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The World Health Organization (WHO) recommends exclusive breastfeeding for the first 6 months of life followed by complementary foods and sustained breastfeeding for at least 2 years, underscoring its pivotal role in reducing infant mortality and preventing various illnesses. This perspective delves into the intricate relationship between breastfeeding practices, early life antibiotic exposure, and infant gut microbiome development, highlighting their profound influence on child health outcomes. Antibiotics are extensively prescribed during pregnancy and childhood, disrupting the microbiome, and are related to increased risks of allergies, obesity, and neurodevelopmental disorders. Breastfeeding is a significant determinant of a healthier gut microbiome, characterized by higher levels of beneficial bacteria such as Bifidobacterium and lower levels of potential pathogens. Despite widespread recognition of the benefits of breastfeeding, gaps persist in healthcare practices and support mechanisms, exacerbating challenges faced by breastfeeding families. This highlights the pressing need for comprehensive research encompassing breastfeeding behaviors, human milk intake, and their impact on infant health outcomes. Additionally, promoting awareness among healthcare providers and families regarding the detrimental effects of unnecessary formula supplementation could facilitate informed decision-making and bolster exclusive breastfeeding rates. Moreover, donor human milk (DHM) is a promising alternative to formula, potentially mitigating disruptions to the infant gut microbiome after antibiotic exposure. Overall, prioritizing breastfeeding support interventions and bridging research gaps are essential steps towards improving child health outcomes on a global scale.
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Introduction

The World Health Organization (WHO) recommends exclusive breastfeeding for the first 6 months of life followed by the introduction of complementary foods and sustained breastfeeding for 2 years and beyond (1). It is estimated that scaling up rates of optimal breastfeeding can prevent 823,000 child deaths globally per year (2). Infants who are breastfed have reduced rates of acute infection, asthma, obesity, diabetes, lower and upper respiratory illnesses, and acute otitis media (ear infections) (2). Unlike formula, the composition of human milk is dynamic, and it changes throughout a feed, throughout the day, and across the lactation stage (3, 4). While breastmilk provides a complete source of macro- and micro-nutrients for full-term infants, it also contains many non-nutritive bioactive components, such as hormones, immunoglobulins, growth factors, cytokines, microbes, metabolites, and human milk oligosaccharides that impact infant health (5). Many of these bioactive components directly influence the developing infant microbiome. In fact, infant feeding method, particularly breastfeeding and human milk feeding, is one of the most influential aspects on the developing infant microbiome (6). As such, promoting and protecting breastfeeding and offering exclusive human milk diets, even for full-term infants, may help to mitigate potential microbiome mediated risks to child health and development.


Antibiotic use and exposure in perinatal and pediatric populations

Antibiotics are the most prescribed medication during pregnancy and childhood, accounting for approximately 80% of prescriptions (7–9). A Swedish population based-cohort study found that across 125,106 pregnancies, 25.9% of mothers received antibiotics during pregnancy and over 40% of children were prescribed antibiotics in their first 2 years of life (10). Similarly in Canada, an examination of the Quebec Pregnancy Registry found that 24.5% of mothers used antibiotics during pregnancy. Antenatally (during labour), approximately 15–40% of mothers are exposed to antibiotics for Group B Streptococcus prophylaxis (11).

In the infant and pediatric populations from high income setting, antibiotic prescription rates in acute care exceed 35%, many in the first 30 days of life (9), whereas antibiotic prescription rates exceed 45% in outpatient care (12). As such, close to half of all children will be exposed to antibiotics during critical windows of development. While antibiotics are an important anti-infective agent, their use over the past several decades has become wide spread, often being used as a prophylaxis to prevent infection (9). It was previously believed that antibiotic exposure posed minimal risk, however as a medical community, we have come to learn that exposure to antibiotics is a concern from a resistance perspective as well as the impact that antibiotics can have on commensal microbiota in the human body (13).



Early life antibiotic exposure and child health outcomes

Early life antibiotic exposure has been associated with poorer health outcomes for children and adults. A systematic review of 160 studies examining outcomes of over 22 million children found that children who were exposed to antibiotics early in life have significantly increased risks of developing atopy and allergy, obesity and overweight, and neurodevelopmental disorders such as autism and attention deficit hyperactivity disorder (14). Additionally, it is likely that there is a dose response with increased antibiotic exposure yielding an increased risk in developing adverse health outcomes (10). It is well supported that many of these disorders may be related to the disruptions that antibiotics create in the infant microbiome during critical windows of child development.

The first 1,000 days of life, from conception to 2 years of age, is the critical period when the bacterial composition of the infant’s gut microbiome helps to shape its developing immune system (15). A dysbiotic, or imbalanced, gut microbiome during critical windows of infant development in the first 1,000 days can have long-term negative consequences on child health outcomes such as metabolic diseases, asthma and allergy, and altered neurodevelopment (16). Ideally, the infant gut microbiome is established when the mother transmits microbes to their infant during vaginal delivery, followed by exclusive breastfeeding and no antibiotic treatment (15). However, more than half of full-term infants experience deviations from this cascade, including interventions such as c-section delivery (17), formula feeding (18, 19), and antibiotic exposure (7–9) which can adversely impact their developing microbiome (20).

