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ABSTRACT

Breast milk is the optimal food choice for infant growth and development. Among breast milk components, fructooligosaccharides (FOSs)
are being actively studied because of their role in microbiota development. In particular, 2′-fucosyllactose is being proposed as a potential
supplement/nutraceutical or component of infant formula. In this systematic review, we critically summarize the available information on FOSs and
we discuss their future use in infant nutrition. We searched the main electronic databases (PubMed, Embase, and Scopus), with a final check in May
2021. Search terms were inserted individually and using the Boolean tools AND and OR. Relevant articles were identified using the following words:
(“fructooligosaccharides” OR “FOS”) AND (“human milk” OR “breast milk” OR “donor milk” OR “bank milk”). The search retrieved 1814 articles. After
removal of duplicates, we screened 1591 articles based on title, abstract, and exclusive use of the English language. We included articles describing
the concentration of FOSs in human milk and assessed the relevant ones. We excluded reviews, studies on animals, and studies exclusively carried out
on adults. Also, we excluded studies that have not reported evidence either on FOSs or on galactooligosaccharides from human milk. The resulting
publications were reviewed, and 10 studies were included in the systematic review. We conclude that human milk FOSs are, indeed, crucial to infant
gut development and their addition to infant formula is safe, well-tolerated, and might provide immune benefits to newborns. However, we would
like to underscore the scantiness of human data and the need to avoid the immediate translation of infant research to the commercialization of
supplements marketed to adults. Adv Nutr 2022;13:318–327.

Statement of Significance: Given that human milk oligosaccharides are entering the market, it is timely to review their role in infant
health. Because of the scantiness of human data, we need to avoid the immediate translation of infant research to the commercialization
of supplements marketed to adults.
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Introduction
Breast milk is the optimal food choice for infant growth
and development (1). This statement is supported by the
Research during work for this review was partially supported by a contribution from the Italian
Ministry of Health (IRCCS Grant).
Author disclosures: The authors report no conflicts of interest.
VDC and AM contributed equally to this work.
Address correspondence to FV (e-mail: francesco.visioli@unipd.it).
Abbreviations used: EFSA, European Food Safety Authority; FG,
fructooligosaccharides + galactooligosaccharides mixture; FOS, fructooligosaccharide; GOS,
galactooligosaccharide; GRAS, Generally Recognized as Safe; HMO, human milk
oligosaccharide; LNT, lacto-N-tetraose; sn-2 + OF, formula containing increased sn-2 palmitate
and oligofructose.

totality of learned nutrition and clinical societies and is
backed by a plethora of human studies (2). Breast milk is,
of course, mostly composed of water. Yet, its lipid profile is
quite peculiar. In addition to the mere provision of energy,
i.e., 40%–55% of total energy, breast milk provides essential
fatty acids, namely those of the omega-3 series, i.e., EPA
(20:5n–3) and DHA (22:6n–3). Even though the biological
actions of ω-3 fatty acids in infant development have not
been proven beyond doubt by randomized clinical trials (3)
[although women with low ω-3 fatty acid status might require
supplementary ω-3 (4)], their importance as components of
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breast milk appears to be pre-eminent. Other micronutrients,
e.g., vitamins and folates, depend on maternal diet (5).

The proteic composition of breast milk is also noteworthy.
Breast milk contains >400 different proteins which, in
addition to providing calories, are endowed with antimi-
crobial and immunomodulatory activities and facilitate the
absorption of nutrients (6, 7).

Simple and complex carbohydrates also provide energy
and are crucial to the development of the intestinal mi-
crobiome (8). Indeed, of all the breast milk components,
fructooligosaccharides (FOSs) are being actively studied
because of their role in microbiota development (1). Notably,
FOSs are the third largest component in breast milk (8)
and their concentrations fluctuate from ∼13 to ∼21 g/L (8,
9). The biological importance of FOSs resides in the fact
that they are not digested by humans and, therefore, act as
prebiotics, facilitating the growth of a healthy microbiota
(10).

