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Abstract: Milk Oligosaccharides (MOS), a group of complex carbohydrates found in human and
bovine milk, have emerged as potential modulators of optimal brain development for early life.
This review provides a comprehensive investigation of the impact of milk oligosaccharides on brain
and neurocognitive development of early life by synthesizing current literature from preclinical
models and human observational studies. The literature search was conducted in the PubMed
search engine, and the inclusion eligibility was evaluated by three reviewers. Overall, we identified
26 articles for analysis. While the literature supports the crucial roles of fucosylated and sialylated
milk oligosaccharides in learning, memory, executive functioning, and brain structural development,
limitations were identified. In preclinical models, the supplementation of only the most abundant
MOS might overlook the complexity of naturally occurring MOS compositions. Similarly, accurately
quantifying MOS intake in human studies is challenging due to potential confounding effects such as
formula feeding. Mechanistically, MOS is thought to impact neurodevelopment through modulation
of the microbiota and enhancement of neuronal signaling. However, further advancement in our
understanding necessitates clinical randomized-controlled trials to elucidate the specific mechanisms
and long-term implications of milk oligosaccharides exposure. Understanding the interplay between
milk oligosaccharides and cognition may contribute to early nutrition strategies for optimal cognitive
outcomes in children.

Keywords: narrative review; milk oligosaccharides; HMO; cognition; neurodevelopment; brain
development; early life

1. Introduction

Cognition refers to complex mental functions, including memory, learning, thinking,
and perception [1]. During infancy and early childhood, brain growth and the development
of cognitive, behavioral, and social functions occurs rapidly [2] and influence later academic
achievement [3]. Although cognitive development in this critical early life period is im-
pacted by numerous factors [4], nutrition is at the forefront [4]. Previous research suggests
that suboptimal nutrition early in life is associated with poorer cognitive development and
functioning [5]. For example, nutritional supplementations for infants and young children
led to a significant increase in cognition and school performance later in life [6].

Human milk is the optimal nutrition source for infants [7]. The American Academy of
Pediatrics recommends exclusive breastfeeding for the first six months of life and 12 months
or longer in combination with complementary foods [8]. Breastfeeding is associated with
various benefits, such as preventing infectious disease, reducing all-cause mortality, and
influencing both short-term and long-term infant development [9]. Specifically, feeding
preterm and term infants human milk rather than formula has demonstrated benefits
for neurodevelopment [10], an effect that may persist through adolescence [11–14]. The
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benefits of human milk for neurodevelopment have been attributed to components of
its complex composition [15], including a group of complex carbohydrates known as hu-
man milk oligosaccharides (HMOs) [16]. While the milk of all mammals contains milk
oligosaccharides (MOS), human milk is unique in its high concentration and structural
complexity of oligosaccharides [16]. Infant formulas made from bovine milk have histori-
cally contained low concentrations of predominantly sialylated oligosaccharides compared
to human milk [17–19], although one or two to up to five or six different synthetic MOS
have been added to some infant formulas [20–22].

Numerous associations between HMOs and neurodevelopment and cognitive out-
comes have been reported [23]. The gut microbiota has been shown to play an essential
role in this interaction [24,25] through the gut-brain axis, defined as bidirectional communi-
cation between the enteric and central nervous systems [24]. HMOS exhibit physiological
functions related to establishing healthy microbiota during early life [26] and may pro-
mote brain and cognitive development through the gut-brain axis. However, more than
200 unique HMOs structures have been identified [16], making it difficult to understand
the unique function of individual HMOs with different structures on the neurocognitive
development of infants from observational studies.

The benefits of HMOs for cognitive development may be due to their components,
sialic acid and fucose, which have been implicated in brain development. Sialic acid (SA)
is an essential nutrient for brain development as it is a component of gangliosides in the
brain [27]. Also, SA has been reported to be an essential compound during neurodevelop-
ment as it supports brain development, neuro transmission, and synapse formation [28].

SA rarely exist in free form in nature [29]; in milk, it is bound to lactose to form
sialyllactose (SL) to more complex oligosaccharides or glycoproteins [30]. SL is the most
abundant MOS in bovine milk, although its concentration is still lower than in human
milk [31]. Accordingly, the SL concentration in bovine-milk-based infant formula is lower
than that of human milk [32]. Fucosylated oligosaccharides predominate in human milk,
such as fucosyllactose (FL) and HMOs, with more complex structures, whereas bovine milk
contains very low fucosylated oligosaccharides [33]. Fucosylated glycans are implicated in
neuronal processes that underpin neuronal development, learning and memory [34–37].
The composition of human milk differs by secretor genotypes, where secretor mothers have
a functional FUT2 gene that produces α1,2-fucosylated compounds, with 2′-FL being the
most abundant [38]. However, preclinical studies suggested that intact 2′-FL does not cross
the blood-brain barrier, although cleaved fucose or other gut microbial 2′-FL metabolites
may be incorporated into the brain [39,40]. Thus, this raises the question of whether the
effects of MOS were mediated directly via the incorporations of MOS components in the
brain or indirectly via the mediation of microbiota and gut-brain axis.

The goals of this review are to critically appraise the current evidence from preclini-
cal and human studies relating to MOS and neurocognitive outcomes, discuss potential
mechanisms of action, identify key knowledge gaps, and highlight areas for future research.
Although others have reviewed HMOS’s role in infant cognitive development, they focused
on interventions in animal models [41] or observational studies in human infants alone [42].
Since this field is rapidly evolving, we aim to synthesize and critically evaluate the current
evidence on the role of MOS, both HMOs and bovine milk oligosaccharides (BMOS), in
brain or cognitive development in early life.

2. Materials and Methods
2.1. Search Strategy

The literature search was performed in the PubMed database until April 2023. The
search terms included * Infant(s), child, children, early childhood, toddler(s), early life, mice,
mouse, murine, rat, rodent, piglet, monkey, animal, human milk oligosaccharide, HMO(s),
bovine milk oligosaccharide, BMO(s), 2′-fucosyllactose, 3′-sialyllactose, 6′-sialyllactose,
sialyllactose, sialylation, fucosylation, sialic acid, cognitive function, cognitive control,
cognition, self-regulation, self-control, executive function, inhibition, inhibitory control,



Nutrients 2023, 15, 3743 3 of 37

attention, fMRI, interference control, working memory, short-term memory, long-term
memory, episodic memory, spatial memory, cognitive flexibility, task switching, social,
emotion, temperament, negative affect, positive affect, mood, neural development, neu-
ral growth, neurogenesis, prefrontal cortex, dorsolateral prefrontal cortex, anterior cin-
gulate cortex, cerebral cortex, hippocampus, amygdala, basal ganglia, striatum, brain,
(gastro)intestinal microbiome, (gastro)intestinal microbiota, (gastro)intestinal microbes, gut
microbiome, gut microbiota, gut microbes, fecal microbiome, fecal microbiota, fecal mi-
crobes, metagenome(s), metabolome(s), metabolite(s), short-chain-fatty acid(s), and volatile
fatty acid(s).

2.2. Selection Criteria

To be included in the review, studies need to be related to MOS exposure in early life,
any aspects of cognitive development, and were either interventions were conducted in
animal models or observational studies in human subjects. Search terms related to gut
microbiome were also included in the search strategy to identify potential studies about
the gut-brain axis. Articles were excluded if there was no full version, no English version,
or if it was conducted in adults. All articles were initially reviewed by two authors (YF and
ALM) to determine inclusion in the review. In the case of disagreements, the third author
(SMD) resolved the discrepancies.

2.3. Data Extraction

The data extracted included the authors, year of the publication, study location,
experimental design, sample size, intervention, study duration, and relevance to brain and
cognitive development, or the gut-brain axis.

3. Results
3.1. Study Selection

The PRISMA flow diagram [43] is shown in Figure 1. A total of 3474 articles were iden-
tified through the PubMed database. During screening by title and abstract, 3417 studies
were outside the scope of our review and therefore excluded. In total, 57 studies under-
went full-text review. An additional 31 articles were removed for not being relevant to
MOS (n = 7), not relevant to early life (n = 5), and not related to cognition (n = 19). As a
result, 26 publications met the inclusion criteria, reporting the associations between milk
oligosaccharide exposure during the early developmental period and the brain or cognitive
development of the offspring.

3.2. Study Characteristics

The characteristics of the 26 selected studies are presented in Tables 1 and 2. Most
(69%) studies were intervention studies in animal models (n = 18) (Table 1), and the rest
were observational studies involving human subjects (n = 8) (Table 2). The most common
study interventions were milk oligosaccharide supplementation (n = 15) to either pig (n = 9)
or rodent models (n = 6). There was a wide variety of methods used for the assessment of
cognition and brain development. Magnetic resonance imaging (MRI), magnetic resonance
spectroscopy (MRS), and Hippocampal gene expressions were the most common methods
for investigating differences in brain structures between control and treatment groups.

Memory and learning in animal models are often accessed through observation of
behaviors following a stimulus. The most common behavioral tests for cognitive function
in the present review were novel object recognition (NOR), T-maze, and Y-maze. NOR
refers to the evaluation of differences in the exploration time of the animal for novel and
familiar objects [44,45]. The NOR task contains three phases: habituation, familiarization,
and test phase. In habituation, the animals can freely explore an open-field arena without
objects. For familiarization, a single animal will be introduced to two identical sample
objects in the open field. Lastly, during the test phase, the animals will be returned to the
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open-field arena, where they encounter a sample project identical to the previous one and a
novel one [44].
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Figure 1. PRISMA flow diagram for the study selection process.

Because there is no reward involved in NOR, animals explore novel objects based on
their natural preferences [44]. The increased time spent exploring novel objects reflects
greater cognitive skills from the animal subjects [46], and it has been suggested that the
dorsal hippocampus plays a vital role in NOR memory formation [47].

T-maze and Y-maze Spontaneous Alternative tests are two similar assessment tools for
spatial working and reference memory, the only difference being the shape of the apparatus
(Y versus T-shaped apparatus) [48]. Both mazes are based on the natural tendency of
animals for preference to explore a novel arm compared to a familiar arm [49]. T-maze and
Y-maze assess habit learning and short-term habituation in a novel environment [49,50].
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Table 1. Characteristics of intervention studies in preclinical animal models.

Ref.
First

Author
and Year

Country Subjects Sample Size
(n)

Study
Duration Intervention or Exposure

[51] Tarr, 2015 US Mice; male
C57/BL6 54

Upon arrival
for

20 days

Diets:
• CON: AIN-93G semi-purified

laboratory mouse diet
• 6′-SL: CON + 5% 6′-SL
• 3′-SL: CON + 5% 3′-SL
Groups:
• Stress (with social disruption

stressor)
• Non-stress

[52] Jacobi,
2016 US Pigs 54 21 days

Diets:
• CON: formula adjusted for nutrient

requirements of neonatal pigs
• CON +2 g 3′-SL/L
• CON +4 g 3′-SL/L
• CON +2 g 6′-SL/L
• CON +4 g 6′-SL/L
• CON +2 g PDX/L + 2 g GOS/L

[53] Oliveros,
2016 Spain

Rat pups;
Lister

Hooded &
Sprague-
Dawley

60 (Lister
Hooded) &

60 (Sprague-
Dawley)

PND 3 until
weaning

Diets:
• Control: BF + 1 g/kg body weight of

water
• 2′-FL: BF + 1 g/kg body weight of

2′-FL per day

[54] Mudd,
2017 US

Pigs;
vaginally
delivered

male

38 PND 2 until
PND 32 or 33

Diets:
• Control (CON): formula for

nutritional needs of growing pigs
• LOW: CON + bovine-derived

modified why enriched with
SL(SAL-10) (130 mg SL/L)

• MOD: CON + SAL-10 (380 mg
SL/L)

• HIGH: CON + SAL-10 (760 mg
SL/L)

[55] Oliveros,
2018 Spain

Rats;
Sprague-
Dawley

30
PND 3 until

weaning
(PND 22)

Diets:
• CON: BF + water
• Neu5AC: BF + free Neu5AC to SA

level in rat milk
• 6′-SL: BF + free 6′-SL to mimic

natural SA in rat milk

[56] Fleming,
2018 US

Pigs;
naturally
farrowed

male

36 PND 2 until
PND 22

Diets:
• CON: formula for nutritional needs

of growing pigs
• Sialyllactose: CON + SAL-10

(380 mg SL/L)

[57]
Obelitz-
Ryom,
2019

Denmark
Piglets;
male &
female

40 (preterm),
14 (term,

C-section),
12 (term,
vaginal)

PND 0 until
PND19

Diets:
• PRE-CON: Raw bovine milk + 6 g/L

lactose
• PRE-SAL: Raw bovine milk +

8.5 g/L SAL-10 (380 mg SL/L)
• TERM-CON: Raw bovine milk +

6 g/L lactose
• TERM-NAT: Naturally BF
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Table 1. Cont.