Exposure to antibiotics in the perinatal and neonatal period significantly alters the developing infant gut microbiome, leading to a disrupted or dysbiotic state (21). Antibiotic use during pregnancy significantly disrupts the gut and vaginal microbiomes of mothers, reducing the α diversity of the bacteria that infants are exposed to when they are born vaginally, thereby impacting the initial colonization of the infant microbiome (22). Intrapartum antibiotic exposure, usually for Group B Streptococcus prophylaxis, is associated with a lower relative concentration of Bifidobacteriaceae, and increased relative abundance of Proteobacteria in the gut microbiome of exposed infants compared with those who are not exposed (21). Exposure to antibiotics during infancy significantly alters the composition of the microbiome in the developing gut, resulting in reduced levels of essential anaerobic bacteria like Bifidobacteria, Lactobacilli, and Bacteroides, as well as diminished populations of butyrate-producing families such as Bifidobacteriaceae, Bacteroidaceae, and Eubacteriaceae (23). Additionally, maternal use of antibiotics while breastfeeding significantly alters the breastmilk microbiome and the antibiotics can pass through the breastmilk to impact the infant’s developing microbiome as well (23, 24).

Evidence consistently suggests that antibiotic exposure during pregnancy, breastfeeding and in the neonatal period, reduces colonization and abundance of important commensal bacteria such as Bifidobacterium (25). Bifidobacteria are important early colonizers of the gut because they are primary consumers of prebiotic oligosaccharides in human milk, they crowd out pathogenic bacteria, and their presence is associated with decreased risk of atopy and other childhood diseases (26).



Can breast milk and human milk feeding help to recover the infant gut microbiome?

After birth, breastfeeding is one of the most influential factors on the developing infant gut microbiome. Breastfed infants consistently demonstrate higher levels of Bifidobacterium compared to infants who receive formula (27, 28). Compared to exclusively formula fed infants, exclusively breastfed infants have lower α diversity which remains stable over the first 3 months of life and increases at 6 months (28). Conversely, formula fed infants demonstrate increased α diversity early in life, which is reflective of the gut microbiome in older children (28). Further, breastfed infants have increased levels of commensal bacteria such as lactobacilli and enterococci, and reduced levels of pathogenic bacteria such as Clostridium perfringens, Klebsiella oxytoca, and Enterococcus faecalis (6).

Human milk contains pro-, pre- and post-biotic substances that directly impact the developing infant microbiome. Raw human milk, fed directly from the breast contains live bacteria, or probiotics, consisting of more than 800 bacterial species, that can colonize the infant gut (29). An exclusively breastfed infant consumes 1 × 105 and 1 × 107 bacteria per day (30), making human milk the second most important source of colonization of the infant gut microbiome, following bacterial exposure via the birth canal (29). Processing of human milk, such as decanting, storage, refrigeration, freezing and pasteurization can drastically impact the viability of probiotics in human milk (31, 32). While direct breastfeeding confers the greatest levels of probiotic exposure, previously refrigerated and frozen milk also still demonstrates viable microbial activity (Figure 1). Pasteurized donor human milk (DHM) has minimal microbial activity (32), and while not sterile, is not considered a viable source of probiotics.

[image: Figure 1]

FIGURE 1
 Biotic properties of human milk and formula based on mode of feeding.


Human milk also contains pre-biotics in the form of human milk oligosaccharides (HMOs) which are the third most prevalent component in human milk (33). There are over 150 different HMO structures in human milk and only about 1% are absorbed into the circulation of the infant (34, 35). The remaining 99% are believed to be metabolised by gut microbes or excreted by the infant (34). The primary role of HMOs is to serve as a pre-biotic for commensal bacteria in the infant gut (35). While HMOs do not naturally occur in formula, 2′-FL (2′-Fucosylactose) and LNnT (Lacto-N-neotetraose) are approved to be added to infant formulas in the US and Canada (35). Processing of human milk does not significantly reduce the pre-biotic activity and pasteurized DHM has similar levels of HMOs compared to raw human milk and is an excellent source of pre-biotics (36) (Figure 1).

Finally, human milk contains post-biotics, which are metabolites produced from microbial fermentation. Post-biotics in human milk consist of microbial cells, cell constituents and metabolites such as short-chain fatty acids (37). Presence of post-biotics may inhibit the growth of pathogens in the infant gut, enhance intestinal barrier function and mucosal immunity, and promote gene transcription (37). A consensus statement on the definition of post-biotics was only recently developed by the International Scientific Association of Probiotics and Prebiotics (ISAPP) in 2021 (38) and as such, rigorous research in this field is just emerging (37). However, it appears that processing of human milk has minimal impact on many post-biotic components and pasteurized DHM remains a good source (39).