Of all the FOSs, 2′-fucosyllactose is being actively investi-
gated as a potential supplement/nutraceutical or component
of infant formula (11). Indeed, 2′-fucosyllactose comprises
≤30% of total breast milk oligosaccharides (12, 13), with
great variation among lactating women (10, 13). Notably, 2′-
fucosyllactose has been granted Generally Recognized as Safe
(GRAS) status by the US FDA, e.g., in GRAS Notices 924,
929, or 749, and is deemed safe by the European Food Safety
Authority (EFSA) (14) when obtained by fermentation with a
genetically modified strain of Escherichia coli K12. It must be
underscored, however, that the mammary gland synthesizes
a wide variety of oligosaccharides. Examples include non-
fucosylated oligosaccharides such as lacto-N-tetraose (LNT)
as well as sialyated and nonsialyated molecules (10), all of
which vary in concentration depending on women’s genetics
and lactating stage. In brief, there is a need to summarize
the available data and their limitations in light of the future
commercialization of human milk FOSs.

In this systematic review, we critically summarize the
available information on FOSs and we discuss their future use
in infant nutrition.

Methods
In view of the aforementioned future use of human FOSs in
the supplement arena, we aimed to systematically review the
effects of FOSs in infant nutrition, with particular focus on
growth, microbiota, stool consistency, and immune system
development. We searched the main electronic databases
(PubMed, Embase, and Scopus), with a final check in May
2021. Search terms were inserted individually and using
the Boolean tools AND and OR. Relevant articles were
identified using the following words: (“fructooligosaccha-
rides” OR “FOS”) AND (“human milk” OR “breast milk”
OR “donor milk” OR “bank milk”). The search retrieved
1814 articles. After removal of duplicates, we screened 1591
articles based on title, abstract, and exclusive use of the
English language. We included those articles describing the
concentration of FOSs in human milk and assessed the
relevant ones. We excluded reviews, studies on animals, and

studies exclusively carried out on adults. Also, we excluded
studies that have not reported evidence either on FOSs
or on galactooligosaccharides (GOSs) from human milk.
The resulting publications were reviewed, and 10 studies
were included in the systematic review. Articles had to be
primary studies or articles presenting data analyses from
these studies and be published in a peer-reviewed journal or
edited book. Figure 1 shows the search strategy (15).

Results
Nijman et al. (16) quantified oligosaccharides in 20 breast
milk samples from 10 women who delivered term infants
and in 5 infant formula brands (Table 1). Fucosylated
oligosaccharides comprised 58.2% ± 7.4% (means ± SD)
of total oligosaccharides in human milk (day 42). LNT was
the largest part (17.0% ± 6.6%) of total oligosaccharides.
The sialylated fraction of FOSs of the day 42 milk samples
constituted 8.3% ± 2.0% of total oligosaccharides based
on abundance, and 3.4% ± 0.9% of these oligosaccharides
contained both sialic acid and fucose residues. All the infant
formulas were supplemented with hexose oligomers, and
neutral nonfucosylated milk oligosaccharides and sialylated
oligosaccharides derived from bovine milk used as a base
for the formulation were identified only at a low abundance.
Fucosylated oligosaccharides were absent from the formula
assayed, and the prebiotic oligosaccharide LNT was also not
detected. Moreover, the content of bound sialic acid was
∼8 times lower in infant formula than in human milk. From
a potential supplement viewpoint, it is worth noting that
human milk contains a complex mixture of oligosaccharides,
whereas infant formula mainly contains individual compo-
nents. The overall composition of the 5 different formulae
of the brands tested by Nijman et al. (16) was similar and
mainly consisted of hexose oligomers. Furthermore, the
authors compared the amounts of oligosaccharides in early
and mature milk. From day 3 to day 42, the total amount of
oligosaccharides decreased significantly. FOS concentrations
in milk were 6.38 ± 0.29 g/L at day 42 as opposed to
9.15 ± 0.25 g/L measured in milk sampled at day 3 (a 30.3%
decrease) (16).