Ref.
First

Author
and Year

Country Subjects Sample Size
(n)

Study
Duration Intervention or Exposure

[58] Wang,
2019 Australia

Piglets;
domestic
Sus scrofa

46 PND 3 until
PND 38

Diets:
• CON: sow milk replacer
• SL: Control + 3′-SL (7.6 g/kg) and

6′-SL (1.9 g/kg)
• SL/SLN: Control + 3′-SL (7.04 g/kg),

6′-SL (1.74 g/kg), and
6′-sialyllactosamine (0.72 g/kg)

[59] Lee, 2020 US
Mice;

C57/BL6
male

36

Six weeks
of age
until

12 weeks

Diets:
• LF: 10% kcal as fat diet
• HF: 45% kcal as fat diet
• HF 1% 2′-FL: HF + 98.4% purity

2′-FL 1% (w/v)
• HF 2% 2′-FL: HF + 98.4% purity

2′-FL 2% (w/v)
• HF 5% 2′-FL: HF + 98.4% purity

2′-FL 5% (w/v)
• HF 10% 2′-FL: HF + 98.4% purity

2′-FL 10% (w/v)

[60] Fleming,
2020 US Pigs; male 36 PND 2 until

PND 33

Diets:
• CON: milk replacer
• OF: CON + 5 g/L Oligofructose (OF)

+ 0 g/L 2′-FL
• OF+2′-FL: CON + 5 g/L OF + 1 g/L

2′-FL

[61] Fleming,
2020 US Pigs; male 48 PND 2 until

PND 33

Diets:
• CON: sow milk replacer
• BMOS 1: CON + 12.4 g/L BMOS
• HMO: CON + 1.0 g/L of 2′-FL +

0.5 g/L of LNnT
• BMOS + HMO: CON + 12.4 g/L of

BMOS + 1.0 g/L of 2′-FL + 0.5 g/L
of LNnT

[62] Tuplin,
2021 Canada

Rats;
Sprague-
Dawley
both sex

40 PND 1 for
Eight weeks

Diets:
• CON: AIN-93G nutritionally

complete diet
• 3′-SL: CON + 0.625% wt/wt 3′-SL
• 2′-FL: CON + 0.625% wt/wt 2′-FL
• 3′-SL+2′-FL: CON + 0.625% wt/wt

3′-SL + 0.625% wt/wt 2′-FL

[63] Pisa, 2021 Italy Mice; male 28 PND 0 until
23 weeks

Genotypes:
• WT: wild type
• KO: knock-out for the gene

synthesizing 3′-SL
Diets:
• CTRL: WT offspring with 3′-SL in

milk
• MILK: WT offspring with reduced

3′-SL in milk
• GENE: KO offspring with 3′-SL in

milk
• GENE + MILK: KO offspring with

reduced 3′-SL in milk
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Table 1. Cont.

Ref.
First

Author
and Year

Country Subjects Sample Size
(n)

Study
Duration Intervention or Exposure

[64] Hauser,
2021 Italy Mice; male 146 PND 0 until

25 weeks

Genotypes:
• WT: wild type
• KO: knock-out for the gene

synthesizing 6′-SL
Diets:
• CTRL: WT offspring with 6′-SL in

milk
• MILK: WT offspring without 6′-SL

in milk
• GENE: KO offspring with 6′-SL in

milk
• GENE + MILK: KO offspring

without 6′-SL in milk

[65] Clouard,
2021 Denmark

Göttingen
minipigs;

female
64

Two weeks
until 45
weeks

Diets:
• Sow-reared: fed porcine milk

until weaning.
• Formula-fed: formula diets

until weaning:
• CON: Milk replacer with no

additional oligosaccharides
• FN: CON + 4 g/L mixture of

fucosylated (2′-FL + di-FL) and
neutral (LNT + LNnT)
oligosaccharides

• SL: CON + 0.68 g/L sialylated
oligosaccharides (3′-SL + 6′-SL)

• FN + SL: CON + 4 g/L FN + SL
• After weaning to a high-energy,

pelleted, obesogenic diet.

[66] Lee, 2021 US
Mice;

C57BL/6J
male

32
Six weeks

until
14 weeks

Diets:
• LF/CON: 10% kcal as fat diet
• HF/CON: 45% kcal as fat diet
• LF/2′-FL: LF/CON + 10% 2′-FL

(w/w)
• HF/2′-FL: HF/CON +

10% 2′-FL (w/w)

[67] Sutkus,
2022 US Pigs; male 52 PND 2 until

PND 34 or 35

Diets:
• CON: Milk replacer supplemented

with 0.532% lactose
• FL: Con + 0.532% 2′-FL
• BI: Con + 109 CFU/pig/d Bi-26
• FLBI: FL + BI
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Table 1. Cont.

Ref.
First

Author
and Year

Country Subjects Sample Size
(n)

Study
Duration Intervention or Exposure

[68] Pisa, 2023 Italy Mice; both
sex

46 (Expt 1)
48 (Expt 2)

PND 0 until
25 weeks

Genotype:
• WT: wild type
• dKO: double-knock-out for the

genes synthesizing 3′-SL and 6′-SL
Diets—Experiment 1:
• CTRL: WT offspring with WT BF
• MILK: WT offspring with dKO BF
• GENE: dKO offspring with WT BF
• GENE + MILK: KO offspring with

dKO BF
Diets—Experiment 2:
• CTRL-H2O: WT offspring with WT

BF + water
• MILK-H2O: WT offspring with dKO

BF + water
• CTRL-SL: WT offspring with WT BF

+ 3′SL and 6′SL
• MILK-SL: WT offspring with dKO

BF + 3′SL and 6′SL

1 BMOS: Milk oligosaccharides derived from bovine whey, composed of primarily GOS + trace amount of 3′-SL and
6′-SL. Abbreviations: CON, control; PND, postnatal day; BF, breastfeeding; SA, sialic acid; LNT, Lacto-N-tetraose;
LNnT, Lacto-N-neotetraose.

Table 2. Characteristics of human infant observational studies.

Ref.
First

Author and
Year

Country Subjects Sample
Size Study Duration Exposure

[69] Berger, 2020 US

Hispanic
mother-term
infant dyads
(males and

females)

50

• Milk collection at 1- and
6-months postpartum

• Cognition assessment at
24 months of age

19 HMO
concentrations

[70] Cho, 2021 US

Mother-term
infant dyads
(males and

females)

99

• Milk collection at study visit
(infant at 2–25 months-old)

• Cognition assessment at
study visit

Eight HMO
concentrations

[71] Oliveros,
2021 Spain

Normal
weight,

overweight,
obese, and

GDM
mother-term
infant dyads
(males and

females)

82

• Milk collection at 1-month
postpartum

• Cognition assessment at 6 and
18 months-of-age

Two HMO
concentrations
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Table 2. Cont.

Ref.
First

Author and
Year

Country Subjects Sample
Size Study Duration Exposure

[72] Jorgensen,
2021 Malawi

Mother-term
infant dyads
(males and

females)

659

• Milk collection at 6-months
postpartum

• Cognition assessment at 12 and
18 months-of-age

51 HMO
relative

abundances

[73] Ferreira,
2021 Brazil

Mother-term
infant dyads
(males and

females)

73

• Milk collection at 1-month
postpartum

• Cognition assessment at 1, 6, and
12 months-of-age

19 HMO
concentrations

[74] Rozé, 2022 France

Mother-
preterm

infants dyads
(males and

females)

137

• Milk collection for seven weeks
from birth

• Cognition assessment at
two years of age

24 HMO and
total sialic acid
concentrations

for mean
impute values
over samples
from 7 weeks

[75] Berger, 2022 US

Mother-term
infant dyads
(males and

females)

20

• Milk collection at one month
postpartum

• MRI scanning at one month
postpartum for infants

19 HMO
concentrations

[76] Willemsen,
2023

The Nether-
lands

Mother-term
infant dyads
(males and

females)

63

• Milk collection at 2, 6 and
12 weeks postpartum

• Cognition assessment at three
years of age

24 HMO
concentrations

Abbreviations: HMO, human milk oligosaccharides; GDM, gestational diabetes mellitus; MRI: magnetic resonance
imaging.

3.3. Sialyllactose and Cognition
3.3.1. Term and Preterm Piglet Models

Six studies conducted intervention trials in piglets, analyzing the relationships be-
tween the milk oligosaccharide or SL intake on brain and/or cognitive developmental
outcomes (Table 3). HMOS have been associated with increased SA delivery to the brain
during development [27,77]. Among the sialylated HMOS, SL supplementation was most
commonly investigated [31]. The most abundant SL are 6′-SL and 3′-SL [32], which are
constitutional isomers sialylated by either α-(2,3) linkage(3′-SL) or α-(2,6) linkage(6′-SL);
these two structures were reported to have similar biological functions [78].
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Table 3. Sialyllactose and cognitive outcomes in preterm and term pigs.

Gestation Diet Analyses Outcome Ref.

Preterm piglets;
90% gestation

(day 106) &
Term piglets;

C-section
& Term piglets;

Vaginally
delivered

• PRE-CON: Raw BM +
6g/L lactose

• PRE-SAL: Raw BM +
8.5 g/L SAL-10 (380
mg SL/L)

• TERM-CON: Raw BM
+ 6 g/L lactose

• TERM-NAT:
Naturally BF

• Motor acquisition
• Home cage activity
• Open filed assessment
• Spatial T-maze
• Right cerebral

hemisphere MRI
• Hippocampal gangliosides

SA quantification
• qPCR hippocampal gene

expression
• In vitro computer-assisted

fluorescence microscopy
with H2O2 challenge for
neuronal survival analysis

• PRE-SAL group had a higher
(p < 0.05) percentage of pigs
reaching the learning criteria of
T-maze compared to
PRE-CON pigs.

• PRE-CON group spent a longer
time (p < 0.01) on
decision-making compared to
TERM-CON pigs.

• Hippocampal SA did not differ
(p > 0.05) between PRE-CON
and PRE-SAL pigs.

• Hippocampal genes associated
with myelination (p < 0.05) and
SA metabolism (p < 0.05) were
upregulated in PRE-SAL
groups compared to
PRE-CON pigs.

• In vitro SAL and lactose
treatment reduced cell death
and promoted neuronal
survival compared to control
neurons (p < 0.05).

[57]

Term pigs;
PND2

• CON: formula for
nutritional needs of
growing pigs

• SAL: CON + SAL-10
(380 mg SL/L)

• NOR for object recognition
memory

• Accelerometers for
home-cage activity analysis

• No difference in recognition
memory was found between
SAL and CON (all p ≥ 0.11).

• No difference in diurnal
activity between SAL and CON
(all p ≥ 0.56)

[56]

Term pigs;
PND2

• CON: formula for
nutritional needs of
growing pigs

• LOW: CON +
bovine-derived
modified why
enriched with
SL(SAL-10)
(130 mg SL/L)

• MOD: CON + SAL-10
(380 mg SL/L)

• HIGH: CON +
SAL-10
(760 mg SL/L)

• Right hemisphere SA
quantification
(hippocampus, cerebellum,
and prefrontal cortex)

• Whole brain structural MRI
• Whole brain MRS for brain

metabolite quantification
• DTI for white matter

maturation and axonal
tract integrity

• Fractional anisotropy (FA)
• Axial diffusivity (AD)
• Mean diffusivity (MD)
• Radial diffusivity (RD)

• No differences in total and free
SA between treatments
(p > 0.05).

• Bound SA in the prefrontal
cortex was higher in CON and
HIGH groups compared to
LOW and MOD groups
(p = 0.05).

• Free SA-to-bound SA in the
hippocampus was higher in
the MOD and LOW groups
compared to the CON and
HIGH groups (p = 0.04).

• Corpus callosum MD (p < 0.01)
and AD (p < 0.01) were higher
in the MOD group compared
to other groups.

[54]

Term pigs;
PND3

• CON: SMR
• SL: CON + 3′-SL

(7.6 g/kg) and 6′-SL
(1.9 g/kg)

• SL/SLN: CON +
3′-SL (7.04 g/kg),
6′-SL (1.74 g/kg), and
6′-sialyllactosamine
(0.72 g/kg)

• 3T MRS for brain
neurotransmitter and
metabolites concentrations
(Whole brain, cerebrum,
and cerebellum)

• SL/SLN increased (p < 0.05)
absolute and relative amounts
of myo-inositol (mlns) and
glutamate + glutamine (Glx)

• Positive correlations between
3′-SL and SLN intake and brain
metabolite Glu (p = 0.017),
mlns (p = 0.013) and Glx
(p = 0.032) levels in SL and
SL/SLN groups

[58]
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Table 3. Cont.

Gestation Diet Analyses Outcome Ref.

Term Göttingen
minipigs;

2 weeks old

• CON: Milk replacer
with no additional
oligosaccharides

• FN: CON + 4 g/L
mixture of
fucosylated
(2′-FL+di-FL) and
neutral (LNT + LNnT)
oligosaccharides

• SL: CON + 0.68 g/L
sialylated (3′-SL +
6′-SL)
oligosaccharides

• FN + SL: CON+ 4 g/L
FN + SL

• After weaning:
high-energy, pelleted,
obesogenic diet for
all groups

• Behavioral procedure tasks
• Spatial hole board
• Open field
• Novel object exposure
• Runway
• Single-feed test for appetite

measurement
• Home pen behavior

observation

• SL group improved reference
memory (p ≤ 0.010) between 16
to 29 weeks compared to CON.

• FN, SL, and FN+SL had longer
trial durations (p < 0.05)
compared to CON, between 16
to 29 weeks and 39–45 weeks.

• FN group spent the most time
displaying ingestive behaviors
between 0 to 11 weeks
(p < 0.05)

[65]

Term pigs;
PND1

• CON: formula
adjusted for nutrient
requirements of
neonatal pigs

• CON + 2 g 3′-SL/L
• CON + 4 g 3′-SL/L
• CON + 2 g 6′-SL/L
• CON + 4 g 6′-SL/L
• CON + 2 g PDX/L +

2 g GOS/L

• Left hemisphere SA
analysis (cerebral cortex,
cerebellum, corpus
callosum, and
hippocampus)

• Microbiota quantification

• 2 g 3′-SL and 6′-SL/L increased
(p ≤ 0.05) total SA
concentration in the corpus
callosum by 15% compared
to CON

• 4 g 3′-SL increased (p ≤ 0.05)
total and ganglioside SA
concentration in the cerebellum
by 10% compared to CON

• Quadratic effect of dose for
3′-SL and 6′-SL in total and
ganglioside-bound SA
(p ≤ 0.05)

• Significant differences between
proximal (p = 0.001) and distal
colon (p = 0.009) microbiota of
piglets fed the 4 g 6′-SL/L
and CON

• Significant differences between
proximal (p = 0.006) and distal
colon (p = 0.032) microbiota of
piglets fed the 2 g PDX/L + 2 g
GOS/L and CON

[52]

Abbreviations: BM, bovine milk; BMO, bovine milk oligosaccharide; BF, breastfeeding; DTI, diffusion tensor
imaging; FN, fucosylated and neutral oligosaccharides; GOS, galactooligosaccharides; MRI, magnetic resonance
imaging; MRS, magnetic resonance spectroscopy; PDX, polydextrose; SL, sialyllatose; SA, sialic acid; SMR, sow
milk replacer.

