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Breast milk is a unique source of nutrients that is physiologically tailored to meet the changing needs of the infant during

the first six or more months of life. In addition to providing optimal energy and nutrition, breast milk optimally manages the

transition of the neonate to extrauterine life through a combination of bioactive proteins, lipids, oligosaccharides, and

immunomodulatory components.
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1. Introduction

Epidemiological studies have shown that breastfed infants are less likely to develop necrotizing enterocolitis, leukaemia,

and lymphomas, infectious diseases and allergies, or immune-mediated diseases such as asthma, celiac disease, or

diabetes, than infants unable to be breastfed for a variety of reasons . Furthermore, the intestinal microbiota of

breastfed infants has been shown to differ from that of non-breastfed babies. Microbial dysbiosis in early life has been

suggested to correlate with an increased incidence of immune-modulated diseases such as asthma and atopic disease,

obesity, and neurodevelopmental disorders . Infants fed breast milk have also been shown to have advantages

with regard to cognitive development .

The superiority of human breast milk over animal milks or infant formulas is thought to be due to its higher concentration

of bioactive ingredients . Antibacterial and opioid agonist effects of peptide components of breast milk such as

lactoferrin, lactoperoxidase, lysozyme, IgA, α-lactalbumin and casein, as well as immunostimulatory effects, have been

described . However, osteopontin (OPN), a potential bioactive component, has received less attention to date,

and its biological functions in breast milk have yet to be fully elucidated .

OPN is a glycosylated phosphoprotein that can be synthesized in many different tissues and is also found in body fluids

such as urine, blood, and milk . As OPN undergoes various types of post-translational modification, alternative

translation and proteolytic separation specific to different tissues, organs, and body fluids, it can acquire a site-specific

function. Breast milk, cord blood, and infant plasma contain exceptionally large amounts of OPN, suggesting that it may

play an important role in lactogenesis and/or in immune and nervous system development and the programming of

functions vital to long-term health of the neonate . However, the mechanisms of direct and/or indirect involvement of

OPN in these functions, are not fully understood . In vitro studies have shown that breast milk OPN is partially resistant

to proteolysis in the infant intestinal tract, suggesting that OPN is potentially a bioactive component .

Donovan et al.  observed that in the first trimester of life, gene expression in infant Rhesus monkeys receiving formula

feed with adjuvant OPN was similar to that of breastfed infant monkeys. OPN is thought to be associated with cell cycle

programming (e.g., cut homeobox gene 1 (CUX1)), intercellular communication, cell mobility, cell survival (e.g., epidermal

growth factor receptor (EGFR)), and digestive system regulation (forkhead box (FOX) genes). The ability of dietary OPN

to bind to integrin proteins and its well-defined association with CD44 also reinforce the view that OPN affects many

related genes and pathways .

OPN is highly expressed throughout the lactation period: its levels were recently shown by Goonatilleke et al. to be at their

highest in the second week postpartum, gradually decreasing to approximately 50% of this concentration (similar to

colostrum levels) by the 24th week of lactation . While the number of macrophages in breast milk is also known to

decrease during lactation, it remains unclear whether it is the macrophages or the epithelial cells of breast tissue that

produce the majority of breast milk OPN. However, there is evidence that the presence of OPN-producing epithelial cells

in breast milk during active lactation influences immune system development in neonates .

The question of whether OPN supplementation in infant formula may be beneficial has recently begun to be addressed.