Breast-milk FOSs are able to modify the intestinal
microbiota by acting as prebiotics. In an in vitro study, fresh
fecal samples were collected from 9 healthy infants and the
fecal microbiota was cultured in the presence of breast-milk
FOSs and individual fucosylated milk oligosaccharides. The
in vitro data showed that supplementation with breast-milk
FOSs significantly increased the number of bifidobacteria.
In particular, Bifidobacterium longum ATCC15697 and B.
longum JCM7007 exhibited growth increases even greater
than that of the positive prebiotic control when added at
equal concentrations of 5 g/L. In contrast, the proportion
of Escherichia K12 and Clostridium perfringens declined.
Furthermore, in this in vitro fermentation model the pH
was drastically reduced by the total breast-milk FOSs in
the Bifidobacterium spp. (17). Another study evaluated
the probiotic properties of Lactobacillus spp. isolated from
5 human milk samples collected from healthy first-time

Human oligosaccharides as potential supplements 319



FIGURE 1 Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) 2020 flow diagram of human-milk FOS studies
retrieved. FOS, fructooligosaccharide; GOS, galactooligosaccharide.

mothers in the early (within 80 d of delivery) lactation period
in the presence of prebiotics such as inulin and FOSs. The
results showed that Lactobacillus casei L1 was able to utilize
these oligosaccharides with a high tolerance to acid and bile
salt, powering an antagonistic effect against pathogens and
cholesterol assimilation (18).

The aforementioned studies build upon an earlier one
that, in contrast with those, reported that supplementation
with 1.5 or 3.0 g FOSs/L had minimal effect on the fecal flora.
Researchers studied healthy term infants and found that
counts of fecal lactobacilli and bifidobacteria were similar to

those seen in human milk–fed infants. Moreover, influence
on Clostridium difficile toxin was minimal, whereas in human
milk–fed infants the toxin was not even detected in the stools
(19).

Randomized trials are scant. In 1 of them, the effect
of maternal FOS ingestion on maternal and neonatal gut
bifidobacteria was investigated in a sample of 64 pregnant
women, where the amount of fecal Bifidobacterium spp. in the
FOS group (8 g/d) at 36 weeks of gestation was significantly
higher than that in the placebo group. However, in the
analyses of neonatal feces, no differences in the amount of

320 De Cosmi et al.
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Bifidobacterium spp. and B. longum in neonates at 1 mo of
age between groups were observed, showing no evidence for
a bifidogenic effect on infants by maternal FOS ingestion
(20).

Recently, Kongnum et al. (21) tried to understand the
effect of healthy term infants’ diets on the composition
of fecal lactobacilli. Two infants were exclusively breastfed,
2 infants were given formula supplemented with either FOSs-
GOSs or inulin-GOSs, and 2 infants received a combination
of breast milk and the 2 formulae. Breast milk and infant fecal
samples were taken from the first week until 10 mo after birth.
At the first week after birth, the 2 infants fed a combination
between breast milk and a formula supplemented with either
FOSs-GOSs or inulin-GOSs had significantly higher counts
of fecal lactobacilli than the ones fed exclusively breast milk
and a formula brand.

The total cell counts of fecal lactobacilli from infants
with the combination diet and the exclusive formula sup-
plemented with FOSs-GOSs were greatly enhanced and
rapidly reached a plateau at 109 cells/g feces within the first
week after birth. Total cell counts of lactobacilli from the
exclusively breastfed infants and those exclusively formula-
supplemented with inulin-GOSs slowly developed to reach
the maximum number of 109 cells/g feces and remained
constant throughout 5 mo (21).

The Lactobacillus profile of the maternal breast milk
clearly corresponded to the one detected in the feces of
her infant. Breast milk was the most important source of
indigenous lactobacilli, which established in the infant’s gut,
suggesting mother–infant transfer of lactobacilli (21).

