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Abstract: Osteopontin (OPN) is a multifunctional protein found in all vertebrates. OPN is expressed
in many different cell types, and is consequently found in most tissues and physiological secretions.
OPN is involved in a multitude of biological processes, such as activation and regulation of the
immune system; biomineralization; tissue-transformative processes, including growth and develop-
ment of the gut and brain; interaction with bacteria; and many more. OPN is found in the highest
concentrations in milk, where it is believed to initiate and regulate developmental, immunological
and physiological processes in infants who consume milk. Processes for the isolation of bovine OPN
for use in infant formula have been developed, and in recent years, many studies have investigated
the effects of the intake of milk OPN. The purpose of this article is to review and compare existing
knowledge about the structure and function of milk OPN, with a particular focus on the effects of
milk OPN on human health and disease.
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1. Introduction

Osteopontin (OPN) is a pleiotropic protein found in tissues and body fluids throughout
the animal kingdom. OPN was originally described as a secreted phosphoprotein related to
transformation [1], and it was later identified in the extracellular matrix of bovine bone [2].
The name osteopontin (“osteo” is Greek for bone and “pontin” is derived from the Latin
word “pons”, meaning bridge) was proposed by Oldberg et al. due to its ability to function
as a bridge between cells and the mineralized phase of bone [3]. OPN is also known as
early T-lymphocyte activation gene 1 (Eta-1) [4], bone sialoprotein I (BSP 1) [2], secreted
phosphoprotein-1 (SPP-1) [5], uropontin [6] and lactopontin [7]. This variety of names
reflects the multifunctionality of OPN and the diversity of processes in which it is involved.

OPN is encoded by a single gene, but is expressed by many different cell types and
subjected to alternative splicing and extensive post-translational modification, depending
on the site of expression. OPN is involved in numerous processes including, but not
limited to, biomineralization, the regulation of immune cell function, cancer metastasis,
and development of the mammary gland, brain, and intestines [8,9].

In 1989, OPN was purified from human milk, both as an intact protein and as frag-
ments presumably generated by proteolytic cleavage in milk [10]. A few years later, OPN
was isolated and characterized from bovine milk [11]. Recently, the bovine milk pro-
tein ingredient Lacprodan OPN-10© (Arla Foods Ingredients), consisting of +95% bovine
OPN, has been recommended for use as Novel Food in infant formula by The European
Food Safety Authorities (EFSA) [12]. Milk OPN has previously been reviewed by several
groups [13-18]. In the present review, we summarize existing knowledge about human
and bovine milk OPN, with emphasis on the cellular and physiological effects of milk OPN
as a dietary ingredient.
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2. Osteopontin in Milk

Milk is evolutionarily optimized to deliver offspring essential nutrients to be used
as building blocks and energy. On top of this, milk contains many bioactive molecules,
such as lipids, carbohydrates and proteins, that have an impact on infant development
and health. Many of these bioactive components are proteins that, either directly or via
encrypted peptides released during digestion, mediate functionalities such as antimicrobial
activity, immunomodulation, mineral-binding and the regulation of blood pressure [19].
Well-known examples are lactoferrin, which is an important carrier of iron, and furthermore,
releases an antibacterial fragment upon digestion [20]. Caseins, especially 3-casein, are
susceptible to proteolytic cleavage in milk, presumably due to their lack of secondary
structure [21]. Several bioactivities, such as mineral-binding, immune modulation, and anti-
oxidative and antimicrobial effects, are associated with casein peptides [22]. «-lactalbumin
and f-lactoglobulin encrypt, in their sequences, several peptides with biological effects,
such as antihypertensive, opioid, antitumor antioxidative and immunomodulation [23-25].
In addition, many relatively minor milk proteins, such as haptocorrin, lysozyme, EPV20 and
MFGM proteins, have been shown to possess biological functions that may be beneficial for
the offspring or the consumer of the milk [14]. Among these so-called minor milk proteins,
osteopontin (OPN) has gained a lot of attention in recent years. OPN has been thoroughly
characterized in bovine and human milk, but has also been identified and quantitated in
the milk of several other mammalian species.

In orangutans (Pongo pygmaeus), OPN is present in a relatively high concentration
in early milk (determined by mass spectrometric analysis; no absolute quantification
has been reported) before decreasing at day 177 through the remainder of the first year
of lactation [26]. In gorillas (Gorilla gorilla), OPN showed a decrease to a minimum at
242 days, before increasing and stabilizing for the rest of the first year of lactation [26].
A study using UHPLC-MS/MS (ultra-high-performance liquid chromatography tandem
mass spectrometry) estimated the OPN concentrations in milk from cow (Bos taurus),
buffalos (Bison bison), sheep (Ovis aries), goats (Capra hircus), and yaks (Bos grunniens).
Two measurements were reported for all species: cows (51.4 mg/L and 56.4 mg/L), buffalos
(68.5 mg/L and 51.8 mg/L), yaks (78.6 mg/L and 76.8 mg/L), sheep (41.06 mg/L and
29.8 mg/L), and goats (44.3 mg/L and 12.7 mg/L) [27]. A comprehensive proteomic study
of camel milk showed great seasonal changes in the concentration of OPN, with a 50%
increase in OPN levels from winter to summer [28]. In mouse milk, the concentration
of OPN was measured by ELISA, showing mean levels of 150 mg/L in early lactation
(day 0-3) that decreased to ~10 mg/L after day 8 [29].

From a human health and commercial perspective, human and bovine OPNs have
attracted the most attention, and this review will focus on milk OPN from these species.

2.1. Osteopontin in Bovine Milk

OPN was first identified and isolated from proteose-peptone (the heat and acid stable
fraction of cow’s milk) in 1993 [11]. The purification method included heating of the milk
to 90 °C, followed by an adjustment of pH to 4.6 to precipitate caseins and the majority of
the denatured whey proteins. OPN is an intrinsically disordered protein and will remain
in solution even after these relatively harsh heat and acid treatments. After this, it was
purified using a combination of size-exclusion and ion-exchange chromatography. Since
then, more gentle methods for OPN purification have been developed; 8 mg OPN was
isolated from 1 L of bovine milk using anion-exchange followed by hydrophobic-interaction
chromatography [30], and 11 mg OPN was purified from 1 L bovine milk in a two-step
procedure based on anion exchange [31]. Presently, OPN is purified to +95% purity for use
in infant formula in large-scale dairy operation based on anion exchange [32-34].