Specific to antibiotic exposure, Dai et al. (40) found that any breastfeeding enriched B. longum infantis in the infant gut. This study determined that infants who were exposed to antibiotics and who were receiving any breastmilk at 3 months of age had a significantly reduced risk of developing asthma and that this relationship was mediated by Bifidobacterium longum Subspecies infantis (Bifidobacterium infantis) which is a bacterium that is dependent on human milk (40). They summarized that most species in the infant microbiome that were affected by antibiotics are responsive to breastfeeding and can be rescued to non-antibiotic levels in breastfed infants. This is one of the first studies to examine the reparative effects of breastfeeding on the microbiome of infants who are exposed to antibiotics. However, due to power limitations, they were not able to examine the effects of exclusive or direct breastfeeding on the infant microbiome.


Forms of breastfeeding – does it matter?

It is likely that the form of breastfeeding (exclusive breastfeeding compared to combo/mixed feeding or direct breastfeeding compared to feeding expressed milk) may have varying impacts on the infant microbiome. Exclusive breastfeeding is defined as the infant only receiving breastmilk with no other fluids or complementary foods (1) and the WHO recommends exclusive breastfeeding for the first 6 months of life. Observational evidence indicates that exposure to small amounts of formula in the first days of life can significantly impact the composition of the microbiome at 3-months of age (18). Despite exclusive breastfeeding after leaving the hospital, infants who were fed formula in hospital had lower relative abundance of Bifidobacteriaceae in the gut microbiome at 3 months postpartum compared to infants who were exclusively breastfed throughout (18). Exclusive breastfeeding also appears to have a recovering effect on the microbiome of infants who are born via caesarean section. Liu et al. (41) found that infants born via caesarean section who were exclusively breastfed at 6 months of life had gut microbiomes that resembled infants who were born vaginally. This association was not observed for infants who received both formula and breastmilk. Unfortunately, Liu et al. (41) did not indicate if the infants who were exclusively breastfed at 6 months had ever received formula previously.

Duration of exclusive breastfeeding also appears to have an important impact on the developing infant gut microbiome. A recent systematic review and meta-analysis demonstrated a pooled protective effect of longer duration of exclusive breastfeeding and reduced risk of developing asthma for children under 7 years of age (42). Infants who are exclusive breastfed for longer periods of time are 19% less likely to develop asthma compared to children who were exclusively breastfed for shorter periods of time. Further, comparing infants who were ever breastfed to never breastfed did not yield significant differences in asthma risk, indicating that exclusive breastfeeding, or lack of formula exposure is most impactful on infant health outcomes (42). This is an important distinction as it highlights the importance of breastfeeding exclusivity, but also the duration of exclusive breastfeeding as well. While research around exclusive breastfeeding is scant, plagued by poorly defined outcomes, and highly heterogenous, it is evident that a dose response for exclusivity and duration of exclusivity exists.

Mode of breastfeeding also appears to play an important role in infant health, likely mediated via the developing infant gut microbiome. Observational evidence from the CHILD study indicates that infants who are directly fed from the breast compared to infants who are fed their mother’s expressed milk have significantly reduced risk of asthma diagnoses at 3 years of age (43). Further, milk from parents who express rather than directly breastfeed demonstrates lower bacterial richness and this richness also differs between milk that is pumped compared to milk that is manually expressed (44). It is likely that the varied richness of the milk microbiota directly informs the colonization of the infant gut, as up to 30% of the infant microbiome is derived from breastmilk intake (45). Despite mode of breastfeeding, it is important to note that both direct and expressed feeding of breastmilk confers a significant risk reduction of asthma diagnoses compared to formula feeding (43).

It is evident that gut microbiome signatures are heavily influenced by infant feeding type (28, 46) and breastfeeding can improve gut microbiota composition in infants who experience adverse early life exposures (47). It also appears that exclusive breastfeeding and direct breastfeeding may provide enhanced protection for infants who experience adverse early life disruptions to their microbiome such as antibiotic exposure. However, future research in child health needs to carefully measure exclusivity of breastfeeding, considering if there has been any previous formula exposure and how the breastmilk is being provided to the infant.





Clinical and research considerations

Promotion and protection of breastfeeding and exclusive human milk feeding is a public health intervention that is affordable and effective in improving child health outcomes on a global scale (2). However, there still exist some gaps in the evidence and many areas of healthcare lack evidence-based practice strategies to support breastfeeding families. Further, as evidence of breastfeeding benefits have started to accumulate over the past 20–30 years, public and health discourse around infant feeding has increasingly become very pro-breastfeeding and mothers are under intense social pressure to exclusively breastfeed their infants (48, 49). Yet, society provides minimal support or choice of supplementation when breastfeeding is not possible or does not go as planned.