Another cohort study lasting 48 d and involving 427
healthy term (35–49 d of life) infants explored the proportion
of hard stools and watery stools and the gastrointestinal
tolerance among infants receiving 1 of 3 different feeding
regimens (22). The feeding regimens included infants exclu-
sively breastfed, exclusively consuming sn-2 + OF (formula
containing increased sn-2 palmitate and oligofructose), or
consuming both breast milk and the sn-2 + OF formula.
Infants from all 3 groups had similar low proportions of hard
stools, including the infants who were exclusively fed the sn-
2 + OF formula; incidence of watery stools was consistently
lower in the group exclusively receiving formula than in
the other groups. The Infant Gastrointestinal Symptom
Questionnaire scores were low (indicating good tolerance) in
all groups. These findings confirmed that a strategy to soften
stools in term infants is to supplement them with FOSs (in
this case a proprietary formulation) (22). Breast-milk FOSs
have been proposed to be one of the “bifidogenic factors” in
human milk (23).

Some studies addressed the mechanisms of action of
human FOSs. Shen et al. (24) investigated the impact of pure
human milk oligosaccharides (HMOs) from 6 donors and
a fructooligosaccharides + galactooligosaccharides mixture
(FG) on the composition of a batch culture inoculated with
fecal microbiota from formula-fed infants (n = 3). HMOs
induced the growth of several saccharolytic bacterial groups.
The authors studied the fermentation profile of HMOs
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using this system inoculated with infant fecal microbiota.
Most bacterial groups increased in number after 5 h of the
fermentation in both HMO preparations [single donor (SO)
and pooled from multiple donors (PO)] and FG mixture. In
particular, beneficial bifidobacteria and eubacteria/clostridia
increased in larger quantities, which was in accordance with
the significant increase in acetate production. The increase
in Bacteroides numbers may also correlate with the increase
in propionate production. However, the FG mixture induced
more acetate and i-valerate production as well as a higher
Lab158 concentration at 10 h of the fermentation than did the
HMO substrates. HMOs were less suited to supporting the
growth of Lactobacillus spp. than was the FG mixture (24).

Lactobacilli appeared to be dominant over bifidobac-
teria, clostridia, and bacteroides present in feces from
combination-fed and exclusively supplementing formula–
fed infants (20%–64% and 21%–80%, respectively). Bifi-
dobacteria were detected at concentrations of 32%–70%
and lactobacilli at 7%–45% in the feces of exclusively
breastfed infants’ group. However, the relative abundance
of lactobacilli rather fluctuated at certain time points at
4 wk postpartum in exclusively formula-fed infants. The pre-
biotic (FOSs-GOSs and inulin-GOSs)-containing formulae
seemed to significantly enhance the early establishment of
beneficial lactobacilli and reduced the relative abundance
of the detrimental genera of Clostridium and Bacteroides,
whereas breast milk seemed to promote the abundance of
Bifidobacterium.

Discussion
Research on the microbiome has been gaining traction of
late, following multiple publications that have associated
dysbiosis with increased incidence of several disorders (25).
It follows that several companies are marketing supplements
aimed at optimizing individuals’ microbiotas (26). Among
the most innovative ingredients, FOSs and, particularly, 2′-
fucosyllactose appear to be the most interesting ones because
they play an important role in infant gut development
and, by syllogism, they are supposed to positively influence
human health at large (27). Currently, there is no EFSA-
approved health claim pertaining to prebiotics. It is worth
underscoring that, under European Union law, it is illegal
to state to consumers that a food can prevent, treat, or cure
a disease (28). Indeed, there appears to be a contradiction,
in that European Union regulations demand that a claim
is a statement about the food ingredient and its “beneficial
physiological effect” on the body (29). Yet, it is difficult to
have a physiological effect if the molecules do not cure a
disease or reduce the risk of becoming ill (30). This epistemo-
logical mismatch between experimental pharmacology and
pharma-nutrition has been pointed out earlier and still needs
to be sorted out (31–33).