To date, there are limited but important data to support this idea. In one controlled, double-blinded study by Lönnerdal et
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al. , 240 infants were fed for the first 6 months of life with either a whey-based standard formula or the same compound

supplemented with 65 mg/L or 130 mg/L bovine OPN, or with human breast milk. At four months, infants fed standard

formula had higher serum TNF-α and interleukin-2 concentrations compared with infants fed OPN-enhanced formula or

breast milk. In support of this finding, infants fed OPN-supplemented formula had less frequent occurrence of febrile

illness during the first 6 months of life than infants fed the standard formula. Neither the incidence of fever nor the levels of

inflammatory markers were found to differ significantly between breastfed babies and those receiving OPN-supplemented

formula. High TNF-α levels found in infants fed standard formula indicate a proinflammatory response to early formula use

. In contrast, babies receiving OPN-supplemented formula showed TNF-α levels similar to those of breastfed infants,

further supporting a positive role of OPN in immune system development.

In summary, recent research has demonstrated that OPN has different tissue-specific functions, and that its levels are

high in breast milk. Since breast milk OPN is presumed to be associated with immune system development, other

possible biological functions of breast milk are increasingly under investigation . However, studies that have

examined the structure and function of OPN in breast milk are scarce, and few comprehensive studies have determined

OPN concentrations in breast milk . To determine whether OPN should be added to infant formulas, however, it is

important to determine natural OPN levels in human breast milk samples.

While the composition of breast milk is largely determined by maternal factors including age and duration of lactation, it is

additionally influenced by maternal nutrition. This study aimed to determine OPN levels in mature breast milk, to

investigate maternal factors which may influence OPN levels, and to identify possible relationships between breast milk

OPN levels and neonatal health. The secondary objectives were to investigate possible relationships of breast milk OPN

concentrations with maternal dietary patterns and the incidence of infection in neonates.

2. Development and Findings

Although the bioactive components of breast milk have been a subject of discussion for many years, the functions of OPN

and its relation to maternal and infant health have yet to be completely elucidated. OPN in breast milk was first described

by Senger et al. in 1989  and Sorensen et al. showed the presence of OPN in cow’s milk in 1993 . Shortly

afterwards, in 2004, Nagatomo et al. detected human breast milk OPN concentrations of 1493.4 mg/L at 3–7 days

postpartum and 896.3 mg/L after one month , results that would indicate that OPN comprises approximately 10% of

human milk protein. In 2009, however, Schack et al. questioned these findings and performed a new study showing an

OPN concentration of 138 mg/L in breast milk and reporting that it made up 1–3% of breast milk protein (ca. 100–300

mg/L) . In 2018, Bruun et al.  found that the median concentration of OPN contained in 829 milk samples taken from

629 mothers from different countries was 157.0 mg/L. In the present study, the mean concentration of OPN was

determined to be 137.1 ± 56.8 mg/L. This value is consistent with previous studies of human milk. and particularly close to

the levels reported by Schack et al.

To date, only a few studies have focused on the functions of human breast milk OPN, and to our knowledge, this is the

first to investigate the relationship between OPN levels in breast milk and maternal factors. In our study sample, breast

milk OPN levels were not associated with maternal age, age at first pregnancy, total number of pregnancies, or the

number of living children. On the other hand, OPN levels were found to be significantly higher in the breast milk of

mothers who gave birth via the natural cervical vaginal route (160.6 ± 48.8 mg/L) compared with mothers who delivered

by Cesarean section (99.9 ± 48.5 mg/L), independent of age. There are no previous data correlating concentrations of

breast milk OPN with the birth route of infants. Interestingly, however, Ge et al.  found that in vitro oxytocin exposure

promoted gene expression of OPN. Since oxytocin is highly expressed during vaginal birth, this might explain the higher

concentrations of OPN associated with vaginal birth compared with Cesarian, where oxytocin is lacking. Nissen et al. 