Considerations for research

Breastfeeding and human milk intake has long been under reported and not accurately measured in child health research. Further, breastfeeding evidence is predominantly limited to observational studies exploring associations between breastfeeding and infant health outcomes, which have been critiqued for their risk of confounding (48). While the WHO and most healthcare agencies recommend exclusive breastfeeding for the first 6 months of life (1), rigorous evidence to support these guidelines is still lacking. Increasingly, we are observing the profound impact and protective effect that breastfeeding and human milk feeding has on infant development and child health outcomes (2). It is likely that this relationship is mediated by the role human milk has on the developing gut microbiome in infants (46). However, conclusive evidence about this relationship is lacking. Future research needs to include careful measurement of breastfeeding behaviors and human milk intake. Collecting data on exclusivity of breastfeeding, mode of breastfeeding, amount of supplementation, and type of supplementation will provide much stronger evidence around the relationship between infant feeding and infant health. In addition, prioritizing the relationship between infant feeding and the developing infant microbiome in research will help to provide a better understanding of the mechanism and dose response of human milk feeding on the developing infant microbiome.



Provider education

There have been many calls to action to further protect and promote breastfeeding. These have been relatively successful in increasing breastfeeding initiation rates to >90% in Canada (50), and to >85% in the United States (51). However, over 60% of mothers do not meet their breastfeeding goals (52) and exclusive breastfeeding rates fall well below the recommended guidelines (50, 51). The most common reasons for formula supplementation in the early days of life are related to medical indications, such as hypoglycemia, weight loss, or jaundice; parental request or preference; and lactation management issues, such as poor latch or perceived insufficient milk supply (53). In addition, it is still common for healthcare providers to defer to formula without sufficient medical indication or providing adequate support to breastfeeding families (53, 54). Providing mandatory education for healthcare providers who work with families in the perinatal setting is an evidence-based strategy that helps to improve breastfeeding rates (2, 54, 55). Additionally, raising awareness among healthcare providers and families around the unethical marketing of breastmilk substitutes from formula companies may help to enhance critical thinking around unnecessary formula supplementation and increase capacity for informed decision making with infant feeding (56).



Supplementation options

Exclusive breastfeeding rates still lag far behind recommended guidelines (50, 51). It is estimated in Canada and the United States, 40–60% of full-term infants receive at least one bottle of formula supplementation in their first week of life (18, 19, 51). Not only does this disrupt the infant microbiome (18), but it also disrupts the establishment of breastfeeding and leads to lower breastfeeding exclusivity and duration rates (57, 58). Donor human milk (DHM) is likely a superior alternative to formula when supplementation is required because it allows infants who are supplemented to continue to be exclusively fed human milk. Through its various biotic properties, DHM minimizes perturbations to the gut microbiome in infants who experience adverse early-life exposures (59, 60). As such, there are likely profound differences in the impact of formula supplementation compared to DHM supplementation on the developing infant gut microbiome (36, 61). Additionally, evidence indicates that mothers who supplement with DHM compared to formula may be more likely to continue exclusively breastfeeding their infants at 6 months (62). However, there is minimal research on the impact of DHM as a supplementation option for the full-term population and on the full-term infant gut microbiome (63). While DHM is the accepted standard of practice for preterm infants when supplementation is indicated in clinical settings, little is known about DHM use in the full-term infant population. Research in this area is laden with opportunity to establish causal relationships between DHM supplementation (exclusive human milk feeding) compared to formula supplementation on the infant gut microbiome. Randomization of infants to receive DHM instead of formula is still an ethical practice because DHM supplementation is not standard practice in the full-term population. DHM is a viable and feasible alternative to formula supplementation that should be considered for full-term infants who experience early life perturbations to their microbiome.




Conclusion

The interplay between breastfeeding, early life antibiotic exposure, and infant gut microbiome development underscores the critical importance of promoting and protecting breastfeeding and human milk feeding for optimal child health outcomes. While lifesaving, unnecessary antibiotic exposure and overuse is a significant concern and may pose long-term risks to child health. Breastfeeding is associated with a myriad of benefits, including a healthier gut microbiome and reduced risks of infections and diseases and may help overcome some of the perturbations to the microbiome from antibiotic exposure. However, current breastfeeding rates lag behind WHO recommendations. Addressing these challenges requires a multi-faceted approach, including comprehensive research to elucidate the mechanisms underlying breastfeeding’s protective effects and the impact of interventions like DHM supplementation. Additionally, healthcare providers must prioritize breastfeeding support and education to empower families in making informed decisions regarding infant feeding. By bridging research gaps, enhancing breastfeeding support mechanisms, and raising awareness about the advantages of exclusive breastfeeding and DHM supplementation, we can strive towards improving child health outcomes and fostering a healthier future generation. Ultimately, investing in breastfeeding promotion and support initiatives is a cost-effective public health intervention that deserves commitment and dedication from policymakers, healthcare providers, and society as a whole.



Data availability statement

The original contributions presented in the study are included in the article/supplementary material, further inquiries can be directed to the corresponding author.



