, 2–11. [Google Scholar] [CrossRef] [PubMed]

	



Khodabakhshi, A.; Ghayour-Mobarhan, M.; Rooki, H.; Vakili, R.; Hashemy, S.-I.; Mirhafez, S.R.; Shakeri, M.-T.; Kashanifar, R.; Pourbafarani, R.; Mirzaei, H.; et al. Comparative Measurement of Ghrelin, Leptin, Adiponectin, EGF and IGF-1 in Breast Milk of Mothers with Overweight/Obese and Normal-Weight Infants. Eur. J. Clin. Nutr. 2015, 69, 614–618. [Google Scholar] [CrossRef] [PubMed]

	



Dvorak, B. Milk Epidermal Growth Factor and Gut Protection. J. Pediatr. 2010, 156, S31–S35. [Google Scholar] [CrossRef] [PubMed]

	



Knoop, K.A.; Coughlin, P.E.; Floyd, A.N.; Ndao, I.M.; Hall-Moore, C.; Shaikh, N.; Gasparrini, A.J.; Rusconi, B.; Escobedo, M.; Good, M.; et al. Maternal Activation of the EGFR Prevents Translocation of Gut-Residing Pathogenic Escherichia Coli in a Model of Late-Onset Neonatal Sepsis. Proc. Natl. Acad. Sci. USA 2020, 117, 7941–7949. [Google Scholar] [CrossRef] [PubMed]

	



Mohsen, L.; Ramy, N.; Saied, D.; Akmal, D.; Salama, N.; Abdel Haleim, M.M.; Aly, H. Emerging Antimicrobial Resistance in Early and Late-Onset Neonatal Sepsis. Antimicrob. Resist. Infect. Control 2017, 6, 63. [Google Scholar] [CrossRef]

	



Tang, M.; Mei, J.; Sun, M.; Ma, K.; Zhao, A.; Fu, X. An Optimized Method to Visualize the Goblet Cell-Associated Antigen Passages and Identify Goblet Cells in the Intestine, Conjunctiva, and Airway. Immunobiology 2022, 227, 152260. [Google Scholar] [CrossRef]

	



Eigel, W.N.; Butler, J.E.; Ernstrom, C.A.; Farrell, H.M., Jr.; Harwalkar, V.R.; Jenness, R.; Whitney, R.M. Nomenclature of Proteins of Cow’s Milk: Fifth Revision1. J. Dairy Sci. 1984, 67, 1599–1631. [Google Scholar] [CrossRef]

	



Yvon, M.; Beucher, S.; Guilloteau, P.; Le Huerou-Luron, I.; Corring, T. Effects of Caseinomacropeptide (CMP) on Digestion Regulation. Reprod. Nutr. Dev. 1994, 34, 527–537. [Google Scholar] [CrossRef]

	



Córdova-Dávalos, L.E.; Jiménez, M.; Salinas, E. Glycomacropeptide Bioactivity and Health: A Review Highlighting Action Mechanisms and Signaling Pathways. Nutrients 2019, 11, 598. [Google Scholar] [CrossRef] [PubMed]

	



Wang, B.; Brand-Miller, J.; McVeagh, P.; Petocz, P. Concentration and Distribution of Sialic Acid in Human Milk and Infant Formulas. Am. J. Clin. Nutr. 2001, 74, 510–515. [Google Scholar] [CrossRef] [PubMed]

	



Nakajima, K.; Tamura, N.; Kobayashi-Hattori, K.; Yoshida, T.; Hara-Kudo, Y.; Ikedo, M.; Sugita-Konishi, Y.; Hattori, M. Prevention of Intestinal Infection by Glycomacropeptide. Biosci. Biotechnol. Biochem. 2005, 69, 2294–2301. [Google Scholar] [CrossRef]

	



Rhoades, J.R.; Gibson, G.R.; Formentin, K.; Beer, M.; Greenberg, N.; Rastall, R.A. Caseinoglycomacropeptide Inhibits Adhesion of Pathogenic Escherichia Coli Strains to Human Cells in Culture. J. Dairy Sci. 2005, 88, 3455–3459. [Google Scholar] [CrossRef] [PubMed]