The level of OPN in bovine milk has been estimated in several studies. A compre-
hensive study comprising milk from 661 Danish Holstein cows showed an average OPN
concentration of 23.0 mg/L [35]. This concentration is in line with the average concentration
of 18 mg/L determined for pooled dairy milk [36]. In a study analyzing the OPN content
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in milk from only five cows, OPN levels were found to be significantly higher, at around
~70 mg/L from parturition to lactation week 25, after which the concentration increased
to ~150-250 mg/L between weeks 25 and 30 [37]. However, the cows in this study were
selected based on specific genetic variations that influenced OPN promotor activity [37]. In
a study using the MS/MS method on two bovine milk samples, the OPN concentration
was estimated to be 53.9 mg/L [27].

Christensen et al. (2021) showed considerable individual variation in OPN milk con-
tent between Danish Holstein cows, with levels varying from 0.4 mg/L to 67.8 mg/L.
In addition, it was shown that OPN levels decreased with parity and that the OPN con-
tent increased significantly with days in milk [35]. The latter agrees with the study by
Dudemaine et al. (2014), where a significant increase in bovine OPN levels was observed
after lactation week 25 [37]. It has been suggested that OPN is associated with lactation per-
sistency and is involved in tissue remodeling [38]. The changes in OPN levels in milk could
be a response to changes in the mammary gland or changes in milk protein composition as
a function of days in milk, which has been reported in more studies [39,40].

The OPN gene has been associated with milk production traits and lactation persis-
tency [38—40]. Interestingly, the OPN concentration in milk from Danish Holstein cows is
a heritable parameter, but the proportion of the total phenotypic variance explained by
the herd has been found to be low, demonstrating that management factors such as feed
regime have very little impact on the OPN concentration in bovine milk [35].

2.2. Osteopontin in Human Milk

OPN in human breast milk was first described in 1989 by Senger et al. [10]. In 2004,
Nagatomo et al. reported human breast milk OPN concentrations of 1493.4 mg/L at
3-7 days postpartum and 896.3 mg/L after one month of lactation [41]. This concentration
would indicate that OPN comprises around 10% of all protein in human milk. This finding
was questioned a few years later, as the ELISA method (IBL, Gunma, Japan) used is not
validated for measurements in milk [36]. Schack et al. (2009) used an in-house-developed
ELISA based on polyclonal antibodies raised against purified human milk OPN to analyze
the OPN concentration in milk from 29 women (mean postpartum 20.4 days), and reported
an average OPN concentration of 138 mg/L in breast milk, constituting, on average, 2.1%
of the protein in human milk [36]. In a large multicenter cohort study, the milk OPN levels
in 829 milk samples from 629 mothers from China, Japan, South Korea and Denmark were
determined using a Quantikine Human Osteopontin ELISA (R&D Systems, Minneapolis,
MN, USA) [42]. A large geographic difference in mean OPN levels was observed, ranging
from 99.7 mg/L in Danish (average of 17.4 weeks postpartum) to 185.0 mg/L in Japanese
(average of 9.1 weeks postpartum), 216.2 mg/L in Korean (average of 3.9 weeks postpartum)
and 266.2 mg/L in Chinese mothers (average of 3.9 weeks postpartum) [42]. These levels
are in accordance with recent studies that, via ELISA and UPLC-MS/MS, have determined
milk OPN levels in Chinese mothers to be 300-350 mg/L (1-2 weeks postpartum) and
137.1 mg/L (third month of lactation), [43—45] and in Turkish and American mothers to be
178 mg/L (1 week postpartum) [46,47]. The levels of OPN in breast milk from the various
studies are summarized in Table 1.

The reason for the geographical differences in milk OPN levels is not clear, but it seems
that the concentration of OPN decreases with infant age, which hampers the comparison
of the determined levels [42,43,45,47,48]. For instance, OPN in milk from 12 mothers from
California was measured during their first year of lactation, showing high levels in the first
week (178.00 mg/L) followed by a gradual decrease in the second week (137.8 mg/mL),
after which the levels further decreased to 65 mg/mL after 1 month and remained at
approximately 50 mg/L for up to 12 months [47]. Likewise, OPN levels of more than
300 mg/L (1-14 days postpartum) and 100-200 mg/mL (between 4-7 months postpartum)
have been reported in Chinese milk samples [43,45].



Nutrients 2023, 15, 2423 4 0of 20
Table 1. Human Milk Osteopontin Levels.
Study Postpartum Period # Women OPN (mg/L) Method Country Comments
72 h-7 days 23 1493.4
[41] 4_71;:;(;3;2 ;8 gggg IBL ELISA Japan 10% of milk protein is OPN
11-14 months 15 412.7
[49] 6-58 days 29 138 R&D ELISA Denmark 2.1% of milk protein is OPN
4.3 weeks 76 266.2 China 2.7% of milk protein is OPN
7.4 weeks 318 99.7 Denmark 1.3% of milk protein is OPN
421 9.1 weeks 118 185.0 R&D ELISA Japan 2.4% of milk protein is OPN
3.9 weeks 117 216.2 Korea 1.8% of milk protein is OPN
1-7 days 178.0
8-14 days 134.8
1 month 65.8
[47] 4 months 12 488 R&D ELISA USA
5 months 55.9
12 months 48.3
Colostrum 180
; Vv:zll: ggg OPN level increases from
[50] 10 weeks 33 260 MS/MS USA colostrum to 2 weeks
postpartum,
13 weeks 190
17 weeks 200 and then, decreases
24 weeks 150
OPN associated with birth
route, energy intake, obesity
[46] 3 months 85 137.1 Ré&D ELISA Turkey and smoking but not associated
with maternal age.
1-5 days 718 Maternal age and education
(48] 8-14 days 51 586 UHPLC- China contribute to OPN levels at 6
1 month 450 MS/MS months. Mode of delivery and
6 months 236 BMI show no effect.
7 days 38 334.71 Higher maternal age and BMI
[45] 14 days 48 264.76 UHPLC- China are associated with higher OPN
28 days 43 210.45 MS/MS levels. Mode of delivery shows
120 days 36 112.10 no effect.
1-14 days 343.2 OPN levels are positively
[43] 2-4 months 106 228.2 R&D ELISA China correlated with BMI, body
5-7 months 204.8 weight and skeletal muscle.
[51] Not specified  Pooled milk >300 E.LISA USA
Invitrogen
17 days 48 318.11 Higher OPN levels in
[52] 49 137.9 2 R&D ELISA Japan colostrum after C-section. OPN
20-38 days 48 300.8 1 levels in mature milk do not
49 280.9 2 correlate with birth route.