Author contributions

MB: Conceptualization, Investigation, Methodology, Resources, Supervision, Visualization, Writing – original draft, Writing – review & editing.



Funding

The author declares that financial support was received for the research, authorship, and/or publication of this article. MB holds a Canadian Institutes of Health Research – Canada Research Chair in Early Life Exposures and Child Health. MB is also funded by the Social Sciences and Humanities Research Council.



Conflict of interest

MB serves on the board of directors for the NorthernStar Mothers Milk Bank, for which she does not receive remuneration.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



References

 1. World Health Organization. The Global strategy for infant and young child feeding. In: World Health Organization & United Nations Children’s Fund (UNICEF). Geneva: World Health Organization (2002).

 2. Victora, CG, Bahl, R, Barros, AJD, França, GVA, Horton, S, Krasevec, J , et al. Breastfeeding in the 21st century: epidemiology, mechanisms, and lifelong effect. Lancet. (2016) 387:475–90. doi: 10.1016/S0140-6736(15)01024-7 

 3. Ballard, O, and Morrow, AL. Human milk composition: nutrients and bioactive factors. Pediatr Clin N Am. (2013) 60:49–74. doi: 10.1016/j.pcl.2012.10.002 

 4. Nyquist, SK, Gao, P, Haining, TKJ, Retchin, MR, Golan, Y, Drake, RS , et al. Cellular and transcriptional diversity over the course of human lactation. Proc Natl Acad Sci. (2022) 119:e2121720119. doi: 10.1073/pnas.2121720119 

 5. Carr, LE, Virmani, MD, Rosa, F, Munblit, D, Matazel, KS, Elolimy, AA , et al. Role of human milk boactives on ifants' gt and imune halth. Front Immunol. (2021) 12:604080. doi: 10.3389/fimmu.2021.604080 

 6. Catassi, G, Aloi, M, Giorgio, V, Gasbarrini, A, Cammarota, G, and Ianiro, G. The role of diet and nutritional interventions for the infant gut microbiome. Nutrients. (2024) 16:400. doi: 10.3390/nu16030400

 7. Santos, F, Oraichi, D, and Bérard, A. Prevalence and predictors of anti-infective use during pregnancy. Pharmacoepidemiol Drug Saf. (2010) 19:418–27. doi: 10.1002/pds.1915

 8. de Jonge, L, Bos, HJ, van Langen, IM, LTW, d J-v d B, and Bakker, MK. Antibiotics prescribed before, during and after pregnancy in the Netherlands: a drug utilization study. Pharmacoepidemiol Drug Saf. (2014) 23:60–8. doi: 10.1002/pds.3492

 9. Hufnagel, M, Versporten, A, Bielicki, J, Drapier, N, Sharland, M, Goossens, H , et al. High rates of prescribing antimicrobials for prophylaxis in children and neonates: results from the antibiotic resistance and prescribing in European children point prevalence survey. J Pediatr Infect Dis Soc. (2019) 8:143–51. doi: 10.1093/jpids/piy019 

 10. Njotto, LL, Simin, J, Fornes, R, Odsbu, I, Mussche, I, Callens, S , et al. Maternal and early-life exposure to antibiotics and the risk of autism and attention-deficit hyperactivity disorder in childhood: a Swedish population-based cohort study. Drug Saf. (2023) 46:467–78. doi: 10.1007/s40264-023-01297-1 

 11. Society of Obstetricians and Gynaecologists of Canada. Pregnancy Info [Internet]. Available at: https://www.pregnancyinfo.ca/your-pregnancy/routine-tests/group-b-streptococcus-screening/ (2021).

 12. Ruben, B, Hannelore, D, Nhung, THT, Joseph, F, Laure, W, Stefan, H , et al. Antibiotic use in ambulatory care for acutely ill children in high-income countries: a systematic review and meta-analysis. Arch Dis Child. (2022) 107:1088–94. doi: 10.1136/archdischild-2022-324227

 13. Patangia, DV, Anthony Ryan, C, Dempsey, E, Paul Ross, R, and Stanton, C. Impact of antibiotics on the human microbiome and consequences for host health. Microbiologyopen. (2022) 11:e1260. doi: 10.1002/mbo3.1260 

 14. Duong, QA, Pittet, LF, Curtis, N, and Zimmermann, P. Antibiotic exposure and adverse long-term health outcomes in children: a systematic review and meta-analysis. J Infect. (2022) 85:213–300. doi: 10.1016/j.jinf.2022.01.005

 15. Robertson, R, Manges, AR, Finlay, B, and Prendergast, A. The human microbiome and child growth - first 1000 days and beyond. Trends Microbiol. (2019) 27:131–47. doi: 10.1016/j.tim.2018.09.008 

 16. Tamburini, S, Shen, N, Wu, HC, and Clemente, JC. The microbiome in early life: implications for health outcomes. Nat Med. (2016) 22:713–22. doi: 10.1038/nm.4142