	



Brück, W.M.; Kelleher, S.L.; Gibson, G.R.; Graverholt, G.; Lönnerdal, B.L. The Effects of Alpha-Lactalbumin and Glycomacropeptide on the Association of CaCo-2 Cells by Enteropathogenic Escherichia coli, Salmonella typhimurium and Shigella flexneri. FEMS Microbiol. Lett. 2006, 259, 158–162. [Google Scholar] [CrossRef] [PubMed]

	



Lauc, G.; Trbojević-Akmačić, I. (Eds.) The Role of Glycosylation in Health and Disease. In Advances in Experimental Medicine and Biology; Springer: Cham, Switzerland, 2021; Volume 1325, ISBN 978-3-030-70114-7. [Google Scholar]

	



Prydz, K. Determinants of Glycosaminoglycan (GAG) Structure. Biomolecules 2015, 5, 2003–2022. [Google Scholar] [CrossRef] [PubMed]

	



Linhardt, R.J.; Toida, T. Role of Glycosaminoglycans in Cellular Communication. Acc. Chem. Res. 2004, 37, 431–438. [Google Scholar] [CrossRef]

	



Coppa, G.V.; Gabrielli, O.; Bertino, E.; Zampini, L.; Galeazzi, T.; Padella, L.; Santoro, L.; Marchesiello, R.L.; Galeotti, F.; Maccari, F.; et al. Human Milk Glycosaminoglycans: The State of the Art and Future Perspectives. Ital. J. Pediatr. 2013, 39, 2. [Google Scholar] [CrossRef]

	



Coppa, G.V.; Facinelli, B.; Magi, G.; Marini, E.; Zampini, L.; Mantovani, V.; Galeazzi, T.; Padella, L.; Marchesiello, R.L.; Santoro, L.; et al. Human Milk Glycosaminoglycans Inhibit in Vitro the Adhesion of Escherichia Coli and Salmonella Fyris to Human Intestinal Cells. Pediatr. Res. 2016, 79, 603–607. [Google Scholar] [CrossRef]

	



Seychell, B.C.; Vella, M.; Hunter, G.J.; Hunter, T.; Seychell, B.C.; Vella, M.; Hunter, G.J.; Hunter, T. The Good and the Bad: The Bifunctional Enzyme Xanthine Oxidoreductase in the Production of Reactive Oxygen Species. In Reactive Oxygen Species—Advances and Developments; IntechOpen: London, UK, 2023; ISBN 978-1-83768-253-9. [Google Scholar]

	



Wiciński, M.; Sawicka, E.; Gębalski, J.; Kubiak, K.; Malinowski, B. Human Milk Oligosaccharides: Health Benefits, Potential Applications in Infant Formulas, and Pharmacology. Nutrients 2020, 12, 266. [Google Scholar] [CrossRef]

	



Li, M.; Monaco, M.H.; Wang, M.; Comstock, S.S.; Kuhlenschmidt, T.B.; Fahey, G.C.; Miller, M.J.; Kuhlenschmidt, M.S.; Donovan, S.M. Human Milk Oligosaccharides Shorten Rotavirus-Induced Diarrhea and Modulate Piglet Mucosal Immunity and Colonic Microbiota. ISME J. 2014, 8, 1609–1620. [Google Scholar] [CrossRef] [PubMed]

	



Megha, K.B.; Mohanan, P.V. Role of Immunoglobulin and Antibodies in Disease Management. Int. J. Biol. Macromol. 2021, 169, 28–38. [Google Scholar] [CrossRef] [PubMed]

	



Azizi, G.; Abolhassani, H.; Asgardoon, M.H.; Shaghaghi, S.; Negahdari, B.; Mohammadi, J.; Rezaei, N.; Aghamohammadi, A. Managing Patients with Side Effects and Adverse Events to Immunoglobulin Therapy. Expert Rev. Clin. Pharmacol. 2016, 9, 91–102. [Google Scholar] [CrossRef] [PubMed]

	