Piglets are widely used as a preclinical model for human gut-brain-axis studies [79] due
to their similarities with human gastrointestinal physiology [80] and brain development [81].
Only one study utilized preterm piglets to study the influence of dietary SL on cognition,
finding that preterm piglets supplemented with SL were more likely to succeed in the
learning criteria than the control group [57]. Although supplementation with SL did not
directly affect the SA levels in the hippocampus of the preterm piglets, SL supplementation
resulted in the up-regulation of the myelination-responsible genes, myelin-associated
glycoprotein, myelin basic protein, and genes related to SA metabolism. However, the
selected genes involved in memory formation and learning processes were not modified by
SL enrichment [57].

Due to the lack of pure forms of synthesized SL, some previous studies have admin-
istered a bovine milk extract enriched in 3′-SL and 6′-SL (SAL) (43,45). For instance, in
male term piglets, SAL was supplemented in varying amounts: control (55 mg SL/L),
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low (159 mg SL/L), moderate (429 mg SL/L), or high (779 mg SL/L) from postnatal day 2
through 32 or 33 [54]. The moderate SAL concentration group was selected to represent
a concentration similar to human milk [54]. Higher levels of bound SA were found in
the prefrontal cortex of the control and high groups compared to the low and moderate
groups. Additionally, the moderate group showed a higher ratio of free-to-bound SA in
the hippocampus than the control and high-concentration groups. As for brain structures,
white matter maturation and the level of axonal tract integrity were measured with diffu-
sion tensor imaging. Increased measures of corpus callosum mean diffusivity (MD), axial
diffusivity (AD), and radial diffusivity (RD) were observed in the group with moderate SL
supplementation compared to other levels of SAL supplementations and control [54]. Tract-
based spatial statistics (TBSS) analysis revealed that the moderate SL group showed higher
RD measures in the white matter of the left corpus callosum compared to the low SL group.
This study suggests that the effects of SL supplementation are dose-dependent and specific
to brain regions, including the corpus callosum, prefrontal cortex, and hippocampus [54].

Piglets receiving the SAL concentration comparable to human milk concentrations
exhibited better effects on brain structural development. Similarly, Jacobi et al. compared
the different SL isomer supplementation on full-term pigs from day 1 to 21 days. The left
hemispheres of the pigs were divided into four regions, and their sialic acid concentrations
were measured. The total incorporation of ganglioside-bound SA in the corpus callo-
sum was higher for pigs supplemented with 3′-SL and 6′-SL than the control diet group.
Ganglioside-bound SA was also increased in the cerebellum for supplementation with
3′-SL [52]. The corpus callosum is the largest white matter structure in the brain, containing
diverse intra- and interhemispheric myelinated axonal projections [52,82]. The impact of
dietary SL on the amount of ganglioside-bound SA in the corpus callosum suggests SL may
play a role in supporting axonal myelination.

To investigate the effects of sialylated HMO on brain development, another piglet
study explored the effects of supplementation of pure 3′-SL and 6′-SL or combined sup-
plementation of pure forms of 3′-SL, 6′-SL, and 6′-sialyl-lactosamine (SLN) compared to
a control group. At postnatal day 38, absolute concentrations of 33 brain metabolites
were measured, and results showed that sialylated HMO supplementation significantly
increased several important brain metabolites and neurotransmitters compared to the
control group [58]. For example, with the combination of SL and SLN, the absolute and
relative levels of glutamate were significantly increased (p < 0.05) compared to control.
Thus, this study provides evidence that orally administered sialylated HMOS up-regulated
brain levels of glutamate (Glu), which is one of the major excitatory neurotransmitters in
the brain that has been suggested to support brain development such as influencing neurite
sprouting, synaptogenesis and dendrite pruning [58].

Several studies investigated behavioral outcomes in piglets administered HMOS
as measures of cognitive development. Fleming et al. reported that supplementation
of SL to term male pigs (n = 38) did not affect exploratory behaviors, including time
spent investigating objects, the number of object visits, or the mean time spent per object
visit [56]. Clouard et al. [65] was the only study to compare the effects of sialylated, neutral,
and fucosylated HMOS on cognitive outcomes. Dietary treatment of female Göttingen
minipigs with HMOS between 2 and 11 weeks of age resulted in significant improvement
in behavioral tasks as indicated by spending longer time in the trials compared to the
control group. Also, reference memory was increased with SL supplementation compared
to control [65]. However, the significant beneficial effects of dietary HMOS were time-
dependent, where working and reference memory scores were found to be greater with
SL treatment between 16–29 weeks of age (after HMOS treatment had ended) but not
at 39–45 weeks. This period (between 16–29 weeks) is the time between weaning and
sexual maturity, sometimes referred to as the adolescence age. The time-dependent effects
observed in the study raise intriguing questions about the underlying mechanisms of
HMOS and their interaction with neural circuits during critical periods of development.
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The findings also imply that the benefits of HMOS supplementation might have the most
pronounced effects during the adolescent period.

3.3.2. Rodent Models

Four studies used young mice to investigate the effects of sialylated milk oligosaccha-
ride exposure in early life on cognitive outcomes (Table 4). Oliveros et al. used Sprague-
Dawley rats (n = 47) to assess the impact of sialic acid and sialylated oligosaccharides
supplementation from birth to postnatal day three on learning and memory outcomes. In
the NOR test that evaluates the time rats explored a novel object compared to a familiar
object, rats that received sialic acid supplementation in the form of both SA and 6′-SL
spent more time exploring the novel object, demonstrating better cognitive abilities [55].
Long-term potentiation (LTP) for signal transmission between neurons, Y maze test and
IntelliCage® Protocol test (an automated testing system for spontaneous and learning be-
havior of rodents) performance at one year were significantly improved with both Neu5Ac
and 6′-SL supplementations during lactation [55].

Table 4. Sialyllactose and cognitive outcomes in rodent models.

Gestation Diet Analysis Outcome Ref.

Mice;
PND 0

Genotyping
• WT: wild type
• KO: knock-out for the

gene synthesizing
3′-SL

Diets
• CTRL: WT offspring

with 3′-SL in milk
• MILK: WT offspring

with reduced 3′-SL in
milk

• GENE: KO offspring
with 3′-SL in milk

• GENE + MILK: KO
offspring with reduced
3′-SL in milk

• NOR
• T-maze Spontaneous

Alternation Test
• Elevated 0-maze for

anxiety-relate behavior.
• Pre-pulse inhibition
• Barnes maze
• Attentional set-shifting

task
• Sucrose preference
• General locomotion
• Glucose tolerance test
• Electrophysiology

Experiments

• MILK (p = 0.025), GENE (p < 0.05), and
GENE+MILK (p < 0.05) mice had
decreased spatial memory compared to
CTRL mice

• MILK mice had reduced (p < 0.05)
attention and higher response to glucose
injection compared to other groups

• MILK mice had reduced (p = 0.03) number
of spontaneous alternations compared
to CTRL

• MILK mice had reduced (p < 0.05)
recognition memory compared to CTRL
and GENE + MILK

• LTP was lower in GENE + MILK (p < 0.05)
and CTRL (p < 0.05) mice compared
to GENE

• LTP was lower (p < 0.05) in GENE + MILK
mice compared to MILK

[63]

Mice;
6–8 weeks

old

• CON: AIN-93G
semi-purified
laboratory mouse diet

• 6′-SL: CON + 5% 6′-SL
• 3′-SL: CON + 5% 3′-SL

• Social disruption
stressor (SDR)-induced
anxiety-like behavior
assessment.

• Open field and
Light/Dark
preference test

• ELISA for serum
corticosterone

• Microbiota sequencing
• Brain cell proliferation

and immature neuronal
assessment

• CON mice had higher (p < 0.05)
microbiota Shannon Diversity Index
compared to 6′-SL mice

• 6′-SL and 3′-SL mice had altered microbial
beta-diversity compared to CON mice
(p < 0.01)

• 6′-SL and 3′-SL mice resulted in
significant taxonomic shifts at phylum
and genus levels (p < 0.05)

• SDR changed microbial beta-diversity in
CON mice (p < 0.05)

• SDR did not induce shifts in microbial
beta-diversity in 6′-SL (p = 0.138) and
3′-SL (p = 0.077) mice

• 6′-SL and 3′-SL mice spend less time in
dark zone compared to CON mice under
SDR (p < 0.05)

• 6′-SL mice significantly decreased
proliferation within the hippocampus
compared to CON regardless of SDR (all
p < 0.05)

• 6′-SL and 3′-SL mice rescued reduction of
immature neurons induced by SDR
compared to CON (all p < 0.05)

[51]
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Table 4. Cont.

Gestation Diet Analysis Outcome Ref.

Mice;
PND 0

Genotyping
• WT: wild type
• KO: knock-out for the

gene synthesizing
6′-SL

Diets
• CTRL: WT offspring

with 6′-SL in milk
• MILK: WT offspring

without 6′-SL in milk
• GENE: KO offspring

with 6′-SL in milk
• GENE + MILK: KO

offspring without
6′-SL in milk

• Maternal behavior
assessment

• Fox scale for
Neurodevelopmental
milestones

• NOR
• T-maze test
• PPI
• Barnes maze
• General locomotion
• Attentional set-shifting

task for executive
functions

• Electrophysiology
experiments for LTP
assessment

• Gene expression
analyses

• Metabolomics
• Microbiota analyses
• Brain Neu5Ac

quantification

• MILK and GENE + MILK mice increased
(p = 0.015) general locomotion in
adulthood

• Only CTRL mice showed a preference for
novel objects in the NOR test.

• MILK mice had impaired spatial memory
retention compared to CTRL mice
(p = 0.02)

• MILK mice required more trials for the
CD phase compared to CTRL (p = 0.0218)
and GENE (p = 0.0041)

• GENE + MILK mice required more trials
for the CD phase compared to GENE
(p = 0.023)

• MILK mice required more trials for the
IDS phase compared to CTRL (p = 0.003)
and GENE (p = 0.017)

• MILK mice required more trials for the
EDS phase compared to CTRL (p = 0.008),
GENE (p = 0.0005), and GENE+MILK
(p = 0.006).

• CTRL and GENE mice showed PPI, but
MILK and GENE + MILK mice failed to
exhibit PPI

• MILK mice had increased LTP compared
to CTRL mice (p = 0.04)

• At eye-opening, MILK mice had a
downregulation of 53 genes involved in
neuronal circuits formation and
patterning compared to CTRL

[64]

Rats;
PND 3

• CON: BF + water
• Neu5AC: BF + free

Neu5AC to mimic
natural Sia level in
rat milk

• 6′-SL: BF + free 6′-SL
to mimic natural Sia
level in rat milk

• HPLC for SA content
determination

• Western blotting
• In vivo LTP

measurement
• Classical behavioral tests
• NOR
• Y maze with

blocked arm
• IntelliCage® Protocol for

spontaneous and
learning behavior

• 6′-SL rats showed more PSA-NCAM in
the frontal cortex at weaning compared to
Neu5AC (p = 0.012) and CON (p = 0.042)

• 6′-SL rats had improved LTP in male rats
at one year compared to CTRL (p ≤ 0.05)

• 6′-SL (p = 0.0352) and Neu5Ac (p = 0.0304)
rats displayed longer exploration time in
NOR at one year

• Higher percentage of 6′-SL (p < 0.0001)
and Neu5AC (p = 0.0004) rats chose novel
arm in the Y maze compared to CON

• A higher percentage of 6′-SL (p = 0.0279)
rats chose novel arm in the Y maze
compared to Neu5AC rats

• Higher percentage of 6′-SL (p = 0.0483)
and Neu5AC (p = 0.0237) rats had better
performance in IntelliCage® test

[55]
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Table 4. Cont.

Gestation Diet Analysis Outcome Ref.

Mice;
PND 0

Genotyping
• WT: wild type
• dKO:

double-knock-out for
milk reduced in 3′-SL
and without 6′-SL

Diets—Experiment 1
• CTRL: WT offspring

with WT BF
• MILK: WT offspring

with dKO BF
• GENE: dKO offspring

with WT BF
• GENE + MILK: KO

offspring with dKO BF
Diets—Experiment 2
• CTRL-H2O: WT

offspring with WT
BF+water

• MILK-H2O: WT
offspring with dKO BF
+ water

• CTRL-SL: WT
offspring with WT BF
+ 3′SL–6′SL solution

• MILK-SL: WT
offspring with dKO BF
+ 3′SL–6′SL solution

• NOR
• T-maze
• Bernes maze
• PPI
• Attentional set-shifting

task
• Glucose tolerance test

Experiment 1:
• MILK and GENE + MILK groups showed

reduced spontaneous alternation in
T-maze compared to CTRL and GENE
milk (p = 0.005)

• All groups except for the MILK group
showed significant preference (p = 0.015)

• All groups showed reduced long-term
spatial memory in the Bernes maze
compared to CTRL (p = 0.01)

• CTRL and GENE groups showed intact
PPI, while MILK and GENE + MILK
groups failed to

• MILK subjects need more trials in the SD
and CD phases of the attentional
set-shifting task compared to CTRL
(p < 0.05)

Experiment 2:
• No differences were observed for all

behavioral tests between
treatment groups.

[68]

Abbreviations: WT, wildtype; KO, knockout; dKO, double-knockout; CON, control; PND, postnatal day; SDR,
social disruption stressor; PPI, Prepulse inhibition; ELISA, Interleukin-6 Enzyme-Linked Immunosorbant Assay;
SL, sialyllatose; SA, sialic acid; SMR, sow milk replacer; CD, compound discrimination; CDR, compound
discrimination reversal; IDS, intra-dimensional shift; EDS, extra-dimensional shift; BF, breastfeeding; SD, simple
discrimination; CD, compound discrimination.