1 Milk from 1989, 2 milk from 2013.

Downward longitudinal changes in human milk OPN have been observed in term and
preterm milk; however, there have been indications of higher OPN levels in transitional
and early mature preterm milk compared to term milk [45]. In contrast to this trend, a
single study on 31 American mothers reported higher OPN levels in milk 2-10 weeks
postpartum compared to colostrum [50]. Thus, the difference in OPN levels reported
between geographical sites [42] could partly be a consequence of the milk being collected
at different times postpartum. Furthermore, the existence of geographical differences is
questioned by studies reporting OPN levels of ~300-350 mg/L in milk from American
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mothers at undefined days postpartum [51] and 2-5 weeks postpartum [50]. These levels
are comparable to the levels reported for Chinese mothers [42].

Maternal factors influencing the level of OPN in breast milk have been investigated by
correlating OPN levels with the health status and dietary patterns of 85 Turkish mothers [46].
The study suggested that smoking, energy and fiber intake, and weight gain/high BMI
during lactation all are associated with lower OPN levels in milk, whereas maternal age had
no effect on the levels. Contradicting this, other studies have shown a positive correlation
between milk OPN levels and body weight and BMI in lactating women [43,45], and
that higher maternal age and education levels were correlated with higher OPN levels
six months postpartum [48]. Interestingly, women who delivered vaginally had higher
OPN levels in their milk compared to women who gave birth via C-section [46]. This
could be explained by oxytocin expression during vaginal birth, as oxytocin induces the
expression of OPN [53]. However, other studies report no differences in OPN levels in
milk from mothers who delivered vaginally compared to those who delivered via a C-
section [45,48]. One study even reports higher OPN levels in colostrum in milk from
mothers who delivered via a C-section compared to vaginal delivery [52].

Breast milk from two different generations (1989 vs. 2013) in Japan showed a difference
in the levels of OPN in colostrum; 318.1 mg/L (204.4-439.8) in 1989 vs. 137.5mg/L
(81.9-263.5) in 2013 [52]. All milk samples from 1989 and 2013 were stored at —80 °C within
12 h of collection, and the OPN concentrations were measured using the Quantikine Human
Osteopontin ELISA (R&D Systems). Differences in exposure to sunlight, the method of
childbirth and changes in maternal immune responses from the 1989 generation to the 2013
generation were suggested as possible explanations for this difference.

In conclusion, there seems to be a consensus on the level of OPN in human milk, at
least among the largest studies using the Quantikine Human Osteopontin ELISA method
validated for use in milk (R&D Systems). Most studies also show a decrease in OPN levels
correlated with days postpartum. However, more studies are needed to establish maternal
and other factors affecting the concentration of OPN in milk.

2.3. Quantification of OPN in Milk

The quantification of OPN in milk is made difficult by several factors. Firstly, OPN is
heterogeneously modified by post-translational modification and proteolytic processing
(described in later sections of this review). Secondly, OPN can form complexes with other
components of the milk (e.g., lactoferrin, as described in a later section), which may also
mask the epitopes so that they are not recognized by the antibodies, and hence, are not
quantitated. Thirdly, the best ELISA method, the Quantikine Human Osteopontin ELISA
(R&D Systems), is very sensitive, and milk samples must be diluted by a factor 10,000 to
give absorption measurements in the dynamic range covered by the standard curve. This
dilution procedure constitutes a significant source of error, which can translate into large
differences in OPN concentrations among different studies. The MS/MS method used in
some studies also has some important shortcomings. Most problematic is the selection of
peptide(s) from OPN that are released quantitatively after tryptic digestion. As OPN is
heavily and heterogeneously phosphorylated and glycosylated, and only contains a limited
number of trypsin-cleavage sites, very few peptides (1-2 peptides) can be considered
suitable to use. The peptide GDSVVYGLR is often used as a signature peptide in the
quantification of OPN by MS/MS [45,48,50]. This peptide is present in both the intact
protein and in the N-terminal fragments, which are abundantly present in milk (described
in later sections of this review). Therefore, both full-length and N-terminal fragments are
measured, but as the ratio between the full-length and N-terminal fragments is unknown
in the individual milk samples, it is not possible correctly to convert the MS data to an OPN
concentration. Furthermore, GDSVVYGLR can be phosphorylated by FAM20C [54,55], and
therefore, it is not quantified.

In conclusion, no method alone can absolutely accurately determine the OPN concen-
tration in milk. The most precise method consists of a combination of ELISA (or MS/MS
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quantification) with a method that can determine the degree of fragmentation of OPN in
the milk (e.g., reverse-phase HPLC or gel filtration). However, since such analyses are
very time- and labor-intensive, it is not possible to conduct them with large quantities
of samples. We believe that the use of the Quantikine Human Osteopontin ELISA (R&D
Systems), which is used by most groups today, provides the best estimate of OPN content
in human milk samples.

3. Structure of Human and Bovine Milk Osteopontin

A single-copy gene on chromosome 4 encodes OPN, and during transcription, hu-
man OPN can undergo alternative splicing, generating two splice variants each lacking
a single exon [56]. However, PCR analysis on a bovine mammary gland cDNA library
with gene-specific primers showed a single transcript migrating, at a size corresponding
to the expected size, without any alternative splicing [13]. Likewise, analyses of a human
mammary gland cDNA library showed no alternative splicing, indicating that alternative
splicing of OPN does not take place in bovine and human milk [13]. These findings are in
line with other studies showing that alternative OPN splicing in human and bovine milk is
not seen in normal specimens [57,58].

The mature human OPN protein comprises 298 amino acids, and its bovine counterpart
contains 262 residues. The difference is mainly due to a missing sequence of 22 residues in
bovine OPN, corresponding to residues 188-209 in human OPN (Figure 1). Human and
bovine OPN sequences are highly homologous with identical amino acids on 182 positions,
and an additional 44 residues are structurally conservative substitutions. OPN from both
species has a very high content of aspartic and glutamic acid residues, and together with
the considerable number of phosphorylated residues, this makes OPN a highly acidic
protein. The pl value has been calculated to be 4.1, without taking phosphorylation into
consideration. Isoelectric focusing of bovine milk OPN has shown migration corresponding
to a pl of approximately 3.5 (Serensen et al., 2007, unpublished data), which probably makes
OPN the most acidic protein in milk. OPN contains two integrin-binding sequences, the
Arg-Gly-Asp (RGD) sequence, and the adjacent cryptic SVVYGLR sequence (in bovine OPN:
SVAYGLK), that bind specific integrins after it is exposed by proteolytic cleavage [59,60].