Farkye, N.Y.; Bansal, N. Enzymes. In Encyclopedia of Dairy Sciences, 2nd ed.; Fuquay, J.W., Ed.; Academic Press: San Diego, CA, USA, 2011; pp. 327–334. ISBN 978-0-12-374407-4. [Google Scholar]

	



Weinberg, E.D. The development of awareness of iron-withholding defense. Perspect. Biol. Med. 1993, 36, 215–221. [Google Scholar] [CrossRef]

	



Weinberg, E.D. Human lactoferrin: A novel therapeutic with broad spectrum potential. J. Pharm. Pharmacol. 2001, 53, 1303–1310. [Google Scholar] [CrossRef]

	



Onishi, H. Lactoferrin Delivery Systems: Approaches for Its More Effective Use. Expert Opin. Drug Deliv. 2011, 8, 1469–1479. [Google Scholar] [CrossRef]








[image: Antibiotics 13 00251 g001] 





Figure 1. A schematic diagram describing the different modes of action of Lf to combat bacterial infections. Competitive inhibition occurs when Lf binds directly to the cell surface receptors, preventing the pathogen from attaching and blocking the first phase necessary for further colonization. Intestinal barrier modification occurs when Lf alters the surface of epithelial cells, triggering the release of antimicrobial peptides, modifying the carbohydrate components of membrane proteins, increasing the expression of tight junction proteins such as occludin, and strengthening the intestinal barrier. In terms of immunomodulation, Lf controls immunological responses by reducing uncontrolled pro-inflammatory responses that occur during infection, thereby averting damage to epithelial cells. In addition, Lf can bind to and activate phagocytic cells to induce phagocytosis of bacterial particles [33]. 
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Figure 2. Demonstration of LZ showing enzymatic activity against bacterial cell wall. By cleaving the links between N-acetyl-D-glucosamine and ß-1,4-N-acetylmuramic acid in the peptidoglycan structure of bacterial cell walls, LZ demonstrates enzymatic activity [76]. 
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Figure 4. Antibacterial mechanisms of immunoglobulins. Igs can show three main mechanisms during bacterial infection. First, Igs can directly bind to the bacteria and inhibit host cell binding. Secondly, secreted toxins by the bacteria during the infection can be blocked by Igs to prevent cellular damage and host cells’ tendency to infection. Lastly, Igs can bind into bacteria and initiate macrophage recognition by regulating antibody receptor interaction with bacteria and macrophage. The interaction leads to phagocytosis of the bacteria, thus preventing their cellular interaction for infection [117]. 
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Figure 5. A schematic overview describing the different mechanisms of actions of milk OS to overcome bacterial infections. OS acts as an antimicrobial agent by attaching to toxins and pathogens and by directly interacting with epithelial receptors to stop invasive pathogen adherence and infection. OS serve as prebiotics, favorably promoting bifidobacteria and other intestinal flora. Additionally, protecting against infectious diseases is this selective advantage that bifidobacterial species have over pathogens. The metabolites generated during OS fermentation play a role in the physiology of neonatal development. The primary metabolites of OS fermentation, short-chain fatty acids, affect how intestinal epithelial cells mature. By controlling the production of tight junction proteins and lowering intestinal permeability, OS improves barrier function. OS also changes how proteins are expressed in the mucus and glycocalyx layers. OS contributes to the preservation of immunological homeostasis by interacting with immune cells (DCs, T cells, and B cells) and influencing the expression of pro- and anti-inflammatory cytokines [103,138]. 
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Table 1. Antibacterial compounds, their levels, and properties in human and bovine colostrum and milk.
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Component

	
Human

	
Bovine

	
Properties




	

	
Milk

	
Colostrum

	
Milk

	
Colostrum

	






	
Lactoferrin

[6,9,12,13]

	
1.5 g/L

	
29.85 g/L

	
0.02–0.75 g/L

	
1.5–5 g/L

	
Antimicrobial activity, anti-inflammatory action, regulation of cell growth, immune regulation, ROS scavenging activity




	
Immunoglobulins

[6,10,12,14]

	
1.3 g/L

(IgA, IgM,

IgE, IgG)