Tarr et al. [51] explored the effects of HMO supplementation on the gut microbiota
community to investigate the impact of HMO on the gut-brain axis. To assess the potential
role of HMOS supplementation in reducing anxiety behaviors, a social disruption stressor
was given to the experimental animals for all groups. Supplementations of 5% 3′-SL and
6′-SL supported the maintenance of both normal behaviors and the number of immature
neurons in the dentate gyrus under stress compared to the control group. Since it has been
proven that immature neurons are important in anxiety-like behaviors and learning, the
maintenance of the number of immature neurons by SL may explain the maintenance of
normal behavior under stress. Additionally, the microbial community was not significantly
affected by stressor exposure when 3′-SL and 6′-SL were supplied in the diet compared to
the control group. These results suggest that MOS may support normal behavior under
stress conditions by modulating gut microbiota and gut-brain signaling [51]. These findings
contribute to the growing understanding of the complex interactions between the gut and
the brain and highlight the potential role of HMOS in promoting mental well-being.

Instead of supplementing SL, three studies from the same laboratory used knock-out
preclinical mice models to test the effects of sialylated MOS deficiencies [63,64,68]. The
first study, Pisa et al. produced knockout (KO) dams that lack the gene that encodes
α2,3-sialyltransferase for synthesizing 3′-SL in the mouse mammary gland, achieving
around an 80% reduction in 3′-SL content in the milk provided to the pups [63]. Hauser
et al., on the other hand, genetically engineered mice to lack the gene for synthesizing
6′-SL in the mammary gland, resulting in milk theoretically devoid of 6′-SL, but the levels
in milk were not directly measured [64]. By cross-fostering wildtype (WT) pups to KO
dams, the effect of consuming milk with reduced 3′-SL or 6′-SL diets during lactation was
investigated in adulthood. The cognitive outcomes of the KO offspring reared in KO or
WT dams were also evaluated to differentiate the effects of genetic deficiencies versus
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HMO reduction in milk [63]. Four groups were compared for behavioral outcomes: CTRL,
WT offspring receiving WT milk; MILK, WT offspring receiving SL deficient milk; GENE,
KO offspring receiving WT milk; and GENE + MILK, KO offspring receiving SL deficit
milk [63]. WT pups that received milk with decreased 3′-SL showed a significant reduction
in spatial memory, attention, NOR recognition memory, and altered hippocampal long-term
potentiation compared to WT pups that received WT milk. In addition, the KO pups (both
receiving WT milk and 3′-SL poor milk) exhibited impairment in spatial memory and
general locomotion compared to CTRL mice. These results suggest that 3′-SL exposure in
early life has long-term implications for cognitive functions [63].

Secondly, in the 6′-SL KO mouse model developed by Hauser et al. [64], the effects
of 6′-SL deficiency were observed. After eye-opening, 53 genes involved in the formation
and patterning of neuronal circuits were downregulated in WT and KO pups consuming
6′-SL deficient milk. Further, these mice had impaired recognition, sensorimotor gating,
and LTP in adulthood, suggesting that the absence of SL during lactation may result in
poorer cognitive function throughout life [64].

The third gene knock-out study from the same research group engineered double
knock-out mice with deletion of genes synthesizing both 3′-SL and 6′-SL to investigate
further the effects of reduced SL exposure on cognitive capabilities later in life [68]. As
a secondary aim, they evaluated whether exogenous supplementation of 3′-SL and 6′-SL
(compared to H2O) would counteract the influences caused by the deficiencies in a second
experiment. As expected, the concurrent deficiencies of 3′-SL and 6′-SL during lactation
resulted in impairments in memory and attention functions, consistent with the previous
two studies [63,64]. However, interestingly, in the second experiment, the researchers failed
to reproduce the same phenotypic impairments in the WT pups receiving SL-poor milk
(MILK group) and H2O supplementation, as observed previously in the MILK group in
their first experiment. Therefore, they were not able to conclude whether or not exogenous
supplementation of MOS to mice that are receiving SL deficit milk would compensate
for the observed neurocognitive deficits [68]. The researchers proposed that the failure to
replicate these phenotypic impairments in the MILK group may have potentially resulted
from the supplementation procedure introducing confounding in behavioral performances,
warranting future studies.

Together, these studies in knock-out mice demonstrate the importance of exposure
to milk-borne 3′-SL and 6′-SL during lactation for long-term cognitive and executive
functioning in multiple domains, including spatial memory, recognition memory, attention,
and synaptic plasticity.

3.4. Fucosyllactose and Cognition
3.4.1. Piglet Models

As noted above, 2′-FL is a predominant HMOS produced by secretor gene-positive
mothers. 2′-FL contains fucose, a component of glycoconjugates in the brain [83], support-
ing a potential role for dietary 2′-FL in cognitive development. Three intervention trials
explored the effects of 2′-FL supplementation on cognitive outcomes using piglet models
(Table 5).
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Table 5. Fucosylated milk oligosaccharides and cognitive outcomes in piglets.

Gestation Diet Test Outcome Ref.

Term pigs;
PND 2

• CON: SMR
supplemented
with 0.532%
lactose

• FL: CON + 0.532%
2′-FL

• BI: CON + 109

CFU/pig/d Bi-26
• FLBI: FL + BI

• NOR
• Structural MRI
• DTI

• FL resulted in a larger (p = 0.046) relative volume
in the pons region

• B. infantis Bi-26 resulted in smaller (p < 0.05)
absolute volume in the corpus callosum, left and
right internal capsules, left and right
putamen-globus pallidus, left caudate, left cortex,
lateral ventricles, and medulla; and smaller
(p < 0.03) relative volume of the left and right
putamen-globus pallidus.

• No effects of FL and Bi-26 on novel
recognition memory

• FL group had a greater (p < 0.05) number of
familiar object visits in NOR than in CON.

• BI and FLBI groups spent less (p = 0.002) time
investigating familiar object

[67]

Term pigs;
PND 2

• CON: SMR
• OF: Control +

5 g/L
Oligofructose (OF)
+ 0 g/L 2′-FL

• OF + 2′-FL:
Control + 5 g/L
OF + 1 g/L 2′-FL

• NOR
• Structural MRI
• DTI
• MRS
• Hippocampal

gene expression

• CON failed to show recognition memory after a 1
or 48 h delay.

• OF showed recognition memory only after 1 h
delay (p < 0.001)

• OF + 2′-FL showed recognition memory only
after 48 h delay (p = 0.001)

• OF showed higher (p = 0.022) novel object visit
frequency than CON after 1 h delay

• OF + 2′-FL had increased (p = 0.038) sample object
exploration time through trial compared to CON

• OF and OF + 2′-FL had increased (p = 0.019)
olfactory bulbs relative volume compared to CON

• OF showed lower hippocampal mRNA
expression of DRD3, GABBR1, HDAC5/8,
NCAM1, and CHRM2 (all p < 0.045) compared
to CON

• OF + 2′-FL had higher hippocampal mRNA
expression of DRD3, GABBR1, HDAC5, and
NCAM1 (all p < 0.045) compared to CON

[60]

Term pigs,
PND 2

• CON: SMR
• BMOS: CON +

12.4 g/L BMOS
• HMO: CON +

1.0 g/L of 2′-FL +
0.5 g/L of LNnT

• BMOS + HMO:
CON + 12.4 g/L
of BMOS +
1.0 g/L of 2′-FL +
0.5 g/L of LNnT

• NOR
• Structural MRI
• DTI
• MRS
• Hippocampal

gene expression

• HMO showed recognition memory after a 1-h
delay (p = 0.038)

• BMOS + HMO showed recognition memory after
48-h delay (p = 0.045)

• CON and BMOS + HMO showed similar absolute
and relative volumes of caudate, lateral ventricles
and pons as HMO and BMOS

• HMO and BMOS+HMO had larger relative
cortices and corpus callosum compared to BMOS
(all p < 0.05)

• HMO and BMOS downregulated many genes in
the hippocampus, whereas BMOS + HMO
upregulated many of the same genes

[61]

Abbreviations: CON, control; SMR, sow milk replacer; NOR, novel object recognition; MRI, magnetic resonance
imaging; DTI, diffusion tensor imaging; MRS, magnetic resonance spectroscopy; PDX, polydextrose; SL, sialyl-
latose; SA, sialic acid; SMR, sow milk replacer; DRD3, dopamine receptor D3; GABBR1, GABA type B receptor
subunit 1; HDAC5/8, histone deacetylases 5 and 8; NCAM1, neural cell adhesion molecule 1; CHRM2, cholinergic
receptor muscarinic 2.
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All three studies used male pigs fed a commercial sow milk replacer as the control
diet and the control diet, plus exogenous oligosaccharides for the experimental diets.
Sutkus et al. compared the effects of a control diet to 2′-FL- and prebiotic B. infantis Bi-26-
supplemented diets on the gut-brain axis [67], while Fleming et al. conducted one study
that assessed the impact of dietary oligofructose (OF) in combination with 2′-FL on brain
development [60], and another study that assessed the impact of HMOS (2′-FL + LNnT),
BMOS, and their combination on behavioral outcomes and brain structures [61]. Dietary OF
is a non-HMO oligosaccharide of vegetable origin, which has been reported to impact brain-
derived neurotrophic factor expression. HMO and non-HMO oligosaccharide benefits
for cognitive development were evaluated individually and in combination (OF + 2′-FL).
BMOS, on the other hand, are bovine milk-derived oligosaccharides that are less complex
in structures but are structurally identical to those found in HMOS, such as 3′-SL and
6′-SL [84]. Supplementation of BMOS to infant formula has been reported as safe and
may rescue deficits in weight, height, and head circumference measurements observed in
formula-fed infants compared to breastfed infants [84].

Both Sutkus et al. [67] and the two studies by Fleming et al. [60,61] utilized the NOR
test to investigate the recognition and working memory of the pigs. These studies found
that 2′-FL, OF, and BMOS influenced recognition memory, as shown by increased object
visits. However, the type of OS supplementation yielded varying results on recognition
memory. Specifically, OF alone increased recognition memory after a 1 h delay, while
OF+2′-FL increased recognition memory after a 48 h delay [60]. On the other hand, BMO
supplementations (BMOS alone and BMOS+HMO) showed a lesser increase in distance
moved per minute during the habituation phase in the NOR task compared to pigs fed no
BMOS. HMOS supplementation of 2′-FL and LNnT increased recognition memory after
the 1 h delay, but only HMOS in combination with BMOS was associated with increased
recognition memory after the 48-h delay. As for the control group, no recognition memory
was displayed either after a 1 h or 48 h delay [61]. These results suggest that the combination
of HMOS and other oligosaccharide supplementation may result in longer recognition
memory retention.

These studies also explored the effects of MOS supplementation on brain structures,
which were investigated using structural MRI. Sutkus et al. [67] observed an increase in
relative volume in the pons region of the 2′-FL-supplemented pigs compared to the control.
Fleming et al. [60], however, did not find significant alterations in the brain structures, but
trending effects (0.05 < p < 0.10) on absolute volumes of several brain regions, including
olfactory bulbs and thalamus, were found between diets. When looking at HMOS and
BMOS and their effects on brain structures, the results suggested that all diet groups with
HMOS supplementation displayed larger relative and absolute volumes of cortices and
corpus callosum [61].

3.4.2. Rodent Models

Four studies orally administered 2′-FL during lactation to investigate relationships
with cognitive development in rodent models. Unlike the studies conducted in piglet
models, the studies conducted in rodent models did not perform brain imaging but did
conduct behavioral assessments (Table 6).
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Table 6. Fucosylated milk oligosaccharides and cognitive outcomes in rodents.

Gestation Diet Analysis Outcome Ref.

Rats;
PND 3

• CON: BF + 1 g/kg
body weight of water

• 2′-FL group:
BF + 1 g/kg body
weight of 2′-FL per
day

• In vivo LTP at six
weeks in the
hippocampus for
Sprague-Dawley rats

• In vivo LTP at 1 year
for Lister Hooded rats

• NOR
• Y maze
• MWM

• 2′-FL evoked larger LTP compared to CON
(p < 0.05) at six weeks and one year

• 2′-FL spent longer time exploring the novel
object than the familiar object (p = 0.03)

• 2′-FL spent longer time exploring objects
compared to CON at 1 year (p = 0.0475)

• 2′-FL showed lower latency to the novel
arm in the Y maze compared to CON at
one year (p = 0.0331)

• 2′-FL had a higher percentage of rats that
visited the novel arm as the first choice in
the Y maze compared to CON at one year
(p = 0.0138)

[53]

Rats;
PND21

• CON: AIN-93G
nutritionally
complete diet

• 3′-SL: Control +
0.625% wt/wt 3′-SL

• 2′-FL: Control +
0.625% wt/wt 2′-FL

• 3′-SL+2′-FL: Control +
0.625% wt/wt 3′-SL +
0.625% wt/wt 2′-FL

• RNA extraction
and cDNA

• qPCR
• Protein extraction and

quantification for NAc
and VAT tissue

• Western blot
procedure

• 3′-SL + 2′-FL females had decreased VAT
DAT expression (p = 0.032) compared to
CON females

• 3′-SL + 2′-FL females had increased NAc
leptin expression (p < 0.05) compared to
CON females

• Male CON rats had lower DAT expression
(p = 0.039) had higher GhrelinR (p < 0.05)
and leptin (p < 0.05) expression than females

• Male rats had lower NAc leptin expression
(p = 0.047) than females

[62]

Mice;
6-week-

old

• LF: 10% kcal as fat
research diet

• HF: 45% kcal as fat
research diet

• HF 1% 2′-FL: HF +
98.4% purity 2′-FL 1%
(w/v)

• HF 2% 2′-FL: HF +
98.4% purity 2′-FL 2%
(w/v)

• HF 5% 2′-FL: HF +
98.4% purity 2′-FL 5%
(w/v)

• HF 10% 2′-FL: HF +
98.4% purity 2′-FL
10% (w/v)

• CCK sensitivity
assessment

• OGTT
• RNA extraction and

quantitative RT-PCR
• Immunofluorescence
• Histology
• Hepatic lipid

accumulation
assessment

• Blood analysis for
LPS-bind protein

• Microbiota DNA
sequencing

• Metabolomic analysis

• 10% 2′-FL results in less weight gain
(p < 0.001) with the HF diet compared to
the HF

• 10% 2′-FL decreased food intake (p < 0.05)
compared to HF

• 10% 2′-FL suppressed (p < 0.01) the increase
in fat mass resulting from HF

• 10% 2′-FL restored the CCK-induced
inhibition of food intake for HF mice
(p < 0.05)

• 10% 2′-FL resulted in compositional changes
in the microbiota (p < 0.05) and metabolites
(p < 0.05) compared to LF and HF mice

• 10% 2′-FL attenuates the HF-induced
inflammation (p < 0.05) compared to HF

• 10% 2′-FL decreased (p < 0.05) the
upregulation of PPARγ gene expression
induced by HF

[59]
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Table 6. Cont.