PP PP p
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(P) cleavage

(P)

DAETTDDPD ESH EV——DFPTDIPTIAVFTPFIPTESANDGRGDSVAYG BENVQ 157
DVDDTD@H DELVIDFPTDLPATEVFTPVVPTVDTYDGRGDSVVYG. {(KFRRPDIQ 164
" TR R B

p

P
EEDFTEHIE EMHDAPK————=======—==————— KTSQLTD@AEETNESELSKELTPKAKDK—NKHSNLI 215

ELNGAYKAIPVAQDLNAPEDWDERGKDEYETHoL.DD THSHKQSRLYKRKANDERNEHSDVI 245
P P P P P 3

p p p p
————— EFHELEDKLDLDH@KEEDKHLKIRI HELD"SEVN 262

R Glycosylations
FHEHEFH IHEDMLVVDP! EDKHLKFRIBHELDSASISEVN 298
P

¢ Sialicacid

O Galactose

Y GlcNac * 3

|} Q X R &
GalNac ur -

4 Fucose Human  Bovine

ol

]O{Zr—OgC

o

Figure 1. Alignment of bovine and human milk osteopontin (OPN). Phosphorylation and glycosyla-
tion sites identified in milk OPN are highlighted in black and grey, respectively [61,62]. The potential
phosphorylation (P) of the SVAYGLK/SVVYGLR motif is also indicated [55]. The integrin-binding
motifs are indicated in dark grey, and the regions containing the identified cleavage sites of OPN
in milk are boxed [63,64]. The different glycan structures of OPN in bovine and human milk are
indicated in the inserted box [13,65,66].
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The phosphorylation patterns of bovine and human milk OPN have been thoroughly
characterized. Bovine milk OPN contains, on average, 22 phosphorylated residues dis-
tributed over 28 different sites [61,65]. The degree of OPN phosphorylation in human
milk has been shown to be even higher, with an average of ~25 phosphates distributed
over 34 phosphoserines and two phosphothreonines [62,66]. A phosphoproteomics study
has shown that OPN is the most phosphorylated protein in human colostrum and in the
mature milk fat globule membrane [67]. The phosphorylations in OPN are predominately
located in the recognition sequence of the kinase FAM20C (S-X-E/pS (phosphoserine)) [68].
FAM20C is localized in the Golgi lumen and is the main kinase phosphorylating secreted
phosphoproteins [69]. This kinase, formerly known as mammary gland casein kinase or
Golgi casein kinase [70,71], is responsible for the phosphorylation of all milk proteins, such
as the caseins and PP3 [72,73]. The phosphorylated amino acids in both human and bovine
milk OPN are grouped together in clusters of 3-5 phosphoresidues [61,62] (Figures 1 and 2).
The only part of OPN not containing phosphorylations is a threonine-proline rich region
located just to the N-terminal side of the integrin-binding motifs. In this region, OPN
contains several conserved threonine residues, of which 3-5 are modified by O-linked gly-
cosylations in bovine and human milk OPN [61,62]. The glycan structures differ between
human and bovine milk OPN, as the carbohydrates in human milk consists of fucosylated
N-acetyllactosamine units [66], whereas a disialylated GalNAc-galactose core constitutes
the glycans in bovine milk [13] (Figure 1). All mammalian OPN sequences contain one or
more sequence motifs for N-linked glycosylation; however, N-linked glycosylation has not
been shown in the milk OPN of any species.

A. Cleavage of OPN in bovine milk

PP PP PP P PP P P PP PP P L%(? W ; PPP' PP ' P P,PP’PPP
e N I I

1

, Plasmin

B. Gastric cleavage of OPN

PPPP'
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s i i

ovps  aof, a6
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avh,

ayPs
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agh,

Figure 2. Proteolytic cleavage of bovine osteopontin (OPN) in milk and during gastric transit.
The location of phosphorylation and O-glycosylation of bovine milk OPN is indicated [61]. The
integrin-binding RGD and SVAYGLK motifs and the corresponding binding integrins are indicated.
(A) Proteolytic cleavage of OPN in bovine milk [64] and (B) gastric cleavage of OPN by pepsin [74].

In human and bovine milk, OPN is present as both a full-length protein and as
different N-terminal-derived fragments resulting from endogenous proteolytic activity
in the milk [10,57,63,64]. A conserved region of the OPN sequence next to the RGD
and SVVYGLR (SVAYGLK in bovine OPN) motifs is particularly susceptible to proteolytic
cleavage, as it contains many sites for proteases (plasmin, thrombin and cathepsin D) [63,64]
(Figures 1 and 2).

The N-terminal-derived fragments found in human milk are formed via cleavage of
OPN by the endogenous proteases cathepsin D, and particularly plasmin, at Leu'>!-Arg!2,

Arg152—Serl53, Ser153—Ly5154, Ly5154—Ser155, SerlSS-Ly8156, Ly3156_Ly5157 or PhelSS_Arg159 [63].
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All N-terminal fragments generated by cleavage contain the integrin-binding 43RGD!4>-
sequence, and most also contain the 46SVVYGLR'>? motif. The corresponding C-terminal
fragment has not been reported to be found in milk and is most likely further degraded to
much smaller peptides by plasmin in both human and bovine milk [63,64] (Figure 2). In
accordance with this, a total of 445 endogenous milk peptides were identified in human
milk by LC-MS/MS, of which 61 peptides originated from OPN [75]. Only four peptides
from the N-terminal were identified, whereas the remaining 57 peptides were derived
from the C-terminal part of OPN. The identified peptides covered the entire C-terminal
part of OPN, with plasmin predicted to cleave at the majority of the identified cleavage
sites [75]. Likewise, no peptides originating from residues 29-153 in OPN were identified
in a peptidomic analysis of human milk [76].

In conclusion, the sequences of human and bovine OPN are highly similar regarding
their overall sequence identities, phosphorylation and glycosylation patterns, integrin-
binding motifs and proteolytic cleavage sites.

4. Digestion and Uptake of Milk Osteopontin

Human and bovine milk OPN have been shown to remain intact after incubation with
newborn stomach aspirates for one hour at a pH of 3 [77]. This is somewhat surprising,
as OPN is an intrinsically disordered protein containing very little tertiary structure [78];
therefore, there are no steric hindrances for proteolytic enzymes to attack and digest
the protein. However, milk OPN is extensively post-translationally modified, and these
modifications play an important role in the digestion of the protein.

The location of the glycosylated and conserved threonine residues close to the im-
portant receptor-binding RGD motif suggests that the carbohydrates attached to OPN
could function as protective structures against endogenous milk proteases and/or digestive
enzymes. Indeed, the administration of exogenous bovine milk OPN, but not non-modified
OPN, in the drinking water in a mouse colitis model reduced several disease parameters,
indicating that OPN modification, such as glycosylation, has a protective effect against
gastrointestinal digestion [79]. The protective role of the OPN glycosylation was confirmed
in a study, showing that the glycosylated bovine OPN fragment Trp?-Phe!®!, containing
the integrin-binding '3*RGD!* and *SVAYGLK!® motifs, resisted digestion with pepsin,
whereas deglycosylated OPN was cleaved within the threonine/proline-rich region contain-
ing the glycosylations [74] (Figure 2). The generated fragment Trp*-Phe!®! was capable of
binding integrins via the RGD-sequence better than the full-length OPN protein. However,
subsequent digestion with pancreatic proteases, simulating digestion in the small intestine,
abolished its capability to bind integrins [74].