found that after vaginal delivery, mothers showed a more pulsatile oxytocin re-lease pattern during breastfeeding two days

after delivery (as well as a marked increase in prolactin levels) compared with women who delivered by Cesarian. Reports

suggest that delivery method may also affect other aspects of breast milk composition. Dizdar et al.  determined a

higher protein content in the colostrum of mothers who had a cervical vaginal delivery compared with mothers who

underwent Cesarean section. Hahn et al.  reported a significant increase in fat content from 0–3 months in the breast

milk of mothers who had undergone Cesarean section. In contrast, a significant increase in breast milk carbohydrate

content was found in mothers who gave birth by the cervical vaginal route. A study by Affolter et al.  suggested that

breast milk immune factors may be affected by Cesarean delivery. Taken together, these studies indicate that delivery

route may influence breast milk composition, albeit to a limited extent. Our results are in line with this, suggesting that

breast milk OPN levels are related to the birth route. However, since our samples were collected only at a single

timepoint, during the 3rd month of lactation, it is possible that they may represent a coincidental finding. Further studies
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are needed with regular sample collection from a broader and more homogeneous study population, starting with samples

of colostrum.

Our data also indicated that during pre-pregnancy, pregnancy and lactation, breast milk OPN levels were significantly

lower in the milk of mothers who smoked (p < 0.05). However, when interpreting these data, it must be kept in mind that

the smokers in all three periods were the same women, some of whom refrained from smoking during pregnancy and

lactation. Thus, while these data show an association of smoking with breast milk OPN levels, conclusions cannot be

drawn specifically for any one time period. Studies have shown that in lactating mothers who smoke, vitamin C levels are

decreased , the lipid composition of breast milk is altered, and total fat content is reduced . Mitnerowicz et al. 

found smoking to have no effect on albumin or lactoferrin levels, but to reduce the volume of breast milk produced. In

another study by Bachour et al. , smoking did not affect concentrations of albumin, IgA, lactoferrin or casein in breast

milk. Uniquely, however, Bachour et al. showed that total breast milk protein levels decreased significantly due to smoking

. Our study suggests that the relationship between smoking and breast milk OPN levels is worthy of further

investigation.

In the present study cohort, no relationship was determined between pre-pregnancy BMI and levels of breast milk OPN.

There are no studies in the literature that directly correlate breast milk OPN with pre-pregnancy BMI. However, Saha et al.

 reported lactoferrin and lysozyme levels to be similar in breast milk samples taken from women with a BMI below and

above 20 kg/m  prior to pregnancy. In another study, pre-pregnancy BMI did not affect breast milk IgA levels . Thus, the

lack of correlation between OPN and pre-pregnancy BMI is not an unexpected finding.

Weight gain during pregnancy and BMI during lactation were both found to be associated with breast milk OPN

concentrations: These were significantly lower in the milk of mothers who gained excessive weight during pregnancy

compared with mothers whose weight gain was in line with or below recommended levels. On the other hand, breast milk

OPN levels of mothers with inadequate weight gain and those with healthy weight gain were found to be similar. Similarly,

whereas breast milk OPN levels did not differ between the “normal” vs. “overweight” BMI groups during lactation, obesity

was significantly associated with reduced OPN concentrations compared with the other two groups. In the literature, we

found no study directly investigating breast milk OPN levels and maternal BMI and weight gain during pregnancy. In a

study by Yangz et al.  focusing on factors influencing lactoferrin levels in breast milk, no relation between maternal BMI

and breast milk lactoferrin concentrations was found. While Nayak et al.  found no correlation between maternal BMI

and breast milk composition, Kugananthan et al.  linked increased maternal fat tissue volume to increased

concentrations of both protein and hormones in breast milk. Moreover, Whitaker et al.  reported enhanced levels of

inflammatory markers in the breast milk of women with excessive weight gain during pregnancy. Existing data are thus

inconclusive concerning possible links of maternal BMI and weight gain during pregnancy to macro- or micronutrients in

the breast milk. Therefore, our findings linking these factors with reduced breast milk OPN levels might simply reflect the

fact that the interrelationship between OPN, obesity and inflammation is complex and worthy of further investigation.