Gestation Diet Analysis Outcome Ref.

Mice;
6-week-

old

• LF/CON: 10% kcal as
fat diet

• HF/CON: 45% kcal
as fat diet

• LF/2′-FL: LF/CON +
10% 2′-FL (w/w)

• HF/2′-FL: HF/CON +
10% 2′-FL (w/w)

• Y-maze
• Open field test for

general locomotion
• NOR
• OGTT
• Barrier function

assessment
• RNA extraction and

quantitative RT-PCR
• Immunohistochemistry
• Histology
• Hepatic lipid

accumulation
• Microbiota DNA

sequencing
• 16S metagenomic

analysis
• Metabolomic analysis

• HF/2′-FL decreased energy intake (p < 0.05
at weeks 4–8) and fat mass (p < 0.05 at
weeks 2,4,6,8) compared to HF

• HF/2′-FL decreased (p = 0.001) the
upregulation of PPARγ gene expression
induced by HF

• HF/2′-FL downregulated (p < 0.001) the
SREBP-1c gene expression compared to
LF/2′-FL

• 2′-FL decreased the size of adipocytes in
visceral adipose tissues compared to control
for both LF (p < 0.01) and HF
(p < 0.05) group

• 2′-FL decreased intestinal transcellular
permeability (p < 0.01) in HF group

• 2′-FL decreased intestinal para- (p < 0.05)
and transcellular (p < 0.05) permeability in
the LF group

• 2′-FL increased IL-22 gene expression that
regulates epithelial homeostasis in the ileum
for both LF (p < 0.05) and HF
(p < 0.05) group

• HF/2′-FL restored vagally-mediated
gut-brain signaling integrity compared to
the HF group (p < 0.05)

• No detectable effects were found on any
cognitive outcome.

• 2′-FL had different gut microbiota beta
diversity compared to LF and HF groups
(both p = 0.001)

• 2′-FL significantly shifted microbiota
composition and cecal metabolites

[66]

Abbreviations: NOR; Novel Object Recognition; MWM, Morris Water Maze; DA, dopamine; DAT, dopamine
transporter; RNA, messenger RNA; NAc, nucleus accumbens; TH, tyrosine hydroxylase; VTA, ventral tegmental
area; OGTT, oral glucose tolerate test; PPARγ, peroxisome proliferator-activated receptor gamma.

Oliveros et al. supplemented 2′-FL to rats during lactation, finding that 2′-FL supple-
mentation resulted in significantly increased performance in NOR, Y maze, and long-term
potentiation in their offspring at one year old [53], suggesting the long-lasting effect of 2′-FL
exposure in early life, which is consistent with previous supplementation effects of 3′-SL
and 6′-SL in rodents. One study tested the effects of combined SL and FL supplementation
on the mesolimbic dopamine system in rats. The results showed that the HMOS supple-
mentation exerted sex-dependent effects; 3′-SL + 2′-FL fortification decreased dopamine
transporter expression in the ventral tegmental area and increased leptin expression in
the nucleus accumbens in females only [62]. This study not only highlighted the impact
of HMOS supplementation on the dopamine system but suggested for the first time that
variations in response to the HMOS supplementation may be sex-dependent [62].

To investigate the beneficial effects of 2′-FL on the gut-brain axis and cognition in
obesity, Lee et al. [59] conducted a study on high-fat diet-induced obese mice. They found
that 10% 2′-FL supplementation resulted in compositional changes to the gut microbiota
and improved gut-brain signaling [59]. Lower 2′-FL doses (1, 2, or 5%) did not signifi-
cantly affect microbiota composition or attenuate inflammation induced by a high-fat diet,
suggesting a dose-dependent effect of these HMOS.

Another laboratory study investigated the effects of 2′-FL supplementation with
both low-fat (control) and high-fat diets on the gut-brain axis [66]. The 10% 2′-FL sup-
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plementations reduced intestinal para and transcellular permeability and restored the
vagally-mediated gut-brain signaling in mice fed the high-fat diet compared to the low-fat
diet. Thus, this study revealed potential new roles for 2′-FL in controlling gut-barrier
function and gut-brain signaling during metabolic stress in high-fat-fed mice [66].

3.5. Human Studies on HMOS and Cognition

The current literature on the effects of HMOS on cognitive outcomes in human infants
is limited compared to data from preclinical models and includes only observational trials.
After the selection process, only eight studies involving human subjects were retained in
the review (Table 7). The studies applied various cognitive measures and observed mixed
associations between HMOS concentrations and cognitive outcomes.

Table 7. HMOS and cognitive outcomes in human observational studies.

Maternal
Condition HMO Assessment Covariates

Adjusted Tests Outcome Ref.

At least
partially BF at
the study visit

• Complete
expression of
HM collected
by pump from
the right breast.

• HMOS
quantified with
LC with
fluorescence
detection

• Infant age at milk
collection

• Milk collection site
and batch

• Multiple comparisons
corrected with
Holm-Bonferroni
method

• S (MSEL)
• Early learning

composite
(ELC) score

• Positive association (p = 0.002)
between 3′-SL level and ELC
scores of early learning in
A-tetra positive group

• Positive association between
3′-SL level and receptive
(p = 0.015) and expressive
(p = 0.048) language scores in
A-tetra positive group

• Interaction effect (p = 0.03)
between 3′-SL level and age for
receptive language scores
A-tetra positive group

[70]

Hispanic
mothers with
pre-pregnancy
normal or
overweight
Exclusively BF
for six months

• Complete
expression of
HM collected
after 1.5 h
fasting by
pump from one
breast.

• HMOS
quantified with
HPLC-MS and
internal
standards

• Maternal secretor
status

• Maternal age at
delivery

• Education level
• Infant sex
• Infant age
• Infant birth weight
• Not corrected for

multiple comparisons

Bayley Scales of
Infant Development
(Bayley III)

• Maternal pre-pregnancy BMI
negative predicted (p = 0.03)
infant cognitive
development score

• 2′-FL at one month (p ≤ 0.01),
LNH (p ≤ 0.02) and FLNH
(p ≤ 0.02) at six months were
associated with higher infant
cognitive development score

• DSLNT at one month (p = 0.02)
and LSTb at six months
(p < 0.01) were negatively
associated with infant cognitive
development scores

[69]

Study groups:
Healthy
normal weight
Overweight
Obese
GDM
No
information is
available on BF

• HM collected
before and after
each feed
throughout one
day

• HMOS
quantified with
UHPLC-
MS/MS and
2′-FL/6′-SL
external
standards

• GWG
• Maternal IQ
• Maternal education
• Study groups
• Prepregnancy BMI
• Not corrected for

multiple comparisons

Bayley III

• Positive association (p = 0.041)
between 6′-SL and composite
cognitive scores in infants at
18 months when adjusted for
GWG, maternal IQ and
education, and study groups

• Positive association between
6′-SL and composite cognitive
scores (p = 0.019) and motor
scores (p = 0.043) in infants at
18 months when adjusted for
prepregnancy BMI and
study groups

• Positive association between
2′-FL and motor scores
(p = 0.041) in infants at six
months when adjusted for
prepregnancy BMI and
study groups

[71]
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Table 7. Cont.

Maternal
Condition HMO Assessment Covariates

Adjusted Tests Outcome Ref.

Exclusively BF
for seven
weeks

• Complete
expression of
HM by manual
breast pump
from one breast

• HMOS and SA
quantified with
LC and
fluorescence
detection

• Maternal age
• Pregravid BMI
• Self-perceived income
• Educational level
• Tobacco use
• Number of previously

breastfed children
• Course of pregnancy

and delivery process
• Multiple comparisons

corrected with
Benjamini-Hochberg
procedure

Ages and Stages
Questionnaire (ASQ)

• Positive association (p = 0.009)
between LNFP-III content and
total ASQ scores at two years
old for infants born to
secretor mothers

[74]

Healthy
women
67.0%
Exclusively BF
at one month

• HM collected
manually by
hand

• HMOS
quantified by
HPLC with
fluorescence
detection and
internal
standards

• Gestational age at
birth

• GWG
• Prepregnancy BMI
• Maternal age
• Parity
• Mode of BF at one

month
• Multiple comparisons

corrected with
Benjamini-Hochberg
procedure

Brazilian Ages and
Stages Questionnaire
(ASQ-BR)

Negative associations between:
• LNT and risk of inadequate

development for personal-social
skills (HR = 0.06) and ≥2
developmental domains
(HR = 0.06)

• LNT and risk of inadequate
development for personal-social
skills (HR = 0.09) and ≥2
developmental domains
(HR = 0.05) in secretor
mothers only

[73]

Women from
the iLiNS
project
No
information is
available on BF

• HM was
collected
manually for a
single full
breast.

• HMOS absolute
abundance by
nano-LC-
chip/time-of-
flight MS with
standards or
relative
abundance
where
standards are
not available.

• Maternal age
• Maternal height
• Maternal BMI
• Parity
• Education
• Food security
• HIV status
• Hemoglobin
• Household assets
• Residential location
• Infant sex
• Season of milk

sample collection
• Family Care Indicator

Score (only for
developmental
outcomes at 18 mos)

• Child’s mood, activity
level, and willingness
to interact with the
tester (only for motor
develop-
ment/executive
function and working
memory model)

• Multiple comparisons
corrected with
Benjamini–Hochberg
method

• Motor
development
(Kilifi
Development
Inventory

• Language
development
(MacArthur–
Bates
Communica-
tive
Development
Inventory)

• Socioemotional
development
(Profile of
Social and
Emotional
Development)

• Working
memory and
executive
function
(A-not-B task)

• Positive association between
HMO 5311a and motor skills
(p = 0.003)

• Negative association between
HMO 5130a and language at
18 months (p = 0.002)

• Positive association between
total fucosylated (p = 0.007) and
total sialyated (p = 0.033) HMOS
relative abundances and
language at 18 months in infants
of secretor mothers

• Negative association (p = 0.003)
between 6′-SL and walking at
12 months in infants of
secretor mothers

• Positive association (p = 0.049)
between LNnT and walking at
12 months in infants of
secretor mothers

• Positive associations between
F-LSTc (p = 0.004) and DFLNnO
II (p = 0.044) and motor skills at
18 months in infants of
secretor mothers

• Positive associations between
DFLNHa (p = 0.02) working
memory and executive function
at 18 months in infants of
secretor mothers

• Positive association (p = 0.007)
between LSTb relative
abundances and working
memory and executive function
at 18 months in infants of
nonsecretor mothers

[72]
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Table 7. Cont.

Maternal
Condition HMO Assessment Covariates

Adjusted Tests Outcome Ref.

Healthy
mothers in the
Netherlands
71.4%
Exclusively BF
for 12 weeks

• HM collected
manually or
with a breast
pump

• HMOS
quantified by
UPLC-MS and
HPAEC-PAD

• Gestational age at
birth

• Maternal education
level

• Parent(s) executive
functioning

• Sample-to-sample
variations

• Estimated daily milk
intake

• Proportion of human
milk feeding

• Multiple comparisons
corrected with
Bonferroni
adjustments

• The Behavior
Rating
Inventory of
Executive
Function-
Preschool
Version
(BRIEF-P)

• Ratings of
Everyday
Executive
Functioning
(REEF)

Analyses with exclusively
breastfed infants:
• Higher 2′-FL (p = 0.02) and

grouped fucosylated HMOS
(p = 0.03) were associated with
higher executive functioning at
three years old (REEF)

Analyses including partially
breastfed infants:
• Higher levels of grouped

sialylated HMOS (p = 0.05) were
associated with worse executive
functioning (BRIEF-P)

[76]

Healthy
mothers with
full-term
singleton birth
Exclusively BF
at one month

• HM collected
with a breast
pump for a
single full
breast

• HMOS isolated
with high-
throughput SPE
and quantified
with MS

• Prepreganancy BMI
• Postmenstrual age at

the time of MRI scan
• Infant birthweight
• Infant sex
• Multiple comparisons

corrected with
Benjamini–Yekutieli
procedure

• MRI
• DTI
• ASL

At one month postpartum:
Negative associations between:

• 2′-FL and FA values in the
cortex (p = 0.001)

• 2′-FL and rCBF in the cortical
gray matter of the frontal,
temporal, parietal, and occipital
lobes (all p < 0.01)

• 3-FL and MD values in left IC
(p = 0.007) and posterior white
matter (p < 0.001)

• 3′-SL and MD values in the
posterior white matter
(p = 0.007)

Positive associations between:
• 2′-FL and MD values in the

posterior cortical gray matter,
posterior white matter, and
subcortical gray matter nuclei
(all p < 0.01)

• 3-FL and FA values in the white
matter throughout the frontal,
temporal, parietal, and occipital
lobes, and left IC and right aCR
(all p < 0.05)