OPN fragments of a considerable size were identified using Western blots of OPN sub-
jected to simulated gastrointestinal digestion with pepsin and pancreatin [80,81], indicating
that a significant part of OPN resists digestion. However, it is also clear that large parts of
OPN are digested, and peptides from both the N- and C-terminal parts of OPN have been
identified by MS/MS analyses after in vitro simulated gastrointestinal digestion of human
milk [82,83].

OPN has been shown to resist digestion in vivo, as biotinylated bovine milk OPN was
detected via immunohistochemistry in the colons of mice fed bovine milk OPN through
oral gavage [79]. Likewise, ELISA showed the presence of OPN in the plasma of knock-
out mouse pups fed bovine milk OPN, indicating that OPN and/or fragments reached
the circulation [79]. Similarly, OPN or OPN fragments were identified via competitive
ELISA in the plasma of mice 1 to 4 h after they were fed bovine milk OPN [84]. After oral
gavage, radioactively labeled OPN was detected in the livers and even the brains of mouse
pups [29]. These studies illustrate that OPN or large OPN fragments can pass the intestinal
barrier. The absorption of undigested or large OPN fragments has also been shown using
Western blots of brain lysates from OPN knock-out mouse pups nursed by wildtype dams
producing OPN-containing milk [29]. In a human intervention study, bovine milk OPN
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was identified by sandwich ELISA in the plasma of infants fed infant formula enriched
with bovine milk OPN [47].

In an in vitro study, the bovine milk OPN fragment Trp?’-Phe!®!, generated by pepsin
cleavage, was shown to cross models of the intestinal barrier via transcytosis [85]. The
naturally occurring N-terminal OPN fragments bound intestinal cells more effectively
and were more effectively transported across the membrane models compared to full-
length OPN. This is in accordance with earlier studies showing that the ay (33 integrin
has a higher affinity for N-terminal fragments of OPN than the full-length OPN [63,64].
OPN co-localizes with the av(33 integrin on human intestinal crypt-like cells [81] and the
Trp?’-Phe!®! fragment of OPN generated by pepsin also binds the ay B3 integrin in an
RGD-dependent manner [74]. The intestinal binding of OPN or gastric digested OPN
to the oy 33 integrin could potentially be involved in the transport of OPN across the
intestinal barrier.

Collectively, these studies indicate that milk OPN is partly resistant to digestion by gut
proteases. Since OPN is present in milk in relatively high concentrations, it can be expected
that some of the ingested OPN reaches the intestine in a form that can bind integrins and
potentially initiate signaling events. Studies also indicate that OPN- or RGD-containing
OPN fragments are absorbed over the intestinal barrier and into the circulation, where they
could potentially be involved in physiological processes.

5. Milk Osteopontin and Interaction with Integrins

Many of the functions mediated by OPN are initiated by interactions with cell surface
receptors. The integrin family of receptors bind OPN’s core RGD motif, and they are the
main receptor class for OPN binding [7-9]. OPN binds the oty 31, v B3, oty Bs, v PBe, 561
and agf; integrins via the RGD sequence [8,86], whereas the o431 and xgf3; integrins
bind OPN through its cryptic SVVYGLR sequence [59,60]. In contrast, integrin ox 3, on
myeloid leukocytes, and natural killer cells binds OPN through the negative charges on
OPN independently of the RGD or SVVYGLR motifs [49,87].

The integrin-binding characteristics of OPN can change during proteolytic processing;
e.g., thrombin cleavage at Arg!®2-Ser!>3 exposes the cryptic SVVYGLR motif of OPN, which
is required for OPN binding to integrin «g 31 [60]. In milk, OPN is cleaved by plasmin at
Lys!'®*-Ser!>, resulting in an N-terminal fragment that acts as a stronger ligand for the o531
and oy B3 integrins compared to full-length OPN [63]. In addition, the naturally occurring
N-terminal fragments of OPN in human and bovine milk bind the «y {33 integrin more
strongly than non-cleaved full-length OPNs [63,64]. The phosphorylation of milk OPN
also affects its ability to bind integrins; since phosphorylated, but not dephosphorylated,
OPN stimulates the production of interleukin-12 by macrophages via the (33-integrin [88].
Furthermore, phosphorylation of especially the C-terminal part of OPN has been shown to
inhibit OPN binding to the ay (33 integrin [66]. After removal of the C-terminal part of OPN
by plasmin in milk, or by pepsin in the stomach, during gastrointestinal transit, the capabil-
ity of OPN to bind the oy 33 integrin is increased [66,74]. Atypical phosphorylation of the
SVVYGLR motif in OPN by FAM20C, which occurs in both human and bovine mammary
glands, also inhibits OPN interaction with the oy 33 integrin [55]. The FAM20C phosphory-
lation of the SVVYGLR motif could potentially also affect the engagement of OPN with the
o931 integrin as small changes in the SVVYGLR motifs affect the interaction [89].

6. Effects of Milk Osteopontin on Intestinal Cells and Inflammatory Bowel Disease

OPN is a potent cytokine that plays a role in many inflammatory processes, and
several studies have shown that the endogenous expression of OPN in immune cells or
intestinal epithelial cells affects the status of the intestinal barrier in normal and diseased
tissue. The endogenous expression of OPN in a normal gut indicates that it is involved
in intestinal immune homeostasis [90], whereas lower expression in intestinal epithelial
cells is linked to disruption of the epithelial barrier, as seen in Crohn’s disease. The level of
OPN in plasma is related to the degree of inflammation in Crohn’s disease patients, and
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probably participates in the regulation of gastrointestinal immune reactions through its
ability to stimulate T-cell cytokine production [91].

Regarding the effect of dietary OPN on inflammation of the digestive system, such
as in colitis, the liver and the gut-liver axis have been investigated in several studies.
An acute colitis mouse model (dextran sulfate sodium (DSS)-induced) showed that OPN
knock-out mice had aggravated tissue destruction and weakened tissue repair compared
to WT mice [92]. Later, it was shown that milk OPN administered in the drinking water
was absorbed at the mucosal surface, and here, it mitigated the destructive effects of the
induced colitis [79]. Specifically, the oral administration of milk OPN reduced the disease
activity index and gut neutrophilic activity and increased the number of red blood cells
compared to the DSS-treated mice that were not administered OPN. Furthermore, the
expression of transforming growth factor beta-1 in the colon was higher, whereas the
levels of pro-inflammatory cytokines were lower in OPN-treated mice [79]. This was a
pioneering study, and to our knowledge, the first to indicate that orally administered milk
OPN could alleviate intestinal inflammation. In a similar study investigating the effects of
oral administration of bioactive milk components in a mouse model of DSS-induced colitis,
OPN was shown to effectively lower the inflammatory score and myeloperoxidase activity
that indicates neutrophil infiltration [93]. Further emphasizing the anti-inflammatory effect,
a significant decrease in the numbers of T-cells, natural killer cells and dendritic cells and
a significant decrease in cytokine expression were also seen in the mice administered the
OPN-containing diet [93].