	
IgG 27.9 ± 23.2 g/L

SIgA 16.4 ± 6.1 mg/L

	
IgG1 0.31.0.40 g/L

	
IgG1 34–87 g/L

	
Immune booster, regulation, protection




	
IgG2 0.03–0.08 g/L

	
IgG2 1.6–6 g/L

	
Antimicrobial activity, pathogen recognition




	
IgA 0.04–0.06 g/L

	
IgA 3.2–6.2 g/L

	




	
IgM 0.03–0.06 g/L

	
IgM 3.7–6.1 g/L

	




	
Lactoperoxidase

[6,10,15]

	
0.89 mU/mL

	
3.28 mU/mL

	
13–30 mg/L

	
11–45 mg/L

	
Antibacterial activity with systematic composition, combined activity with XO, Lf, and Ig




	
Lysozyme

[6,9,16,17]

	
200–400 µg/mL

	
0.37 mg/mL

	
0.05–0.22 µg/mL

	
0.14–0.7 mg/L

	
Antimicrobial activity, complementary interaction with Lf and Igs, neuroprotection




	
Xanthine oxidase

[15]

	
0.52–0.91 mU/mL

	
8 mU/mL

	
35 mg/L

	
-

	
Antibacterial activity with ROS synthesis, synergic interaction with LPO




	
Oligosaccharides

[9,18,19]

	
12–13 g/L

	
22–24 g/L

	
0.1–0.2 g/L

	
0.7–1.2 g/L

	
Antimicrobial, prebiotic activity, support immune/intestinal system, and

brain development











 





Table 2. In vivo studies of milk antibacterial compounds.
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	Antibacterial Molecule
	Result
	Reference





	CAMP211-225 peptide
	Antibacterial activity against antibiotic-resistant S. aureus, E. coli, and Yersinia enterocolitica.
	[36]



	Lactalbumin
	Antagonistic effects against E. coli O127 and reduction in diarrhea incidences.
	[36]



	Lysozyme
	An increase in beneficial gut microbial diversity has been observed.
	[37]



	Lactoperoxidase
	LPO-generated hypothiocyanite exhibited antibacterial activity against various Gram-positive and Gram-negative bacteria, and its effectiveness increased in reduced-lactose milk whey.
	[38]



	Lactoperoxidase
	LPO synergically showed antibacterial activity with Lf against drug-resistant Acinetobacter baumanniii in mice models.
	[39]



	Lysozyme
	Levels of Bacteroidetes, Bifidobacteriaceae, and Lactobacillaceae had been increased.

Reduction in Firmicutes, Mycobacteriaceae, Streptococcaceae, and Campylobacter was observed.
	[40]



	Lysozyme
	Increased levels of Lactobacillus and mucosal IgA responses had been observed.

Faster recovery, lower morbidity, and less mortality from ETEC infection were also noted.
	[41]



	Lysozyme
	Improvement in weaning weight, intestinal health, and levels of Lactobacillus had been observed in the group fed with 1.0 g/kg LZ for 14 days.
	[42]



	Lactoferrin
	Lf exhibits antimicrobial properties against both Gram-positive and Gram-negative bacteria, including E. coli O157:H7. Its antimicrobial mechanisms comprise bacteriostatic, bactericidal, and anti-adhesion effects.
	[43]



	Lactoferrin
	After four injections, complete eradication of S. aureus had not yet been achieved; however, viable bacterial counts demonstrated a two-log decrease following treatments with Lf and/or penicillin G.
	[44]



	Lactoferricin
	Bactericidal activity against S. aureus and Pseudomonas aeruginosa strains was observed with lactoferricin, showing a minimum inhibitory concentration of 1.0–2.0 μg/mL for S. aureus and 4.0–8.0 μg/mL for Pseudomonas aeruginosa.
	[45]



	Lactoferrampin
	Lactoferrampin displayed a wide-ranging antibacterial efficacy against various bacterial strains; however, Porphyromonas gingivalis, Actinomyces naeslundii, Streptococcus mutans, and Streptococcus sanguis exhibited resistance to this peptide.
	[46]



	Lactoferricin
	Bactericidal activit