• 3-FL and rCBF in the most part
of the cortex, the white matter of
the frontal, temporal, parietal,
and occipital lobes, and
subcortical gray matter nuclei
(all p < 0.05)

• 3′-SL and FA values in the white
matter throughout the brain
(p < 0.05)

• 3′-SL and rCBF in the white
matter bilaterally (all p < 0.01)
and in the cortical gray matter of
the frontal lobe (p < 0.001) 6′SL
was not significantly associated
with any MRI measures

[75]

Abbreviations: BF, breastfeeding; GDM, gestational diabetes mellitus; GWG, Gestational weight gain; SA, sialic
acid; HR, hazard ratio; iLiNS, International Lipid-Based Nutrient Supplements; PGC-UPLC-MS, porous graphi-
tized carbon-ultra high-performance liquid chromatography–mass spectrometry; HPAEC-PAD, high-performance
anion exchange chromatography with pulsed amperometric detection; SPE, solid phase extraction; MS, mass-
spectrometry; MRI, Magnetic Resonance Imaging; DTI, diffusion tensor imaging; ASL, arterial spin labeling; FA,
Fractional anisotropy; MD, mean diffusivity; AD, axial diffusivity; RD, radial diffusivity; rCBF, Regional cerebral
blood flow; IC, internal capsule; aCR, anterior corona radiata.
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Berger et al. [69] investigated the relationship between 19 HMOS concentrations in
human milk and cognitive development in Hispanic infants (n = 50) living in Los Angeles,
California. This observational study collected human milk samples at 1- and 6-months
postpartum and measured cognitive development using the Bayley Scales of Infant Devel-
opment, third edition (Bayley-III) at 24 months-of-age. The Bayley III was administered
by trained personnel to measure the functions of cognitive, language, and motor skills. In
the study, only the age-standardized scores for cognitive development were utilized as
the dependent variable. The concentration of 2′-FL in milk at one month postpartum was
associated with higher infant cognitive development scores at 24 months of age, whereas
milk disialyllacto-N-tetraose (DSLNT) concentration at one month was associated with
lower cognitive scores at 24 months of age. 2′-FL concentration from milk collected at
six months postpartum was no longer related to 24-month cognitive scores. However,
several other HMOS concentrations, lactose-N-hexaose (LNH) and fucosyllacto-N-hexaose
(FLNH) were related to greater, while LSTb related to lower cognitive development scores
at 24 months [69]. This study corroborates findings for the beneficial effects of 2′-FL ex-
posure during lactation for cognitive development in preclinical studies. It implies the
potential relevance of other fucosylated and sialylated HMOS for cognitive development.
Additionally, associations between HMOS levels of 1- and 6-months were found with child
cognitive outcomes at 24 months of age, suggesting sustained effects of early-life HMOS
exposure on child development.

Another study by Jorgensen et al. [72] conducted in Malawian mother-infant pairs
(n = 659) also collected milk samples at six months postpartum, observing mixed rela-
tionships between HMOS structures and later child development, including motor and
language skills. These findings were mostly secretor status dependent. For example, in
infants born to secretor mothers only, the relative abundances of total fucosylated and total
sialylated HMOS were positively associated with infant language ability at 18 months. In-
fants of secretor mothers with milk samples containing a relative abundance of fucosylated
HMOS above the median also showed greater vocabulary at 12 months old than those
below the median. On the other hand, positive associations between the relative abundance
of sialyllacto-N-tetraose b (LSTb) and working memory and executive function were only
observed in non-secretors [72].

While Berger et al. reported LNH concentrations were positively related to greater
cognitive development scores at 24 months [69], Jorgensen et al. instead found a negative
association between LNH relative abundance and language at 18 months, but only in
infants born by secretor mothers [72]. The lack of consistency in the findings regarding
the association between MOS and child development highlights the complexity of the
relationship. These inconsistencies may arise from various factors, including maternal
secretor status, differences in sample populations, methodologies, outcome measurements,
and potential confounding variables. It is important to consider that child development is a
multifaceted process influenced by a wide range of genetic, environmental, and nutritional
factors, not solely dependent on milk oligosaccharides.

Another observational study of children 2-25 months old (n = 99) quantified eight
HMOS in milk collected at each study visit [70]. Positive associations between 3′-SL
concentrations were observed with receptive and expressive language functions, supporting
a higher composite score of early learning criteria, as measured by Mullen Scales of Early
Learning. However, the positive association was only observed in mothers with alpha-
tetrasaccharide (A-tetra +) in milk, which has been suggested to only be present in mothers
with blood type A [70]. This finding is consistent with the study of Malawian children
mentioned previously, which found that infants of secretor mothers with higher 6-month
total relative abundances of sialylated HMOS had higher language skills at 18 months [72].
Thus, these data indicated the beneficial effects of sialylated HMOS on infant language
development. Further, relationships between sialylated HMOS and language may be
confounded by maternal genetic background, warranting further investigations.
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Two studies [73,74] measured neurodevelopmental outcomes with the Ages and Stages
Questionnaire (ASQ), which measures five domains of development: communication, gross
motor skills, fine motor skills, problem-solving, and personal-social skills [85]. Ferreira
et al. studied full-term infants and utilized a version of the ASQ tailored for the Brazilian
children population [73]. They reported that infants of mothers with lower median HMOS
concentrations had a higher risk of various developmental inadequacies at one month of
age. For example, a lower 3-FL concentration was associated with the risk of inadequate
communication skill development; a lower FLNH concentration was related to inadequate
fine motor skills. However, after adjusting for multiple comparisons, only an inverse
relationship between LNT concentration and risk for personal-social skill inadequacies
remains significant in total samples and in secretor mothers only [73]. The second was
an exploratory study in preterm infants that assessed associations between HMOS in
milk collected from birth to 7 weeks and infant neurocognitive outcomes measured at
two years of age. This is the only study investigating the beneficial effects of HMOS on
cognitive development in preterm infants. Aside from receiving their mother’s milk with
standardized fortification, the preterm infants were on parental nutrition, and donor milk
was used on rare occasions to ensure adequate nutrition. Only Lacto-N-fucopentaose III
(LNFP III) concentration and total ASQ scores were positively related in infants of secretor
mothers, which was not reported by other studies before [74]. This study extends the
relevance of HMOS for cognition and its possible dependence on maternal genetic factors,
such as the secretor genes, to preterm infants.

While there are numerous outcomes of infant cognitive development, assessing execu-
tive function in children has become increasingly prevalent [86] due to its critical roles in
academic achievement [87], self-regulation and the development of social and cognitive
competencies [88]. The core domains of executive functioning include working memory,
attention control, cognitive flexibility, and inhibitory control [89]. Several studies in this
review explored the relationships between HMOS and executive functioning. Consistent
with findings from preclinical studies, a recent study in the Netherlands reported con-
centrations of 2′-FL and total fucosylated HMOS in the first 12 weeks being related to
better parent-reported executive functioning at three years of age in exclusively breastfed
infants [76]. This study contributed further evidence of 2′-FL acting as a crucial component
for cognitive outcomes. Of note, this study also reported that higher levels of sialylated
HMOS were associated with worse executive functioning, but only in partially breastfed
infants [76]. To account for formula intake in partially breastfed infants, Willemsen et al.
corrected the HMO concentrations by the human milk intake. For example, if the infant
received 30% formula, the HMO concentrations will be multiplied by 0.7 [76]. However,
among the other studies that included mixed-fed infants [70,73,76], the amount of formula
intake was not adjusted in the analysis. Also, two studies [71,72] did not provide infor-
mation on the mode of feeding. This limitation potentially introduces confounding effects
and hinders the accurate interpretation of the observed associations between HMOs and
cognitive outcomes.

One study from Spain recruited lactating women with overweight, obesity, or ges-
tational diabetes in pregnancy to investigate potential confounding factors related to
maternal health status [71]. Maternal weight status and gestational diabetes did not impact
the HMOS levels in milk. However, concentrations of 6′-SL at one month postpartum
were positively associated with infant cognitive and motor scale scores at 18 months of
age; additionally, 2′-FL was positively correlated with motor scale scores at six months old.
Collectively, 6′-SL and 2′-FL levels are linked to better language and motor skills in infants,
consistent with findings in preclinical animal models discussed previously [71].

All the human studies discussed above used standardized behavioral assessment
questionnaires to evaluate the cognitive development of infants later in life. Although the
surveys are standardized, the results were mostly obtained through parent reports, which
may not be sensitive enough to detect subtle neurodevelopment variations in infants [74].
However, one study included in the review explored the effects of HMOS exposure on infant



Nutrients 2023, 15, 3743 26 of 37

brain tissue organization using MRI scanning, and the study was done in the same cohort
of infants from Los Angeles [69]. Berger et al. [75] reported that fucosylated and sialylated
HMOS were differentially associated with the microstructure of numerous brain tissues [75].
Specifically, the 2′-FL concentration at one month postpartum is associated with greater
MD values in the posterior cortical gray matter, posterior white matter, and subcortical
gray matter nuclei; 2′-FL exposure was also inversely associated with regional cerebral
blood flow (rCBF) and fractional anisotropy (FA) throughout much of the cortical mantle.
3-FL and 3′-SL exposure exhibited differential effects, where 3-FL and 3′-SL concentrations
were negatively associated with MD values and positively associated with FA values and
rCBF in the white matter throughout the brain [75].

4. Discussion

The purpose of this narrative review was to summarize current evidence for the impact
of MOS consumption in early life on the neurocognitive and brain developmental outcomes
in both preclinical models and human subjects. Most studies assessed the effects of milk
oligosaccharide supplementation in piglet or rodent models. However, observational
analyses conducted in mother-infant pairs assessed associations between human milk
HMOS content and cognitive outcomes, providing additional evidence that supports the
findings from animal model interventions.

More than 200 individual HMOS structures are reported in human milk [16], but only
a few HMOS have been tested in clinical studies. Among the 26 studies in the current
review, the preclinical model studies have only investigated the influence of SL or FL sup-
plementation or SL gene knockout on brain and cognitive development. On the other hand,
analyses conducted in human subjects focused on the associations between the absolute
concentrations or relative abundances of the most abundant HMOS and infant cognition.
Beyond SL and FL that were investigated in preclinical models, significant associations
have also been observed between various infant learning and memory outcomes and the
less abundant HMOS, including LNH [69] and LNFP III [74]. Some HMOS, such as DSLNT
and LSTb, was reported to have a negative effect on infant cognitive development [69]. This
suggests that individual HMOS with different structures might have differential effects
on infant brain development. Given the scarcity of research on less abundant HMOS,
further investigation is warranted, especially through well-designed preclinical trials or
well-controlled observational studies.

4.1. Sialylated MOS and Cognition

Human milk provides infants with about 20% more SA compared to formula [90].
Various studies have shown that the SA component of HMOS is crucial for facilitating infant
brain development [77,91]. SA is significantly more abundant in neural cell membranes
than other types of membranes, suggesting that SA plays a distinct role in the structure
of neural cells [92]. The function of the brain in learning and memory appears to be
related to the high recognition abilities of the glycoproteins in the brain [29], and there
is evidence indicating that the SA content of brain glycoproteins is involved in memory
formation [93,94]. Given that around 70–83% of SA in human milk is bound to HMOS,
sialylated HMOS can potentially serve as the source of SA for neurologic development [95].
Animal studies revealed that 3′-SL and 6′-SL supplementation during lactation increased
cognitive performance [51,52,54,55,57,58,65], suggesting that sialylated HMOS play an
essential role in cognitive development by improving recognition and working memory.

Piglet studies provide evidence for the provision of SA by sialylated HMOS: formula 3′-
SL or 6′-SL supplementation increased bound SA concentration in piglet prefrontal cortex,
corpus callosum, and cerebellum [52,54] and upregulated expression of genes related to SA
metabolism [57].

To investigate the individual effect of SL on brain development, genetically modi-
fied rodent models were also developed to generate milk deficient in 3′-SL or 6′-SL or
both [63,64,68]. Mouse pups who received SL-deficient milk during lactation demonstrated
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impairments in spatial and recognition memory, suggesting that early life exposure to SL
was critical for optimal memory formation.

Aside from SA within HMO, dietary SA found in other milk components may have a
beneficial effect on cognitive development as well. One study utilized three-day-old male
piglets to investigate the effect of dietary SA on brain growth, learning, and memory, finding
that a protein-bound SA, casein glycomacropeptide, enhanced learning performance and
increasing the expression of two genes, ST8SIA4 and GNE, related to learning [96]. Likewise,
another study suggested that supplementation of isolated dietary SA led to increased
cortical ganglioside SA content in developing rats, suggesting that the beneficial effects
of sialic acid on cognitive function may be due to its alteration of brain composition to
support early brain development [97]. However, there is a lack of evidence on whether
SL promotes its cognitive effects through its SA content or indirectly, such as modulating
the gut-brain axis. Interestingly, 6′-SL supplementation resulted in a greater positive effect
on enhancing learning than free SA supplementation [55]. The underlying mechanisms
driving this differential effect remain to be replicated and fully elucidated.

4.2. Fucosylated MOS and Cognition

Fucosylated HMOS, especially 2′-FL, are usually the most abundant HMOS in secretor
mothers [98]. Many studies included in this review supported the role of 2′-FL and fuco-
sylated HMOS in learning and memory formation processes [53,59–62,66,67]. This may
be explained by the neuroprotective effects of 2′-FL in animal models [99,100], although
the exact mechanism for this effect is unclear. LTP is often considered the cellular analog
of learning and memory [101] and is widely used to assess synaptic transmission in neu-
rons [102]. An increase in LTP indicates improved synaptic transmission and suggests that
neurons are more capable of adapting to new information and retaining it [103]. While mul-
tiple brain regions are involved in learning and memory, the hippocampus is particularly
critical for memory formation [104]. Most animal studies included in the current review
assessed the effects of milk oligosaccharide supplementation on memory through mea-
surement of hippocampal LTP by implanting stimulating and recording electrodes in the
hippocampus [55], consistently demonstrating that 3′-SL and 2′-FL may be involved in the
maintenance of LTP for rodents in early life [55,63,64]. Oral administration of L-fucose [105]
and 2′-FL significantly improved hippocampal LTP memory skills and impacted synaptic
plasticity in rodents [106,107]. However, D-fucose or 3-FL infusion [35] did not generate
the same improvements as 2′-FL or L-fucose on hippocampal LTP and other measures of
memory performance. This may suggest that the benefits of the fucose moiety versus FL
for cognition are structurally dependent.