In an in vitro experiment, where T-cell cultures isolated from biopsies of Crohn’s
disease patients were stimulated with bovine milk OPN, a dose-dependent bell-shaped
increase in the production of IFN-y, TNF-« and IL-10 was observed [91]. In T-cell cultures
treated with OPN doses higher than 1 ug/mL, all three cytokines were downregulated [91].
This indicates that milk OPN can act both as a pro- and anti-inflammatory cytokine depen-
dent on the dose. The concentration of OPN in milk is orders of magnitude higher than
1 pg/mL, and according to these data, such a concentration should result in downregula-
tion of these inflammatory cytokines.

The oral administration of milk OPN has been shown to prevent the development
of alcohol-induced liver injury in mice on an ethanol Lieber-DeCarli diet [94]. Mice fed
an alcohol diet together with milk OPN showed increased gland height, crypt cell and
enterocyte proliferation, and mucin content compared to mice fed an alcohol diet without
milk OPN. In addition, the mice showed decreased levels of inflammation in the mucosa
and submucosa of the gut membranes, evidenced by a lower presence of macrophages,
lymphocytes and neutrophils. Furthermore, the milk OPN-treated mice preserved the
expression of tight-junction proteins and showed reduced levels of translocation of Gram-
negative bacteria, lipopolysaccharide levels and tumor necrosis factor-« than ethanol-fed
mice. This indicates that dietary OPN helped counteract the detrimental effects of alcohol
in the liver and gut [94].

In a study on preterm pigs prenatally exposed to LPS and subsequently fed diets
with different bioactive milk components, one of them being OPN, no effects on crypt
depth and villus height in the small intestines of preterm pigs were seen [95]. However, an
increase in gut lactase activity was seen in pigs fed the OPN-containing diet. In a similar
study, preterm pigs fed a raw bovine milk diet supplemented with bovine milk OPN were
reported to have increased villus-to-crypt ratios in their small intestines compared to pigs
fed a diet without added OPN [96]. Likewise, mouse pups nursed by OPN-knock-out dams
had smaller villus height and crypt depth compared to pups receiving OPN from milk
from wildtype dams or through a daily supplement of bovine milk OPN [97].

In summary, studies show that milk OPN affects intestinal cell cytokine production
and gut cell morphology, including intestinal surface area, which can consequently enhance
nutrient absorption; moreover, they show that milk OPN has mitigating effects on intestinal
inflammatory diseases.
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7. Milk Osteopontin and the Gut Transcriptome

Donovan et al. (2014) compared the intestinal transcriptomes of infant rhesus monkeys
fed a standard milk-based formula, those fed a formula containing 125 mg/L bovine milk
OPN and those nursed by their mothers [98]. Overall, differential expression of 1986 genes
was seen among the three groups. In total, 1017 genes were differentially expressed between
formula-fed monkeys and breast-nursed monkeys. When comparing the group receiving
bovine milk OPN with the breast-fed monkeys, only 217 genes were differentially expressed.
This demonstrated that the addition of bovine OPN to formula distinctly shifted the gene
transcription to be more similar to that of breast-fed monkeys [98].

Recently, the effect of simulated gastrointestinal digested human and bovine milk OPN
on gene expression in the intestinal-derived Caco-2 cell line was investigated [99]. Human
and bovine milk OPN influenced the expression of 239 and 322 genes, respectively. For
comparison, the milk protein x-lactalbumin had a very limited impact on gene expression,
with only five differentially expressed genes identified. This emphasizes that the effect of
OPN on intestinal cells is specific and that changes in the expressed genes are not merely an
effect of added milk protein. Among the genes affected by the OPN treatments, 131 genes
were regulated in a similar manner by human and bovine OPN. Analyses of the regulated
genes showed that biological processes related to the ubiquitin system, DNA binding, and
genes associated with transcription and transcription control pathways were affected by
OPN [99].

Interestingly, the gene for ILF-2 (interleukin enhancer-binding factor 2) was shown
to be upregulated in response to both human and bovine milk OPN [99]. ILF-2 is a tran-
scription factor required for the T-cell expression of interleukin-2 [100], which is involved
in oral tolerance and immunity through interactions with T-cells [101]. These findings are
in accordance with a large intervention study showing that human infants fed formula sup-
plemented with bovine milk OPN had similar plasma levels of interleukin-2 to breast-fed
infants [102]. Collectively, the upregulation of ILF-2 in both studies demonstrates that OPN
can affect the expression of interleukin-2 from T-cells.

In a study comparing the transcriptional effects of lactoferrin from human and bovine
milk on human intestinal epithelial crypt-like cells, it was shown that 29 differentially
expressed genes were regulated by both human and bovine lactoferrin (out of 150 and
350 genes regulated by human and bovine lactoferrin, respectively) [103]. This suggests that
the substitution of human OPN with bovine OPN is more conservative regarding the influ-
ence on gene expression (with 55% of the genes regulated by human OPN also being regu-
lated by bovine OPN) than the replacement of human lactoferrin with bovine lactoferrin.

In conclusion, these transcriptome studies show that milk OPN has a significant
effect on the transcription of genes in intestinal cells, though these studies must be in-
terpreted with caution, as it is not clear whether the identified mRNAs will result in
translated proteins.