 17. Betran, AP, Ye, J, Moller, AB, Souza, JP, and Zhang, J. Trends and projections of caesarean section rates: global and regional estimates. BMJ Glob Health. (2021) 6:e005671. doi: 10.1136/bmjgh-2021-005671

 18. Forbes, JD, Azad, MB, Vehling, L, Tun, HM, Konya, TB, Guttman, DS , et al. Association of exposure to formula in the hospital and subsequent infant feeding practices with gut microbiota and risk of overweight in the first year of life. JAMA Pediatr. (2018) 172:e181161. doi: 10.1001/jamapediatrics.2018.1161

 19. Francis, J, Mildon, A, Stewart, S, Underhill, B, Ismail, S, Di Ruggiero, E , et al. Breastfeeding rates are high in a prenatal community support program targeting vulnerable women and offering enhanced postnatal lactation support: a prospective cohort study. Int J Equity Health. (2021) 20:71. doi: 10.1186/s12939-021-01386-6 

 20. Korpela, K, and de Vos, WM. Infant gut microbiota restoration: state of the art. Gut Microbes. (2022) 14:2118811. doi: 10.1080/19490976.2022.2118811 

 21. Zimmermann, P, and Curtis, N. Effect of intrapartum antibiotics on the intestinal microbiota of infants: a systematic review. Arch Dis Child Fetal Neonatal Ed. (2020) 105:201–8. doi: 10.1136/archdischild-2018-316659 

 22. DuPont, HL, and Salge, MM. The importance of a healthy microbiome in pregnancy and infancy and microbiota treatment to reverse dysbiosis for improved health. Antibiotics. (2023) 12:1617. doi: 10.3390/antibiotics12111617

 23. Morreale, C, Giaroni, C, Baj, A, Folgori, L, Barcellini, L, Dhami, A , et al. Effects of perinatal antibiotic exposure and neonatal gut microbiota. Antibiotics. (2023) 12:258. doi: 10.3390/antibiotics12020258

 24. Zwittink, RD, Renes, IB, van Lingen, RA, van Zoeren-Grobben, D, Konstanti, P, Norbruis, OF , et al. Association between duration of intravenous antibiotic administration and early-life microbiota development in late-preterm infants. Eur J Clin Microbiol Infect Dis. (2018) 37:475–83. doi: 10.1007/s10096-018-3193-y 

 25. Princisval, L, Rebelo, F, Williams, BL, Coimbra, AC, Crovesy, L, Ferreira, AL , et al. Association between the mode of delivery and infant gut microbiota composition up to 6 months of age: a systematic literature review considering the role of breastfeeding. Nutr Rev. (2021) 80:113–27. doi: 10.1093/nutrit/nuab008 

 26. Stuivenberg, GA, Burton, JP, Bron, PA, and Reid, G. Why are Bifidobacteria important for infants? Microorganisms. (2022) 10:278. doi: 10.3390/microorganisms10020278 

 27. Odiase, E, Frank, DN, Young, BE, Robertson, CE, Kofonow, JM, Davis, KN , et al. The gut microbiota differ in exclusively breastfed and formula-fed United States infants and are associated with growth status. J Nutr. (2023) 153:2612–21. doi: 10.1016/j.tjnut.2023.07.009 

 28. Ma, J, Li, Z, Zhang, W, Zhang, C, Zhang, Y, Mei, H , et al. Comparison of gut microbiota in exclusively breast-fed and formula-fed babies: a study of 91 term infants. Sci Rep. (2020) 10:15792. doi: 10.1038/s41598-020-72635-x

 29. Notarbartolo, V, Giuffrè, M, Montante, C, Corsello, G, and Carta, M. Composition of human breast milk microbiota and its role in children's health. Pediatr Gastroenterol Hepatol Nutr. (2022) 25:194–210. doi: 10.5223/pghn.2022.25.3.194 

 30. Selma-Royo, M, Calvo Lerma, J, Cortés-Macías, E, and Collado, MC. Human milk microbiome: from actual knowledge to future perspective. Semin Perinatol. (2021) 45:151450. doi: 10.1016/j.semperi.2021.151450 

 31. Stinson, LF, Trevenen, ML, and Geddes, DT. Effect of cold storage on the viable and total bacterial populations in human milk. Nutrients. (2022) 14:1875. doi: 10.3390/nu14091875 

 32. García-González, I, Corona-Cervantes, K, Hernández-Quiroz, F, Villalobos-Flores, LE, Galván-Rodríguez, F, Romano, MC , et al. The influence of holder pasteurization on the diversity of the human milk bacterial microbiota using high-throughput DNA sequencing. J Hum Lact. (2022) 38:118–30. doi: 10.1177/08903344211011946

 33. Bode, L. Human milk oligosaccharides: prebiotics and beyond. Nutr Rev. (2009) 67:S183–91. doi: 10.1111/j.1753-4887.2009.00239.x 