Nonetheless, a recent mouse study examined the role of 2′-FL and fucose on cognition
with stable isotope (13C) labeling, finding that benefits from 2′-FL intake were not explained
by fucose absorption, as fucose did not cross the blood-brain barrier [40]. Thus, the specific
role of 2′-FL on cognition outcomes should be further studied. Also, it is worth noting
that the direct link between LTP and cognitive performance is not well-established [108].
Although some studies have shown improved LTP in animals following HMOS supple-
mentation, this association has not yet been confirmed in human subjects.

4.3. HMOS and Infant Cognition

The effects of HMOS on brain and cognitive development in human infants are
sparsely explored, and the participants of these studies are relatively limited to certain
geographic locations. Among the eight human observational studies included in the current
review, two found positive associations for 2′-FL concentrations [69,76], while two found
positive associations for SL (3′-SL and 6′-SL) with cognitive development measured via in-
fant behavioral assessment questionaries [70,71]. One study reported a unique association
between LNFP III concentration and cognitive scores in infants born to secretor moth-
ers [74], while another found negative associations between several less abundant HMO
levels (DSLNT and LSTb) and cognitive outcomes [69]. The inconsistency observed in these
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observational studies may be due to several reasons. First, methods of assessing cognitive
development and motor skills varied, with most assessments being parent-reported sur-
veys. The use of questionnaires or surveys to assess cognitive development in infants and
children may not provide a complete picture of the phenomenon under investigation. This
could be due to the complexity of cognitive development processes that involve a multitude
of factors [109], including genetics and environment [110], and cognitive outcomes can be
largely influenced by parent-child relationships and the home environment for children
before the start of school [111]. Besides, only two studies [72,76] looked at the effect of
HMO groups, namely total fucosylated and/or total sialylated HMOS concentrations, on
cognitive outcomes. Most studies mainly focused on associations between single HMO con-
centrations and cognitive measures, leaving a significant knowledge gap in understanding
their combined influence or synergistic effects on neurocognitive development. Therefore,
bioinformatics tools are needed for HMO diversity and cluster analyses.

While most human infant studies measured HMO concentrations, Jorgensen et al. [72]
reported associations between HMOS and infant cognitive outcomes based on the relative
abundances of each HMO structure. Although relative abundance measurements offer
insight into the proportions of different HMOS in breast milk, they have inherent limita-
tions that must be acknowledged. One significant concern with relying solely on relative
abundance is that it does not provide a direct assessment of the absolute concentration
of each HMO. In cases where one specific HMO is relatively high in abundance, it may
indicate a corresponding decrease in the relative abundance of other HMOS.

Remarkably, only one [76] study estimated the breastmilk intake by infants, which
limits the precision of calculating the absolute amount of HMO intake. This becomes
especially pertinent when considering the inclusion of formula feeding in the infants’ diet.
For infants who are not exclusively breastfed, the amount of HMO consumed will be even
less accurate since both human milk and formula intake are rarely collected. To address
this limitation, future research should consider implementing a more precise methodology,
such as weighing before and after each breastfeeding session or the use of doubly labeled
water to determine milk intake. For combination-fed infants, researchers need to carefully
report how they account for formula feeding to ensure the results are accurately interpreted.
For example, as mentioned previously, the approach used by Willemsen et al. [76] could be
implemented.

4.4. Potential Mechanisms of MO Functions in Cognition

Only one of the eight observational studies utilized a brain MRI scanning procedure to
investigate the associations between HMOS exposure and infant brain microstructures [75].
Significant relationships between HMO concentrations and brain structures were identified,
suggesting a role for HMO in brain maturation processes. For example, 2′-FL concentra-
tions at one month were associated with reduced FA and increased MD in the cortical
mantle [75]. A previous study suggested that the decline of FA, coupled with an increase
in MD, indicates increased dendritic arborization and synapse formation in the cortical
region of the brain [112,113]. Since dendritic arborization and synaptogenesis form the
structural basis of learning and memory [75,114,115], maintaining their integrity is impor-
tant for preventing cognitive dysfunction. Thus, the positive association between 2′-FL and
cognitive function may be achieved through enhancing dendritic arborization and synaptic
formation. In addition, Berger et al. [75] also reported that 3-FL and 3′-SL concentrations
at one month postpartum are associated with increased FA and decreased MD in white
matter across most brain areas. Studies suggested that the increased FA in white matter is
associated with myelination and axon tract development, which are important for cognitive
development [75]. The changes in brain microstructures provide invaluable insight into the
potential mechanism of HMO to support the structural maturation of the brain.

Interestingly, a piglet study in which a combination of 3′-SL and 6′-SL was supple-
mented to formula at concentrations typically found in mature human milk (61-120 days of
lactation) significantly increased corpus callosum white matter MD and AD [54]. However,
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similar effects were not reported by other animal model studies, and the findings are not
consistent with the results from the infant observational study [75]. Since an elevation in
MD in the white matter may be related to decreased synaptic density, further investiga-
tions are needed [116]. Future studies in humans should continue employing more robust
markers of cognitive development, such as brain imaging, neuroelectric measurement, and
researcher-administrated cognitive tasks, preferably in a longitudinal setting.

Another confounding factor in human studies of HMO relationships with cognitive
outcomes may stem from other factors that influence cognitive and brain development,
including genetics, maternal health conditions, and environmental factors [117]. For exam-
ple, it has been reported that the association between breastfeeding and infant cognition
was modified by maternal genetic variants of the fatty acid desaturase (FADS) gene, which
is involved in polyunsaturated fatty acid metabolism [118], where children of mothers with
lower FADS1 and higher FADS2 activities showed a significant advantage in cognition at
14 months [118]. Other human studies also demonstrate the interaction effects of FADS2
polymorphism on the breastfeeding IQ relationship [119,120], although the directionality
was inconsistent. Among the studies included in the current review, two studies [72,74]
reported associations between several HMOS concentrations and cognitive outcome mea-
sures only in secretor mothers and their infants. However, the detailed genetic information
was not obtained for the mothers. Another study reported differential effects of HMOS on
cognitive outcomes by A-tetra blood groups [70]. Thus, maternal genetics could potentially
impact the functions of HMOS on infant cognitive development. It would be practical to
investigate infant genetics and interactions with HMO exposure in early life.

Other maternal characteristics, such as pre-pregnancy BMI [121], gestational dia-
betes [122], as well as mode of delivery [123], have been demonstrated to influence HMOS
concentrations in human milk. Thus, it is likely that associations between HMOS and
infant cognition can be affected by other maternal factors. Few studies included these
factors as covariates in their analyses. However, one study included mothers who devel-
oped gestational diabetes and mothers with overweight and obese weight status in the
study design [71] but reported no effects of these conditions on the relationships between
HMOS and infant cognition when considering pre-pregnancy BMI and diabetic status as
covariates [71]. Future clinical trials on HMO and cognition should explore maternal and
child genetics, maternal health status, mode of delivery, and other environmental factors as
potential confounders.

Additionally, most of the studies were conducted on full-term animal models or human
infants, with the exception of one study of preterm pig models [57] and an exploratory
analysis on preterm infants [74]. The results suggested that SAL supplementation to
preterm pigs ameliorated deficiencies observed in making correct choices in spatial T-
maze navigation, such that they performed similarly to term pigs [57]. Even though the
supplementation was bovine milk oligosaccharide-enriched whey with SL, the 3′-SL and
6′-SL content still played an essential role in supporting cognitive functions in preterm
pigs. The study on preterm infants did not compare differences between term and preterm
infants in their responses to HMOS in human milk. However, they observed greater
LNFP III concentrations in human milk related to better ASQ scores in preterm infants,
corresponding to five domains (communication, gross motor, fine motor, problem-solving
and personal-social skills) [74]. Thus, it is important to further examine this relationship,
particularly through controlled clinical trials in preterm infants, as they may be at higher risk
for developmental delays and cognitive impairments [124]. Aside from potential cognitive
benefits, preterm infants reap numerous benefits from human milk consumption [125],
and HMOS are thought to play important roles; infants fed human milk demonstrated a
reduced incidence of viral and nosocomial infections compared to formula-fed preterm
infants [126].

Although the mechanisms by which MOS promote cognitive function are not yet
fully understood, several studies suggested that the beneficial effects of MOS occur via
modulation of gut microbiota. It has been proposed that differences in microbial colo-
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nization patterns and microbiome composition between breastfed and formula-fed infants
are largely driven by HMOS [127]. Likewise, it has been reported that bifidobacterial
colonization was delayed for infants consuming HM from non-secretor mothers, who
lack the enzyme for making 2′-FL compared to secretor mothers [128]. Thus, variations
in HMOS composition likely contribute to the differences in Bifidobacterium colonization
early in life [127], an interaction that may represent a mechanism by which HMOS promote
cognitive development. Savignac et al. discovered that supplementation with = B. longum
1714 = produced a positive effect on cognition in male mice [129].

Further, in human infants, Carlson et al. conducted a cluster analysis and identi-
fied associations between microbiome and cognitive measurements [130]. In addition,
upon the investigation of the metabolite fate of 13C-labelled 3′-SL (13C-3′-SL) and 13C-N-
acetylneuraminic acid (13C-Neu5Ac) in mice, Galuska et al. [131] claimed that 13C-Neu5Ac
is taken by the gut epithelial cells and not incorporated in the brain. They proposed that gut
microbiota is involved in the metabolism of 3′-SL and sialic acid. Together, these findings
support the brain–gut–microbiome axis. However, most current studies on the effects
of prebiotics on the gut-brain axis are descriptive and limited to investigating indirect
influences of prebiotics on brain physiology and behavior. However, there is still a lack of
comprehensive understanding of the mechanisms [132].

Wang et al. [133] investigated the modulation effect of BMOS and HMOS on the
gut microbiota composition in the same pig models from Fleming et al. [61], and they
found that BMOS supplementation altered the relative abundance of bacterial taxa in both
ascending colon and feces. Specifically, Bacteroides abundance was increased by BMOS
and BMOS+HMO supplementations, and HMO alone increased the proportion of several
taxa, such as Blautia. Taken together with the behavioral outcomes, where the pigs with
BMOS+HMO supplementation showed long-term recognition memory and increased
volumes in the cortices and corpus callosum, suggested that BMOS and HMO could play
a role in microbiota composition and cognition. To elucidate the mechanism between
gut-brain signaling in the context of HMOS, mediation analyses of the existing data were
performed by Fleming et al. [134]. The mediation analysis revealed mediators between gut
microbiota, cognitive functions, and brain structures in young pigs, including hippocampal
genes related to myelination and neurotransmitters. They pointed out that mediating
variables between the gut and brain varied with oligosaccharide intake but in a similar
pattern [134]. Therefore, the relationship between HMO consumption, gut microbiome,
and cognitive needs additional investigation [134].

Another area for further research is the potential long-term effects of early-life HMOS
exposure on cognitive development in children, as long-term benefits of breastfeeding on
cognitive development have been demonstrated [135–138]. Most studies in our review
focused on early-life cognitive development, but the potential effects of HMOS may extend
beyond infancy and early childhood. In several animal model studies, the beneficial
effects of HMOS supplementation are detected through adulthood [53,55,63]. Current data
available for cognitive development assessment of human infants ranges from 1 month- to
3 years of age.

In our review, some studies did not account for multiple comparisons [69,71], raising
concerns about the risk of Type 1 errors [42]. With numerous HMOS tested and multiple
cognitive measures explored, the probability of obtaining false-positive results increases.
To address this issue, researchers should apply appropriate statistical corrections to ensure
the reliability of findings. Transparent reporting and replication of significant results
across independent studies will strengthen the validity of associations between HMOS and
cognitive outcomes.

While the collective results from preclinical models are promising, another significant
concern for animal studies is the risk of publication bias, where the studies with positive
results are more likely to be published [139]. This bias can lead to an overrepresentation
of positive outcomes in the literature, potentially skewing the overall perception of the
effects of HMOS on neurodevelopment. Thus, clinical studies on mother-infant pairs are
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needed in combination to fully understand the role of HMOS in cognitive development in
humans. Current evidence suggests the benefits of several individual HMOS components
and total sialylated or fucosylated HMOS for improving cognitive development and brain
maturation. Routine supplementation of HMO in the formula may benefit infants that
cannot be breastfed [140], although more controlled clinical trials are necessary before this
can be widely applied.

5. Conclusions

The results from this review demonstrate a consistent link between early life HMOS
consumption and cognitive developmental outcomes, including motor skills, language
development, working and reference memory, and IQ. Although most of the relationships
were correlations and non-causal, 2′-FL, 3-FL, 3′-SL, and 6′-SL were consistently shown to
provide a supportive role in brain and cognitive outcomes. These results underscore the
potential importance of these specific HMOS in promoting optimal cognitive development
in early life. This review highlights the need for clinical studies investigating the mech-
anism by which MOS promote learning and memory formation in infants. For example,
longitudinal studies with neuroimaging components may be informative in shedding light
on the neural basis of HMO-related effects on cognitive development.

Author Contributions: Conceptualization, Y.F. and S.M.D.; methodology, Y.F., A.L.M. and S.M.D.;
formal analysis, Y.F. and S.M.D.; writing—original draft preparation, Y.F.; writing—review and
editing, Y.F., A.L.M. and S.M.D.; supervision, S.M.D.; funding acquisition, S.M.D. All authors have
read and agreed to the published version of the manuscript.