8. Milk Osteopontin and the Gut Microbiome

The effect of endogenously expressed OPN on the gut microbiota has been addressed
in several studies. The role of OPN in the development of colitis showed that the enteric
bacterial profile of OPN/IL-10 double knock-out mice is distinctly different from that of
IL-10 KO mice, indicating that OPN expression in enteric epithelial cells affects the micro-
biota [104]. Specifically, OPN knock-out mice showed a significantly lower abundance of
Clostridium subcluster XIVa and a greater abundance of Clostridium cluster XVIII [104]. The
role of Clostridium cluster XVIII in gut mucosal immunity is not clear, whereas Clostridium
subcluster XIVa has a protective effect on experimentally induced colitis in murine models
via the induction of regulatory T lymphocytes in the large bowel [105]. In a study on acute
graft-versus-host disease, T-cell-derived OPN played a protective role by modulating the
gut microbiome by increasing the levels of the commensal bacteria Akkermansia [106]. Fur-
thermore, secreted OPN lowered the levels of commensal bacteria of the Bacteroidales order.
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Several studies have investigated the effect of orally administered milk OPN on the
microbiota. Milk OPN has been shown to bind bacterial lipopolysaccharide in mice treated
with an alcoholic diet, thereby lowering tumor necrosis factor-o expression and the sub-
sequent development of alcohol-induced liver damage [94,107]. An investigation of the
underlying mechanism showed that milk OPN counteracts the alcohol-induced reduc-
tion in the expression of the antimicrobial peptides Reg3b and Reg3g, which regulates
bacterial growth in the intestine [108]. It was shown that OPN stimulates the growth
of tryptophan-metabolizing and short-chain fatty acid (SCFA)-synthesizing bacteria, in-
cluding Bifidobacterium, Eubacterium, Prevotella, Allloprevotella, Desulfovibrio, Butyricicoccus,
Butyricimonas and Roseburia. These bacteria are considered beneficial for gut health, as
they produce SCFAs from undigested carbohydrates, which increases expression of tight
junction proteins in the intestinal membrane. This preserves gut barrier function and limits
the access of bacteria and bacterial products, such as LPS, from the gut to the portal blood.

In mice fed a high-fat diet, OPN intensified lipid accumulation and metabolic disor-
ders [109]. Interestingly, OPN induced changes in the gut microbiome, and feeding with
milk OPN led to a higher abundance of Dorea but fewer Lactobacillus (the study used the
genus of Lactobacillus from before the taxonomic revision of the Lactobacillus genus in 2020),
which were found to be positively and negatively correlated with body weight, respectively.
OPN was suggested to control the amount of Lactobacillus by decreasing the adhesion of
Lactobacillus to epithelial cells in the intestine through the Notch signaling pathway [109].

Enterotoxigenic Escherichia coli (F-18 strain)-challenged pigs fed recombinant algae
expressing OPN showed a different microbiome compared to pigs receiving algae not ex-
pressing OPN [110]. The ingestion of OPN-enriched algal protein elicited shifts in bacterial
a-diversity, and the pigs receiving the algae OPN diet showed a reduction in Firmicutes
and Bacteroidetes and an increase in the Streptococcus and Blautia genera. In the phylum
Bacteroidetes, decreased abundance was observed for the following genera: Rikenellaceae, the
RC9 gut group, the dgA-11 gut group, an uncultured bacterium genus of the Muribaculaceae
family, and three genera of the Prevotellaceae family (Prevotella 2, Prevotella 7 and Prevotella 1).
Genera within the Firmicutes phylum (Candidatus, Soleaferrea and Lachnospiraceae) were also
decreased in pigs consuming the OPN-enriched algal protein [110].

In summary, dietary OPN has the potential to affect the gut microbiome, but as studies
point in different directions regarding which bacteria are influenced and how this translates
into physiological effects, more controlled studies are needed to draw conclusions on the
effect of OPN on the microbiota.

9. Milk Osteopontin and Immunological Effects

In 1989, Patarca et al. described a murine cDNA, named Early T lymphocyte activation
1 (ETA-1), which was highly expressed after the activation of T-cells [4]. The cDNA was a
murine homologue of rat bone OPN identified three years earlier [3]. It has been known for
a long time that OPN is involved in immune processes and expressed by many different
types of immune cells [111]. The concentration of OPN in milk is orders of magnitude
higher than anywhere else in the body, which could indicate that OPN plays a role either
as part of the innate immune system in milk, or as a modulator of immune responses in
neonates and infants.

Bovine milk OPN has been shown to induce the expression of the T helper-1 cytokine
IL-12 in cultured human lamina propria mononuclear cells isolated from intestinal biop-
sies [36], indicating that milk OPN could induce cytokine production in neonate intestinal
immune cells. Milk OPN binds monocytes, but not resting T-cells, NK cells or B-cells, and
mediates the chemoattraction of IL-1-activated human monocytes [49]. OPN was shown to
bind all known serotypes of the two bacterial species Streptococcus agalactiae and Staphylo-
coccus aureus and to opsonize these bacteria for phagocytosis [49]. In another in vitro assay,
sterile skimmed milk from Jersey cows supplemented with bovine OPN showed antibac-
terial activity in a dose-dependent manner by inhibiting the growth of S. epidermidis [96],
a common neonatal pathogen causing late-onset sepsis following gut translocation [112].
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Collectively, these studies show that milk OPN could play an important role as an inducer
of cytokine production in the infant intestine, as an opsonin marking bacteria for removal
by macrophages or as an antibacterial agent targeting specific pathogenic bacteria.

Several studies have investigated the immunological activities of milk OPN in vivo.
In a clinical trial performed in Shanghai, China, children of 1 to 6 months of age were
randomized into groups receiving either regular formula or the same formula with bovine
OPN at 65 mg/mL or 130 mg/L (corresponding to 50% and 100% of human milk levels,
respectively), and were compared with a reference group of breast-fed infants [102]. The
pro-inflammatory cytokine TNF-« was found to be higher in plasma from formula-fed
infants than in infants receiving breast milk. However, among the formula-fed groups,
the levels of TNF-« were significantly lower in groups receiving formulas fortified with
OPN, suggesting that bovine milk OPN downregulates inflammatory cytokines in human
infants. The study also showed higher levels of interleukin-2 in the OPN-fortified groups
compared to the standard formula group at four months of age, and that OPN shifted the
infants” amino-acid metabolism and cytokine responses towards those of breast-fed infants.
Most interestingly, infants receiving the OPN-fortified formulas had fewer days with fever
(pyrexia) than those receiving formula without added OPN, strongly indicating that milk
OPN had an effect on the immune systems of the infants [102]. Analyses of plasma from the
infants showed that the proportion of circulating T-cells in the group receiving 130 mg/L
OPN was higher compared with the groups receiving regular formula or formula with
only 65 mg/L OPN added, further substantiating that OPN affects immune developmental
processes in infants [113]. Interestingly, in relation to OPN and pyrexia, a correlation with
days of hospitalization due to fever-related illness in the first three months post-partum
was also reported for infants of mothers who had high concentrations of OPN in their
breast milk compared to infants of mothers with lower levels of breast milk OPN [46].

The effect of ingested milk OPN on immunity has also been investigated in a preterm
pig model delivered via cesarean section at 90% gestation. The pigs were fed milk OPN
at a dose of 46 mg/kg body weight per day, and their clinical outcomes were compared
to those of pigs fed raw bovine milk. The study showed that most immune parameters
were similar between the OPN and the control groups. However, the OPN pigs had higher
intestinal villus-to-crypt ratios than pigs fed the milk control, and higher monocyte and
lymphocyte counts on day 8 [96].