Low or moderate diversity of the maternal diet has not, in general, been found to cause major variations in breast milk

composition or volume . Nevertheless, studies have shown that maternal energy intake affects breast milk

volume, that maternal fat intake does not influence the composition of fat in breast milk, and that deficiencies of some

vitamins and minerals influence vitamin and mineral levels in breast milk . Therefore, major differences in maternal

nutrition may affect the composition of breast milk. In this study, we sought to examine possible effects of maternal intake

of energy and macro- and micronutrients on breast milk OPN levels for the first time. A few studies have indicated that

IgA, IgG and lysozyme levels are significantly decreased in the breast milk of mothers with malnutrition compared with

mothers of a healthy nutritional status . However, the influence of maternal nutrition on immunological properties of

breast milk remains unclear. Our data showed low to moderate associations of breast milk OPN concentrations with

maternal intake levels of energy, vegetable/plant proteins, total fat, poly-unsaturated fatty acids, carbohydrate, and fiber.

Additional studies are required to clarify these relationships further.

Breast milk OPN has been linked to a healthy pattern of growth and development in infants. In rhesus monkeys, Donovan

et al.  found the growth pattern and bone miner-al density of baby monkeys fed OPN-supplemented formula to be

similar to those of exclusively breastfed monkeys. Later, Lönnerdal et al.  reported similar findings in a human cohort of

240 neonates. To our knowledge, ours is the first study since to focus on growth patterns of neonates in relation to breast

milk OPN levels, albeit without a control group of infants receiving formula feed. Our results are consistent with the

existing literature. Generally, infants of mothers with higher breast milk OPN levels had a higher mean BW and length at

both one and three months. We found no significant correlation between breast milk OPN levels and the BW and length

measurements of infants at birth. However, significant positive correlations between breast milk OPN levels and BW and

length were found after one and three months, suggesting that OPN levels in milk may be related to the early growth
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pattern of neonates. Recent studies also concluded that OPN in human milk could play an important role in brain

development and behavior in infancy , possibly by promoting myelination .

The most important function of breast milk OPN in infant health is thought to be its role in regulating immune system

development . OPN-producing epithelial cells and macrophages have been found in the actively lactating mammary

gland, implicating that high expression of OPN in human milk cells may play an essential role in the immuno-logical

development of breastfed infants . Both circulating T cells and levels of pro-inflammatory cytokines were found to be

reduced in infants fed OPN-supplemented formula compared with infants fed standard formula feed . Thus, OPN ap-

pears to affect both innate and adaptive immunity. Donovan et al. . reported that pathways of cell proliferation and cell–

cell adhesion were upregulated in infants who were breastfed or fed OPN-supplemented formula in comparison to those

fed standard formula, thus promoting the production and maturation of immune cells. Plasma OPN is known to play an

important role in the immune system response to microbial infections . Mice with OPN deficiency were found to be

more susceptible to pathogenic microorganisms such as Listeria monocytegenes, Plasmodium chabuad,

and Mycobacterium bous , while in another OPN-deficient murine model, the spontaneous development of colitis

was reported . Lönnerdal et al. observed that infants fed OPN-enriched formula had a lower incidence of fever

compared with infants fed standard formula . In line with this, we found a significantly reduced incidence of hospital

admission due to febrile illness during the first three months of life in the infants of mothers with higher breast milk OPN

levels. These data are consistent with the literature and not surprising, given the known immune system-related functions

of OPN.

3. Conclusions

In conclusion, we found that OPN concentrations in breast milk seem to be affected by maternal factors including dietary

intake (especially energy and fiber intake), BMI and smoking. Our data also indicated an influence of the birth route, with

higher breast milk OPN levels found in mothers who delivered via cervical vaginal birth compared with Cesarean section.

In addition, we found correlations between OPN levels and measures of infant growth in the first three months of life.