In 2018, the FDA published draft guidance to help
producers determine what is a fiber and what is not (34).
Their definition is: “non-digestible soluble and insoluble
carbohydrates (with 3 or more monomeric units), and lignin
that are intrinsic and intact in plants; isolated or synthetic

non-digestible carbohydrates (with 3 or more monomeric
units) determined by FDA to have physiological effects that
are beneficial to human health” (34). As compared with the
EFSA, this definition leaves room for the more rapid de-
velopment of human FOS-based supplements, although the
FDA is not authorized to review dietary supplement products
for safety and effectiveness before they are marketed: the
manufacturers and distributors of dietary supplements are
the ones responsible for making sure their products are safe
before they go to market (35). This approach is stirring
some controversy (36, 37) and will likely be addressed
in the near future by political bodies and stakeholders
(38).

One potential area in which breast-milk FOSs (either
as natural components of milk or—potentially—as sup-
plements) could play interesting roles is that of cognitive
development. There is evidence linking FOSs to cognitive
development in animals, but we lack human trials (39).
One notable exception is a recent study by Berger et al.
(40), who reported that exposure to a higher concentration
of 2′-fucosyllactose at 1 mo predicted higher cognitive
development scores in infants at 24 mo, but not at 6 mo
(40). We must acknowledge that other as yet unknown
components of breast milk might be responsible for this effect
and that only opportune randomized trials will eventually
clarify this issue.

In keeping with the aforementioned, FOSs and, notably,
2′-fucosyllactose are also being proposed as potential supple-
ments aimed at improving child growth, with putative long-
term preventive actions on obesity. Indeed, some reports
have been published [e.g., (41–43)] that associate breast-milk
FOSs with child growth programming (42), conceivably yet
elusively mediated by the microbiota (42). It should be un-
derscored that most data available to date are observational
in nature and do not—as yet—prove causality. Only well-
performed short-, mid-, and long-term randomized trials
will eventually elucidate the active roles of FOSs in infant
development and, in turn, allow for science-backed health
claims.

Some investigators have addressed the mechanisms of ac-
tion of breast-milk FOSs, which appear to selectively enrich
the intestinal proportion of putatively eubiotic bacteria such
as bifidobacteria and lactobacilli. However, the extent and
precise nature of this selectivity remain elusive and require
further molecular investigations. It is worth reminding
ourselves that the definition of a “normal” or “healthy”
microbiota as opposed to a dysbiotic one is still elusive
(44) and that arbitrarily altering such a highly personal
environment might not be devoid of untoward consequences
(45, 46).

Some upper limits of natural molecules that—because of
their nature—are perceived as safe must be carefully estab-
lished (47, 48). As outlined in this review, no safety concerns
have been raised over breast-milk FOSs and, in particular,
2′-fucosyllactose. However, long-term postmarketing studies
are warranted and will provide important information on
potential adverse effects.
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In conclusion, human-milk FOSs are crucial to infant gut
development (49, 50) and their addition to infant formula
is safe, well-tolerated, and likely provides immune benefits
to newborns (51). However, we would like to underscore
the current scantiness of human data and the need to
avoid the immediate translation of infant research to the
commercialization of supplements marketed to adults. Fu-
ture pertinent research, including high-quality randomized
controlled trials, is much needed to back the potential use of
FOSs as human supplements.

Acknowledgments
The authors’ responsibilities were as follows—FV and CA:
conceived the review; VDC and AM: extracted and analyzed
the data; and all authors: wrote and edited the manuscript and
read and approved the final manuscript.

References
1. Ratsika A, Codagnone MC, O’Mahony S, Stanton C, Cryan JF. Priming

for life: early life nutrition and the microbiota-gut-brain axis. Nutrients
2021;13(2):423.

2. Fewtrell M, Bronsky J, Campoy C, Domellöf M, Embleton N,
Fidler Mis N, Hojsak I, Hulst JM, Indrio F, Lapillonne A, et al.
Complementary feeding: a position paper by the European Society for
Paediatric Gastroenterology, Hepatology, and Nutrition (ESPGHAN)
Committee on Nutrition. J Pediatr Gastroenterol Nutr 2017;64(1):
119–32.