 34. Bode, L. The functional biology of human milk oligosaccharides. Early Hum Dev. (2015) 91:619–22. doi: 10.1016/j.earlhumdev.2015.09.001

 35. Corona, L, Lussu, A, Bosco, A, Pintus, R, Cesare Marincola, F, Fanos, V , et al. Human milk oligosaccharides: a comprehensive review towards metabolomics. Children. (2021) 8:804. doi: 10.3390/children8090804 

 36. Peila, C, Moro, GE, Bertino, E, Cavallarin, L, Giribaldi, M, Giuliani, F , et al. The effect of holder pasteurization on nutrients and biologically-active components in donor human milk: a review. Nutrients. (2016) 8:477. doi: 10.3390/nu8080477

 37. Wegh, CAM, Geerlings, SY, Knol, J, Roeselers, G, and Belzer, C. Postbiotics and their potential applications in early life nutrition and beyond. Int J Mol Sci. (2019) 20:4673. doi: 10.3390/ijms20194673 

 38. Salminen, S, Collado, MC, Endo, A, Hill, C, Lebeer, S, Quigley, EMM , et al. The international scientific Association of Probiotics and Prebiotics (ISAPP) consensus statement on the definition and scope of postbiotics. Nat Rev Gastroenterol Hepatol. (2021) 18:649–67. doi: 10.1038/s41575-021-00440-6 

 39. Marousez, L, Ichou, F, Lesnik, P, Tran, LC, De Lamballerie, M, Gottrand, F , et al. Short-chain fatty acids levels in human milk are not affected by holder pasteurization and high hydrostatic pressure processing. Front Pediatr. (2023) 11:1120008. doi: 10.3389/fped.2023.1120008

 40. Dai, DLY, Petersen, C, Hoskinson, C, Del Bel, KL, Becker, AB, Moraes, TJ , et al. Breastfeeding enrichment of B. longum subsp. infantis mitigates the effect of antibiotics on the microbiota and childhood asthma risk. Med. (2022) 4:92–112. doi: 10.1016/j.medj.2022.12.002

 41. Liu, Y, Ma, J, Zhu, B, Liu, F, Qin, S, Lv, N , et al. A health-promoting role of exclusive breastfeeding on infants through restoring delivery mode-induced gut microbiota perturbations. Front Microbiol. (2023) 14:1163269. doi: 10.3389/fmicb.2023.1163269 

 42. Xue, M, Dehaas, E, Chaudhary, N, O'Byrne, P, Satia, I, and Kurmi, OP. Breastfeeding and risk of childhood asthma: a systematic review and meta-analysis. ERJ Open Res. (2021) 7:00504–2021. doi: 10.1183/23120541.00504-2021 

 43. Klopp, A, Vehling, L, Becker, AB, Subbarao, P, Mandhane, PJ, Turvey, SE , et al. Modes of infant feeding and the risk of childhood asthma: a prospective birth cohort study. J Pediatr. (2017) 190:192–199.e2. doi: 10.1016/j.jpeds.2017.07.012

 44. Moossavi, S, Sepehri, S, Robertson, B, Bode, L, Goruk, S, Field, CJ , et al. Composition and variation of the human milk microbiota are influenced by maternal and early-life factors. Cell Host Microbe. (2019) 25:324–35.e4. doi: 10.1016/j.chom.2019.01.011 

 45. Pannaraj, PS, Li, F, Cerini, C, Bender, JM, Yang, S, Rollie, A , et al. Association between breast Milk bacterial communities and establishment and development of the infant gut microbiome. JAMA Pediatr. (2017) 171:647–54. doi: 10.1001/jamapediatrics.2017.0378 

 46. Ho, NT, Li, F, Lee-Sarwar, KA, Tun, HM, Brown, BP, Pannaraj, PS , et al. Meta-analysis of effects of exclusive breastfeeding on infant gut microbiota across populations. Nat Commun. (2018) 9:4169. doi: 10.1038/s41467-018-06473-x 

 47. Korpela, K, Salonen, A, Virta, LJ, Kekkonen, RA, and de Vos, WM. Association of early-life antibiotic use and protective effects of breastfeeding: role of the intestinal microbiota. JAMA Pediatr. (2016) 170:750–7. doi: 10.1001/jamapediatrics.2016.0585

 48. Smyth, D, and Hyde, A. Discourses and critiques of breastfeeding and their implications for midwives and health professionals. Nurs Inq. (2020) 27:e12339. doi: 10.1111/nin.12339 

 49. Jackson, L, Fallon, V, Harrold, J, and De Pascalis, L. Maternal guilt and shame in the postpartum infant feeding context: a concept analysis. Midwifery. (2022) 105:103205. doi: 10.1016/j.midw.2021.103205 

 50. Canada's Breastfeeding Dashboard. (2022). Available at: https://health-infobase.canada.ca/breastfeeding/

 51. Centers for Disease Control and Prevention. Breastfeeding among U.S. children born 2013–2020, CDC national immunization survey-child 2021. Available at: https://www.cdc.gov/breastfeeding/data/nis_data/results.html