Overall, our results are in line with previous findings suggesting that OPN might have important effects on infant growth

and health. Our data showing reduced postnatal fever-related hospital admissions in babies fed breast milk with higher

levels of OPN substantiate a possible role of OPN-associated mechanisms in immune system development in the

neonate. In order to gain more clarity on functions of OPN as a bioactive ingredient of human breast milk, additional

studies are needed in a broader and more homogeneous study population with sample collection on a regular basis and

over a longer time period. Depending on future findings, the concept of supplementing infant formulas with OPN should be

further pursued. In the light of our findings, we believe this may indeed prove a viable option and an important contribution

to the health and immune system development of infants who, for whatever reason, cannot receive breast milk.

References

1. Hanson, L.; Korotkova, M. The role of breastfeeding in prevention of neonatal infection. Semin. Neonatol. 2002, 7, 275
–281.

2. Bezirtzoglou, E.; Tsiotsias, A.; Welling, G.W. Microbiota profile in feces of breast- and formula-fed newborns by using fl
uorescence in situ hybridization (FISH). Anaerobe 2011, 17, 478–482.

3. Fasano, A. Another reason to favor exclusive breastfeeding: Microbiome resilience. J. Pediatr. 2018, 94, 224–225.

4. Armstrong, J.; Reilly, J.J. Breastfeeding and lowering the risk of childhood obesity. Lancet 2002, 359, 2003–2004.

5. Stiemsma, L.T.; Michels, K.B. The Role of the Microbiome in the Developmental Origins of Health and Disease. Pediatri
cs 2018, 141, e20172437.

6. Lee, H.; Park, H.; Ha, E.; Hong, Y.-C.; Ha, M.; Park, H.; Kim, B.-N.; Lee, B.; Lee, S.-J.; Lee, K.Y.; et al. Effect of Breastf
eeding Duration on Cognitive Development in Infants: 3-Year Follow-up Study. J. Korean Med. Sci. 2016, 31, 579–584.

7. Bravi, F.; Wiens, F.; DeCarli, A.; Pont, A.D.; Agostoni, C.; Ferraroni, M. Impact of maternal nutrition on breast-milk comp
osition: A systematic review. Am. J. Clin. Nutr. 2016, 104, 646–662.

8. Ballard, O.; Morrow, A.L. Human Milk Composition. Pediatr. Clin. N. Am. 2013, 60, 49–74.

9. Lönnerdal, B. Infant formula and infant nutrition: Bioactive proteins of human milk and implications for composition of inf
ant formulas. Am. J. Clin. Nutr. 2014, 99, 712S–717S.

10. Schack, L.; Lange, A.; Kelsen, J.; Agnholt, J.; Christensen, B.; Petersen, T.; Sørensen, E. Considerable variation in the
concentration of osteopontin in human milk, bovine milk, and infant formulas. J. Dairy Sci. 2009, 92, 5378–5385.

[45][46] [46]

[14]

[23][47]

[21][48]

[19]

[49]

[50][51][52]

[53]

[21]



11. Lönnerdal, B. Bioactive Proteins in Human Milk—Potential Benefits for Preterm Infants. Clin. Perinatol. 2017, 44, 179–1
91.

12. Field, C.J. The Immunological Components of Human Milk and Their Effect on Immune Development in Infants. J. Nutr.
2005, 135, 1–4.

13. Blewett, H.; Cicalo, M.C.; Holland, C.D.; Field, C. The Immunological Components of Human Milk. Adv. Food Nutr. Res.
2008, 54, 45–80.

14. Demmelmair, H.; Prell, C.; Timby, N.; Lönnerdal, B. Benefits of Lactoferrin, Osteopontin and Milk Fat Globule Membran
es for Infants. Nutrients 2017, 9, 817.

15. Kadkol, S.S.; Lin, A.Y.; Barak, V.; Kalickman, I.; Leach, L.; Valyi-Nagy, K.; Majumdar, D.; Setty, S.; Maniotis, A.J.; Folber
g, R.; et al. Osteopontin Expression and Serum Levels in Metastatic Uveal Melanoma: A Pilot Study. Investig. Ophthalm
ology Vis. Sci. 2006, 47, 802–806.