In summary, there is good evidence that the intake of milk OPN has an influence on
immune processes in the gut, and can thereby affect the health of, for example, infants who
consume milk OPN.

10. Milk Osteopontin’s Effects on Brain Development and Cognitive Function

OPN is expressed in the brainstem, cerebellum and amoeboid microganglia in devel-
oping rat brains [114,115]. OPN is also shown to mediate myelination in mice [116], and
most interestingly, the injection of exogenous OPN induced endogenous OPN expression
in rats exposed to hypoxic-ischemic injury and improved neurologic outcomes [117]. These
and other studies suggest that OPN plays a role in brain development. As OPN is present
in high concentrations in milk, it was hypothesized that milk OPN could influence brain de-
velopment, and hence, cognitive behavior, potentially contributing to improved cognitive
function in breast-fed versus formula-fed infants [118].

In a knock-out model, it was shown that OPN wildtype mouse pups nursed by OPN
knock-out dams had significantly less OPN protein in their brains compared to mice nursed
by wildtype dams. Most interestingly, this difference translated into impaired learning and
memory abilities in these mouse pups [29,97]. Furthermore, a higher level of expression of
myelination-related proteins and increased differentiation and proliferation of glia cells
into oligodendrocytes in the brains of pups nursed by wildtype mice were observed [29].
This suggests that the improved cognitive capabilities of the mice can be ascribed to OPN
improving the myelination processes in the brains of the mouse pups. This is in accordance
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with a recent in vitro study showing that OPN stimulated the maturation, proliferation and
differentiation of oligodendrocyte progenitor cells into mature oligodendrocytes [119].

In a pig model, the effect on recognition memory was tested in two groups of pigs
(postnatal days 2-34) provided with an ad libitum diet of either a standard soy protein
isolate diet or the same diet supplemented with bovine milk OPN [120]. Pigs fed the
OPN-containing diet showed shorter latency to the first object visited compared to pigs
in the control group, but no difference in the recognition index between dietary groups
was observed. Interestingly, the neuroimaging outcomes showed an increased volume of
several brain regions in the pigs receiving the OPN diet. However, in another pig study
using preterm pigs delivered via cesarean section (90% gestation), the addition of OPN to
their diet (46 mg/kg per day) showed no effects on cognitive performance [96].

Collectively, these studies suggest that dietary milk OPN could play a role in cellular
processes in the brain, potentially affecting cognitive development and behavior, but more
research is needed to elucidate this.

11. Osteopontin-Lactoferrin Complex

OPN has been shown to form complexes with lactoferrin and lactoperoxidase in bovine
milk through electrostatic interactions, and with IgM through affinity interactions [31]. The
interaction between bovine milk OPN and lactoferrin was shown to have an dissociation
constant of 107¢ M, and the complexes were formed in a 3:1 ratio (Lactoferrin:OPN) [121].
Human OPN and lactoferrin also form complexes in vitro [80]. The lactoferrin-OPN com-
plex has been shown to be more resistant to gastrointestinal digestion than the individual
proteins alone [80,81], and the complex formation increases binding and uptake by human
intestinal cells [80]. The complex co-localizes with the main OPN receptor, the ay 33 inte-
grin, on intestinal cells, and the proteins are internalized as a complex [81]. Both bovine
and human complexes promote the proliferation and differentiation of human intestinal
cells and enhance intestinal immunity by stimulating the expression of IL-18 [80,81,122].
The bioactivities of the bovine lactoferrin-OPN complex are also seen when it is added
in formula protein blends [122]. Interestingly, the ratio between the concentration of the
two proteins is the same in bovine (~20 mg/L OPN, ~200 mg/L lactoferrin) and human
milk (~200 mg/L OPN, ~2000 mg/L lactoferrin) [18].

12. Milk Osteopontin and Dental Health

Endogenously expressed OPN has been localized to non-mineralized tissues during
tooth development, and has been suggested to function as an inhibitor of mineralization
and/or as a mediator of cell-matrix and matrix-matrix/mineral adhesion during the
formation and turnover of mineralized tissues [123,124].

The structural properties of OPN, containing many acidic and phosphorylated residues
capable of binding anions, has led to the idea that milk OPN could be used to deliver
calcium ions to the mineralizing tooth surface. Recently, OPN was shown to increase the
remineralization of demineralized enamel lesions in the presence of calcium phosphate
and fluoride [125].

OPN binds to a variety of different bacteria, and it has been shown to act as an opsonin
that promotes macrophage phagocytosis [49]. In the mouth, it has been proposed that the
affinity of OPN for bacteria be exploited in new therapeutic products for oral hygiene [126].
The administration of bovine milk OPN has been shown to decrease the bacterial adhesion
of Actinomyces viscosus, Lacticaseibacillus paracasei subsp. Paracasei, Staphylococcus epidermidis,
Streptococcus oralis, Streptococcus mitis, Streptococcus sanguinis, Streptococcus downei and Acti-
nomyces naeslundii and to delay biofilm formation on teeth, and may reduce the occurrence
of dental caries or periodontal disease [127-129]. Recently, Kristensen et al. showed that
milk OPN was effective in reducing the adhesion of Actinomyces naeslundii, Lacticaseibacillus
paracasei subsp. paracasei and Streptococcus mitis to saliva-coated surfaces, mimicking the
tooth enamel [130].
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13. Conclusions

In conclusion, the levels of OPN in human milk are reported to be 48-334 mg/L,
depending on time postpartum and the geographical location of the mothers. Most studies
show a decrease in OPN levels that is correlated with days postpartum. However, more
studies are needed to establish maternal and other factors affecting the concentration of
OPN in milk.

The structures of human and bovine milk OPN are highly similar regarding their
overall sequence identities, phosphorylation and glycosylation patterns, integrin-binding
motifs, and proteolytic cleavage sites. Milk OPN is partly resistant to digestion by gut
proteases, and it is likely that some of the ingested OPN reaches the intestine in a form
that can bind integrins and potentially initiate signaling events. Several studies have
also shown that OPN or RGD-containing OPN fragments are absorbed over the intestinal
barrier and into the circulation and organs, where they can potentially be involved in
physiological processes.

Milk OPN induces intestinal cell cytokine production and affects the development and
cellular morphology of the intestines. Furthermore, several studies have indicated milk
OPN’s mitigating effects on intestinal inflammatory diseases. Dietary milk OPN affects
the transcription of genes in the intestine and influences the gut microbiome. Finally, milk
OPN improves immune parameters in infants fed OPN-containing formula and has been
shown to affect cognitive development and behavior in animal models.
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