3. Collins CT, Gibson RA, McPhee AJ, Makrides M. The role of long
chain polyunsaturated fatty acids in perinatal nutrition. Semin Perinatol
2019;43(7):151156.

4. Simmonds LA, Sullivan TR, Skubisz M, Middleton PF, Best KP, Yelland
LN, Quinlivan J, Zhou SJ, Liu G, McPhee AJ, et al. Omega-3 fatty
acid supplementation in pregnancy—baseline omega-3 status and early
preterm birth: exploratory analysis of a randomised controlled trial.
BJOG 2020;127(8):975–81.

5. Keikha M, Bahreynian M, Saleki M, Kelishadi R. Macro- and
micronutrients of human milk composition: are they related to
maternal diet? A comprehensive systematic review. Breastfeed Med
2017;12(9):517–27.

6. Lönnerdal B. Human milk proteins: key components for the biological
activity of human milk. Adv Exp Med Biol 2004;554:11–25.

7. Molinari CE, Casadio YS, Hartmann BT, Livk A, Bringans S, Arthur PG,
Hartmann PE. Proteome mapping of human skim milk proteins in term
and preterm milk. J Proteome Res 2012;11(3):1696–714.

8. Andreas NJ, Kampmann B, Mehring Le-Doare K. Human breast
milk: a review on its composition and bioactivity. Early Hum Dev
2015;91(11):629–35.

9. Coppa GV, Gabrielli O, Pierani P, Catassi C, Carlucci A, Giorgi PL.
Changes in carbohydrate composition in human milk over 4 months
of lactation. Pediatrics 1993;91(3):637–41.

10. Thurl S, Munzert M, Henker J, Boehm G, Müller-Werner B, Jelinek J,
Stahl B. Variation of human milk oligosaccharides in relation to milk
groups and lactational periods. Br J Nutr 2010;104(9):1261–71.

11. Cheng Y-J, Yeung C-Y. Recent advance in infant nutrition: human milk
oligosaccharides. Pediatr Neonatol 2021;62(4):347–53.

12. Bode L. Human milk oligosaccharides: every baby needs a sugar mama.
Glycobiology 2012;22(9):1147–62.

13. Chaturvedi P, Warren CD, Altaye M, Morrow AL, Ruiz-Palacios G,
Pickering LK, Newburg DS. Fucosylated human milk oligosaccharides
vary between individuals and over the course of lactation. Glycobiology
2001;11(5):365–72.

14. Turck D, Castenmiller J, De Henauw S, Hirsch-Ernst KI, Kearney
J, Maciuk A, Mangelsdorf I, McArdle HJ, Naska A; EFSA Panel on
Nutrition, Novel Foods and Food Allergens (NDA), et al. Safety of

2′-fucosyllactose/difucosyllactose mixture as a novel food pursuant to
Regulation (EU) 2015/2283. EFSA J 2019;17(6):e05717.

15. Page MJ, McKenzie JE, Bossuyt PM, Boutron I, Hoffmann TC, Mulrow
CD, Shamseer L, Tetzlaff JM, Akl EA, Brennan SE, et al. The PRISMA
2020 statement: an updated guideline for reporting systematic reviews.
Int J Surg 2021;88:105906.

16. Nijman RM, Liu Y, Bunyatratchata A, Smilowitz JT, Stahl B, Barile D.
Characterization and quantification of oligosaccharides in human milk
and infant formula. J Agric Food Chem 2018;66(26):6851–9.

17. Yu Z-T, Chen C, Kling DE, Liu B, McCoy JM, Merighi M, Heidtman M,
Newburg DS. The principal fucosylated oligosaccharides of human milk
exhibit prebiotic properties on cultured infant microbiota. Glycobiology
2013;23(2):169–77.
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