16. Scatena, M.; Liaw, L.; Giachelli, C.M. Osteopontin. Arter. Thromb. Vasc. Biol. 2007, 27, 2302–2309.

17. Reza, S.; Shaukat, A.; Arain, T.M.; Riaz, Q.S.; Mahmud, M. Expression of Osteopontin in Patients with Thyroid Dysfunc
tion. PLoS ONE 2013, 8, e56533.

18. Chatterton, D.; Rasmussen, J.; Heegaard, C.; Sørensen, E.S.; Petersen, T. In vitro digestion of novel milk protein ingre
dients for use in infant formulas: Research on biological functions. Trends Food Sci. Technol. 2004, 15, 373–383.

19. Donovan, S.M.; Monaco, M.H.; Drnevich, J.; Kvistgaard, A.S.; Hernell, O.; Lönnerdal, B. Bovine Osteopontin Modifies t
he Intestinal Transcriptome of Formula-Fed Infant Rhesus Monkeys to Be More Similar to Those That Were Breastfed.
J. Nutr. 2014, 144, 1910–1919.

20. Goonatilleke, E.; Huang, J.; Xu, G.; Wu, L.; Smilowitz, J.T.; German, J.B.; Lebrilla, C.B. Human Milk Proteins and Their
Glycosylation Exhibit Quantitative Dynamic Variations during Lactation. J. Nutr. 2019, 149, 1317–1325.

21. Lönnerdal, B.; Kvistgaard, A.S.; Peerson, J.M.; Donovan, S.M.; Peng, Y.-M. Growth, Nutrition, and Cytokine Response
of Breast-fed Infants and Infants Fed Formula with Added Bovine Osteopontin. J. Pediatr. Gastroenterol. Nutr. 2016, 6
2, 650–657.

22. Kainonen, E.; Rautava, S.; Isolauri, E. Immunological programming by breast milk creates an anti-inflammatory cytokin
e milieu in breast-fed infants compared to formula-fed infants. Br. J. Nutr. 2012, 109, 1962–1970.

23. Jiang, R.; Lonnerdal, B. Biological roles of milk osteopontin. Curr. Opin. Clin. Nutr. Metab. Care 2016, 19, 214–219.

24. Senger, D.R.; Perruzzi, C.A.; Papadopoulos, A.; Tenen, D. Purification of a human milk protein closely similar to tumor-
secreted phosphoproteins and osteopontin. Biochim. Biophys. Acta Protein Struct. Mol. Enzym. 1989, 996, 43–48.

25. Sørensen, E.S.; Petersen, T.E. Purification and characterization of three proteins isolated from the proteose peptone fr
action of bovine milk. J. Dairy Res. 1993, 60, 189–197.

26. Bruun, S.; Jacobsen, L.N.; Ze, X.; Husby, S.; Ueno, H.; Nojiri, K.; Kobayashi, S.; Kwon, J.; Liu, X.; Yan, S.; et al. Osteop
ontin Levels in Human Milk Vary Across Countries and Within Lactation Period: Data from a Multicenter Study. J. Pediat
r. Gastroenterol. Nutr. 2018, 67, 250–256.

27. Ge, B.; Liu, H.; Liang, Q.; Shang, L.; Wang, T.; Ge, S. Oxytocin facilitates the proliferation, migration and osteogenic diff
erentiation of human periodontal stem cells in vitro. Arch. Oral Biol. 2019, 99, 126–133.

28. Nissen, E.; Uvnäs-Moberg, K.; Svensson, K.; Stock, S.; Widström, A.-M.; Winberg, J. Different patterns of oxytocin, prol
actin but not cortisol release during breastfeeding in women delivered by Caesarean section or by the vaginal route. Ea
rly Hum. Dev. 1996, 45, 103–118.