 52. Odom, EC, Li, R, Scanlon, KS, Perrine, CG, and Grummer-Strawn, L. Reasons for earlier than desired cessation of breastfeeding. Pediatrics. (2013) 131:e726–32. doi: 10.1542/peds.2012-1295

 53. Bookhart, LH, Anstey, EH, Kramer, MR, Perrine, CG, Reis-Reilly, H, Ramakrishnan, U , et al. A nation-wide study on the common reasons for infant formula supplementation among healthy, term, breastfed infants in US hospitals. Matern Child Nutr. (2022) 18:e13294. doi: 10.1111/mcn.13294 

 54. Mulcahy, H, Philpott, LF, O'Driscoll, M, Bradley, R, and Leahy-Warren, P. Breastfeeding skills training for health care professionals: a systematic review. Heliyon. (2022) 8:e11747. doi: 10.1016/j.heliyon.2022.e11747 

 55. Rollins, NC, Bhandari, N, Hajeebhoy, N, Horton, S, Lutter, CK, Martines, JC , et al. Why invest, and what it will take to improve breastfeeding practices? Lancet. (2016) 387:491–504. doi: 10.1016/S0140-6736(15)01044-2 

 56. Rollins, N, Piwoz, E, Baker, P, Kingston, G, Mabaso, KM, McCoy, D , et al. Marketing of commercial milk formula: a system to capture parents, communities, science, and policy. Lancet. (2023) 401:486–502. doi: 10.1016/S0140-6736(22)01931-6 

 57. McCoy, MB, and Heggie, P. In-hospital formula feeding and reastfeeding duration. Pediatrics. (2020) 146:e20192946. doi: 10.1542/peds.2019-2946

 58. Chantry, CJ, Dewey, KG, Peerson, JM, Wagner, EA, and Nommsen-Rivers, LA. In-hospital formula use increases early breastfeeding cessation among first-time mothers intending to exclusively breastfeed. J Pediatr. (2014) 164:1339–45.e5. doi: 10.1016/j.jpeds.2013.12.035 

 59. Chong, H-Y, Tan, LT-H, Law, JW-F, Hong, K-W, Ratnasingam, V, Ab Mutalib, N-S , et al. Exploring the potential of human milk and formula milk on infants' gut and health. Nutrients. (2022) 14:3554. doi: 10.3390/nu14173554 

 60. Ames, SR, Lotoski, LC, and Azad, MB. Comparing early life nutritional sources and human milk feeding practices: personalized and dynamic nutrition supports infant gut microbiome development and immune system maturation. Gut Microbes. (2023) 15:2190305. doi: 10.1080/19490976.2023.2190305 

 61. Yadav, M, Kapoor, A, Verma, A, and Ambatipudi, K. Functional significance of different milk constituents in modulating the gut microbiome and infant health. J Agric Food Chem. (2022) 70:3929–47. doi: 10.1021/acs.jafc.2c00335 

 62. Merjaneh, N, Williams, P, Inman, S, Schumacher, M, Ciurte, A, Smotherman, C , et al. The impact on the exclusive breastfeeding rate at 6 months of life of introducing supplementary donor milk into the level 1 newborn nursery. J Perinatol. (2020) 40:1109–14. doi: 10.1038/s41372-020-0657-6 

 63. McCune, S, and Perrin, MT. Donor human milk use in populations other than the preterm infant: a systematic scoping review. Breastfeed Med. (2021) 16:8–20. doi: 10.1089/bfm.2020.0286


Copyright
 © 2024 Brockway. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/xhtml/Nav.xhtml




Contents





		Cover



		The role of antibiotic exposure and the effects of breastmilk and human milk feeding on the developing infant gut microbiome



		Introduction



		Antibiotic use and exposure in perinatal and pediatric populations



		Early life antibiotic exposure and child health outcomes



		Can breast milk and human milk feeding help to recover the infant gut microbiome?



		Forms of breastfeeding – does it matter?















		Clinical and research considerations



		Considerations for research



		Provider education



		Supplementation options









		Conclusion



		Data availability statement



		Author contributions



		Funding



		Conflict of interest



		Publisher’s note



		References



















OPS/images/fpubh-12-1408246-g001.jpg
iosis

Favours eub

Direct breastfeeding

Pumped breastmilk (raw)

Pumped breastmilk (frozen)

Pasteurized donor human milk

« No natural microbes — some bioengineered bacteria

*May have added prebiotics - HMOs (2’-FL & LNnT)
« Little to no postbiotics






OPS/images/cover.jpg
& frontiers | Frontiers in Public Health

The role of antibiotic exposure
and the effects of breastmilk and
human milk feeding on the
developing infant gut microbiome












OPS/images/crossmark.jpg
©

2

i

|






OPS/images/logo.jpg
¥ frontiers Frontiers in Public Health