29. Dizdar, E.A.; Sari, F.N.; Degirmencioglu, H.; Canpolat, F.E.; Oguz, S.S.; Uras, N.; Dilmen, U. Effect of mode of delivery
on macronutrient content of breast milk. J. Matern. Neonatal Med. 2013, 27, 1099–1102.

30. Hahn, W.-H.; Song, J.-H.; Song, S.; Kang, N.M. Do gender and birth height of infant affect calorie of human milk? An as
sociation study between human milk macronutrient and various birth factors. J. Matern. Neonatal Med. 2016, 30, 1608–
1612.

31. Ortega, R.M.; López-Sobaler, A.M.; Quintas, M.E.; Martínez, R.M.; Andrés, P. The influence of smoking on vitamin C st
atus during the third trimester of pregnancy and on vitamin C levels in maternal milk. J. Am. Coll. Nutr. 1998, 17, 379–3
84.

32. Agostoni, C.; Marangoni, F.; Grandi, F.; Lammardo, A.M.; Giovannini, M.; Riva, E.; Galli, C. Earlier smoking habits are a
ssociated with higher serum lipids and lower milk fat and polyunsaturated fatty acid content in the first 6 months of lacta
tion. Eur. J. Clin. Nutr. 2003, 57, 1466–1472.

33. Milnerowicz, H.; Chmarek, M. Influence of smoking on metallothionein level and other proteins binding essential metals
in human milk. Acta Paediatr. 2007, 94, 402–406.



34. Bachour, P.; Yafawi, R.; Jaber, F.; Choueiri, E.; Abdel-Razzak, Z. Effects of Smoking, Mother’s Age, Body Mass Index, a
nd Parity Number on Lipid, Protein, and Secretory Immunoglobulin A Concentrations of Human Milk. Breastfeed. Med.
2012, 7, 179–188.

35. Saha, K.; Garg, M.; Rao, K.N.; Thirupuram, S.; Gupta, M.M. Lymphocyte Subsets in Human Colostrum with Special Ref
erence to that of Undernourished Mothers. J. Trop. Pediatr. 1987, 33, 329–332.

36. Yang, Z.; Jiang, R.; Chen, Q.; Wang, J.; Duan, Y.; Pang, X.; Jiang, S.; Bi, Y.; Zhang, H.; Lönnerdal, B.; et al. Concentrati
on of Lactoferrin in Human Milk and Its Variation during Lactation in Different Chinese Populations. Nutrients 2018, 10,
1235.

37. Nayak, U.; Kanungo, S.; Zhang, D.; Colgate, E.R.; Carmolli, M.P.; Dey, A.; Alam, M.; Manna, B.; Nandy, R.K.; Kim, D.
R.; et al. Influence of maternal and socioeconomic factors on breast milk fatty acid composition in urban, low-income fa
milies. Matern. Child Nutr. 2016, 13, e12423.

38. Kugananthan, S.; Gridneva, Z.; Lai, C.T.; Hepworth, A.R.; Mark, P.J.; Kakulas, F.; Geddes, D.T. Associations between
Maternal Body Composition and Appetite Hormones and Macronutrients in Human Milk. Nutrients 2017, 9, 252.

39. Whitaker, K.M.; Marino, R.C.; Haapala, J.L.; Foster, L.; Smith, K.D.; Teague, A.M.; Jacobs, D.R.; Fontaine, P.L.; McGov
ern, P.M.; Schoenfuss, T.C.; et al. Associations of Maternal Weight Status Before, During, and After Pregnancy with Infl
ammatory Markers in Breast Milk. Obesity 2017, 25, 2092–2099.

40. Dewey, K.G.; Heinig, M.J.; Nommsen, L.A.; Lonnerdal, B. Maternal versus infant factors related to breast milk intake an
d residual milk volume: The DARLING study. Pediatrics 1991, 87, 829–837.

41. Butte, N.F.; Garza, C.; Stuff, J.E.; Smith, E.O.; Nichols, B.L. Effect of maternal diet and body composition on lactational
performance. Am. J. Clin. Nutr. 1984, 39, 296–306.

42. Michaelsen, K.F. Nutrition and Growth During Infancy the Copenhagen Cohort Study. Acta Paediatr. 1997, 86, 1–36.

43. Chang, S.J. Antimicrobial proteins of maternal and cord sera and human milk in relation to maternal nutritional status. A
m. J. Clin. Nutr. 1990, 51, 183–187.

44. Miranda, R.; Saravia, N.G.; Ackerman, R.; Murphy, N.; Berman, S.; McMurray, D.N. Effect of maternal nutritional status
on immunological substances in human colostrum and milk. Am. J. Clin. Nutr. 1983, 37, 632–640.

45. Joung, S.; Fil, J.E.; Heckmann, A.B.; Kvistgaard, A.S.; Dilger, R.N. Early-Life Supplementation of Bovine Milk Osteopon
tin Supports Neurodevelopment and Influences Exploratory Behavior. Nutrients 2020, 12, 2206.

46. Jiang, R.; Prell, C.; Lönnerdal, B. Milk osteopontin promotes brain development by up-regulating osteopontin in the brai
n in early life. FASEB J. 2018, 33, 1681–1694.

47. Nagatomo, T.; Ohga, S.; Takada, H.; Nomura, A.; Hikino, S.; Imura, M.; Ohshima, K.; Hara, T. Microarray analysis of hu
man milk cells: Persistent high expression of osteopontin during the lactation period. Clin. Exp. Immunol. 2004, 138, 47
–53.

48. West, C.E.; Kvistgaard, A.S.; Peerson, J.M.; Donovan, S.M.; Peng, Y.-M.; Lönnerdal, B. Effects of osteopontin-enriched
formula on lymphocyte subsets in the first 6 months of life: A randomized controlled trial. Pediatr. Res. 2017, 82, 63–71.

49. Rittling, S.R.; Zetterberg, C.; Yagiz, K.; Skinner, S.; Suzuki, N.; Fujimura, A.; Sasaki, H. Protective role of osteopontin in
endodontic infection. Immunology 2009, 129, 105–114.

50. Ashkar, S.; Weber, G.F.; Panoutsakopoulou, V.; Sanchirico, M.E.; Jansson, M.; Zawaideh, S.; Rittling, S.R.; Denhardt,
D.T.; Glimcher, M.J.; Cantor, H. Eta-1 (Osteopontin): An Early Component of Type-1 (Cell-Mediated) Immunity. Science
2000, 287, 860–864.

51. Maeno, Y.; Nakazawa, S.; Yamamoto, N.; Shinzato, M.; Nagashima, S.; Tanaka, K.; Sasaki, J.; Rittling, S.R.; Denhardt,
D.T.; Uede, T.; et al. Osteopontin Participates in Th1-Mediated Host Resistance against Nonlethal Malaria Parasite Plas
modium chabaudi chabaudi Infection in Mice. Infect. Immun. 2006, 74, 2423–2427.

52. Nau, G.J.; Liaw, L.; Chupp, G.L.; Berman, J.S.; Hogan, B.L.M.; Young, R.A. Attenuated Host Resistance against Mycob
acterium bovis BCG Infection in Mice Lacking Osteopontin. Infect. Immun. 1999, 67, 4223–4230.

53. Toyonaga, T.; Nakase, H.; Ueno, S.; Matsuura, M.; Yoshino, T.; Honzawa, Y.; Itou, A.; Namba, K.; Minami, N.; Yamada,
S.; et al. Osteopontin Deficiency Accelerates Spontaneous Colitis in Mice with Disrupted Gut Microbiota and Macropha
ge Phagocytic Activity. PLoS ONE 2015, 10, e0135552.

Retrieved from https://encyclopedia.pub/entry/history/show/39490