Funding: This research was funded by the National Dairy Council, the National Institutes of Health
(R01 DK107561), the Gerber Foundation, and USDA Hatch funding. Y.F. was supported by the
Jeanette Chu and Winston Y. Lo Endowed Fellowship from the Department of Food Science and
Human Nutrition at the University of Illinois Urbana-Champaign. A.L.M. was supported a USDA
National Needs fellowship (2017-09548) to the Division of Nutritional Sciences at the University of
Illinois Urbana-Champaign.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Bhatnagar, S.; Taneja, S. Zinc and cognitive development. Br. J. Nutr. 2001, 85, S139–S145. [CrossRef] [PubMed]
2. Johnson, M.H. Functional brain development in humans. Nat. Rev. Neurosci. 2001, 2, 475–483. [CrossRef] [PubMed]
3. Clark, C.A.; Pritchard, V.E.; Woodward, L.J. Preschool executive functioning abilities predict early mathematics achievement. Dev.

Psychol. 2010, 46, 1176. [CrossRef]
4. Nyaradi, A.; Li, J.; Hickling, S.; Foster, J.; Oddy, W.H. The role of nutrition in children’s neurocognitive development, from

pregnancy through childhood. Front. Hum. Neurosci. 2013, 7, 97. [CrossRef]
5. Martorell, R. Undernutrition during pregnancy and early childhood and its consequences for cognitive and behavioral develop-

ment. In Early Child Development: Investing in Our Children’s Future; Young, M.E., Ed.; Elsevier: Amsterdam, The Netherlands;
New York, NY, USA, 1997; pp. 39–83.

6. Engle, P.L.; Fernández, P.D. INCAP studies of malnutrition and cognitive behavior. Food Nutr. Bull. 2010, 31, 83–94. [CrossRef]
[PubMed]

7. Andreas, N.J.; Kampmann, B.; Le-Doare, K.M. Human breast milk: A review on its composition and bioactivity. Early Hum. Dev.
2015, 91, 629–635. [CrossRef]

8. Breastfeeding, S.O.; Eidelman, A.I.; Schanler, R.J.; Johnston, M.; Landers, S.; Noble, L.; Szucs, K.; Viehmann, L. Breastfeeding and
the use of human milk. Pediatrics 2012, 129, e827–e841. [CrossRef]

9. Young, B. Breastfeeding and human milk: Short and long-term health benefits to the recipient infant. In Early Nutrition and
Long-Term Health; Woodhead Publishing: Sawston, UK, 2017; pp. 25–53.

10. Martin, C.R.; Ling, P.-R.; Blackburn, G.L. Review of infant feeding: Key features of breast milk and infant formula. Nutrients 2016,
8, 279. [CrossRef]

https://doi.org/10.1079/BJN2000306
https://www.ncbi.nlm.nih.gov/pubmed/11509102
https://doi.org/10.1038/35081509
https://www.ncbi.nlm.nih.gov/pubmed/11433372
https://doi.org/10.1037/a0019672
https://doi.org/10.3389/fnhum.2013.00097
https://doi.org/10.1177/156482651003100109
https://www.ncbi.nlm.nih.gov/pubmed/20461906
https://doi.org/10.1016/j.earlhumdev.2015.08.013
https://doi.org/10.1542/peds.2011-3552
https://doi.org/10.3390/nu8050279


Nutrients 2023, 15, 3743 32 of 37

11. Horta, B.; Loret de Mola, C.; Victora, C. Breastfeeding and intelligence: A systematic review and meta-analysis. Acta Paediatr.
2015, 104, 14–19. [CrossRef]

12. Bernard, J.Y.; De Agostini, M.; Forhan, A.; Alfaiate, T.; Bonet, M.; Champion, V.; Kaminski, M.; de Lauzon-Guillain, B.; Charles,
M.-A.; Heude, B. Breastfeeding duration and cognitive development at 2 and 3 years of age in the EDEN mother–child Cohort. J.
Pediatr. 2013, 163, 36–42.e31. [CrossRef]

13. Angelsen, N.; Vik, T.; Jacobsen, G.; Bakketeig, L. Breast feeding and cognitive development at age 1 and 5 years. Arch. Dis. Child.
2001, 85, 183–188. [CrossRef] [PubMed]

14. Lucas, A.; Morley, R.; Cole, T.J. Randomised trial of early diet in preterm babies and later intelligence quotient. BMJ 1998, 317,
1481–1487. [CrossRef] [PubMed]

15. Chiurazzi, M.; Cozzolino, M.; Reinelt, T.; Nguyen, T.D.; Elke Chie, S.; Natalucci, G.; Miletta, M.C. Human milk and brain
development in infants. Reprod. Med. 2021, 2, 107–117. [CrossRef]

16. Zheng, J.; Xu, H.; Fang, J.; Zhang, X. Enzymatic and chemoenzymatic synthesis of human milk oligosaccharides and derivatives.
Carbohydr. Polym. 2022, 291, 119564. [CrossRef]

17. Tao, N.; DePeters, E.; Freeman, S.; German, J.; Grimm, R.; Lebrilla, C.B. Bovine milk glycome. J. Dairy Sci. 2008, 91, 3768–3778.
[CrossRef]

18. Urashima, T.; Taufik, E.; Fukuda, K.; Asakuma, S. Recent advances in studies on milk oligosaccharides of cows and other domestic
farm animals. Biosci. Biotechnol. Biochem. 2013, 77, 455–466. [CrossRef]

19. Zivkovic, A.M.; Barile, D. Bovine milk as a source of functional oligosaccharides for improving human health. Adv. Nutr. 2011, 2,
284–289. [CrossRef]

20. Vandenplas, Y.; Berger, B.; Carnielli, V.P.; Ksiazyk, J.; Lagström, H.; Sanchez Luna, M.; Migacheva, N.; Mosselmans, J.-M.; Picaud,
J.-C.; Possner, M. Human milk oligosaccharides: 2′-fucosyllactose (2′-FL) and lacto-N-neotetraose (LNnT) in infant formula.
Nutrients 2018, 10, 1161. [CrossRef] [PubMed]

21. Parschat, K.; Melsaether, C.; Jäpelt, K.R.; Jennewein, S. Clinical evaluation of 16-week supplementation with 5HMO-mix in
healthy-term human infants to determine tolerability, safety, and effect on growth. Nutrients 2021, 13, 2871. [CrossRef]

22. Lasekan, J.; Choe, Y.; Dvoretskiy, S.; Devitt, A.; Zhang, S.; Mackey, A.; Wulf, K.; Buck, R.; Steele, C.; Johnson, M. Growth
and gastrointestinal tolerance in healthy term infants fed milk-based infant formula supplemented with five human milk
oligosaccharides (HMOs): A randomized multicenter trial. Nutrients 2022, 14, 2625. [CrossRef]

23. Cheng, Y.-J.; Yeung, C.-Y. Recent advance in infant nutrition: Human milk oligosaccharides. Pediatr. Neonatol. 2021, 62, 347–353.
[CrossRef]

24. Carabotti, M.; Scirocco, A.; Maselli, M.A.; Severi, C. The gut-brain axis: Interactions between enteric microbiota, central and
enteric nervous systems. Ann. Gastroenterol. 2015, 28, 203.

25. LeMay-Nedjelski, L.; Yonemitsu, C.; Asbury, M.R.; Butcher, J.; Ley, S.H.; Hanley, A.J.; Kiss, A.; Unger, S.; Copeland, J.K.; Wang,
P.W. Oligosaccharides and microbiota in human milk are interrelated at 3 months postpartum in a cohort of women with a high
prevalence of gestational impaired glucose tolerance. J. Nutr. 2021, 151, 3431–3441. [CrossRef]

26. Singh, R.P.; Niharika, J.; Kondepudi, K.K.; Bishnoi, M.; Tingirikari, J.M.R. Recent understanding of human milk oligosaccharides
in establishing infant gut microbiome and roles in immune system. Food Res. Int. 2022, 151, 110884. [CrossRef] [PubMed]

27. Wang, B. Sialic acid is an essential nutrient for brain development and cognition. Annu. Rev. Nutr. 2009, 29, 177–222. [CrossRef]
28. Schnaar, R.L.; Gerardy-Schahn, R.; Hildebrandt, H. Sialic acids in the brain: Gangliosides and polysialic acid in nervous system

development, stability, disease, and regeneration. Physiol. Rev. 2014, 94, 461–518. [CrossRef] [PubMed]
29. Wang, B.; Brand-Miller, J. The role and potential of sialic acid in human nutrition. Eur. J. Clin. Nutr. 2003, 57, 1351–1369. [CrossRef]

[PubMed]
30. Wang, B.; Brand-Miller, J.; McVeagh, P.; Petocz, P. Concentration and distribution of sialic acid in human milk and infant formulas.

Am. J. Clin. Nutr. 2001, 74, 510–515. [CrossRef]
31. Martín-Sosa, S.; Martín, M.-J.; García-Pardo, L.-A.; Hueso, P. Sialyloligosaccharides in human and bovine milk and in infant

formulas: Variations with the progression of lactation. J. Dairy Sci. 2003, 86, 52–59. [CrossRef]
32. Monaco, M.H.; Wang, M.; Pan, X.; Li, Q.; Richards, J.D.; Chichlowski, M.; Berg, B.M.; Dilger, R.N.; Donovan, S.M. Evaluation of

sialyllactose supplementation of a prebiotic-containing formula on growth, intestinal development, and bacterial colonization in
the neonatal piglet. Curr. Dev. Nutr. 2018, 2, nzy067. [CrossRef]

33. Zhu, Y.; Wan, L.; Li, W.; Ni, D.; Zhang, W.; Yan, X.; Mu, W. Recent advances on 2′-fucosyllactose: Physiological properties,
applications, and production approaches. Crit. Rev. Food Sci. Nutr. 2022, 62, 2083–2092. [CrossRef] [PubMed]

34. Mountford, C.; Quadrelli, S.; Lin, A.; Ramadan, S. Six fucose-α (1–2) sugars and α-fucose assigned in the human brain using
in vivo two-dimensional MRS. NMR Biomed. 2015, 28, 291–296. [CrossRef] [PubMed]

35. Matthies, H.; Staak, S.; Krug, M. Fucose and fucosyllactose enhance in-vitro hippocampal long-term potentiation. Brain Res. 1996,
725, 276–280. [CrossRef]

36. Tosh, N.; Quadrelli, S.; Galloway, G.; Mountford, C. Two new fucose-α (1–2)-glycans assigned in the healthy human brain taking
the number to seven. Sci. Rep. 2019, 9, 18806. [CrossRef] [PubMed]

37. Wetzel, W.; Popov, N.; Lössner, B.; Schulzeck, S.; Honza, R.; Matthies, H. Effect of L-fucose on brain protein metabolism and
retention of a learned behavior in rats. Pharmacol. Biochem. Behav. 1980, 13, 765–771. [CrossRef]

https://doi.org/10.1111/apa.13139
https://doi.org/10.1016/j.jpeds.2012.11.090
https://doi.org/10.1136/adc.85.3.183
https://www.ncbi.nlm.nih.gov/pubmed/11517096
https://doi.org/10.1136/bmj.317.7171.1481
https://www.ncbi.nlm.nih.gov/pubmed/9831573
https://doi.org/10.3390/reprodmed2020011
https://doi.org/10.1016/j.carbpol.2022.119564
https://doi.org/10.3168/jds.2008-1305
https://doi.org/10.1271/bbb.120810
https://doi.org/10.3945/an.111.000455
https://doi.org/10.3390/nu10091161
https://www.ncbi.nlm.nih.gov/pubmed/30149573
https://doi.org/10.3390/nu13082871
https://doi.org/10.3390/nu14132625
https://doi.org/10.1016/j.pedneo.2020.12.013
https://doi.org/10.1093/jn/nxab270
https://doi.org/10.1016/j.foodres.2021.110884
https://www.ncbi.nlm.nih.gov/pubmed/34980411
https://doi.org/10.1146/annurev.nutr.28.061807.155515
https://doi.org/10.1152/physrev.00033.2013
https://www.ncbi.nlm.nih.gov/pubmed/24692354
https://doi.org/10.1038/sj.ejcn.1601704
https://www.ncbi.nlm.nih.gov/pubmed/14576748
https://doi.org/10.1093/ajcn/74.4.510
https://doi.org/10.3168/jds.S0022-0302(03)73583-8
https://doi.org/10.1093/cdn/nzy067
https://doi.org/10.1080/10408398.2020.1850413
https://www.ncbi.nlm.nih.gov/pubmed/33938328
https://doi.org/10.1002/nbm.3239
https://www.ncbi.nlm.nih.gov/pubmed/25534141
https://doi.org/10.1016/0006-8993(96)00406-4
https://doi.org/10.1038/s41598-019-54933-1
https://www.ncbi.nlm.nih.gov/pubmed/31827116
https://doi.org/10.1016/0091-3057(80)90204-X


Nutrients 2023, 15, 3743 33 of 37

38. Kelly, R.J.; Rouquier, S.; Giorgi, D.; Lennon, G.G.; Lowe, J.B. Sequence and expression of a candidate for the human secretor blood
group A (1, 2) fucosyltransferase gene (Fut2): Homozygosity for an enzyme-inactivating nonsense mutation commonly correlates
with the non-secretor phenotype. J. Biol. Chem. 1995, 270, 4640–4649. [CrossRef]

39. Kuntz, S.; Kunz, C.; Borsch, C.; Vazquez, E.; Buck, R.; Reutzel, M.; Eckert, G.P.; Rudloff, S. Metabolic fate and distribution of
2-fucosyllactose: Direct influence on gut microbial activity but not on brain. Mol. Nutr. Food Res. 2019, 63, 1900035. [CrossRef]

40. Rudloff, S.; Kuntz, S.; Borsch, C.; Vazquez, E.; Buck, R.; Reutzel, M.; Eckert, G.P.; Kunz, C. Fucose as a cleavage product of
2′Fucosyllactose does not cross the blood-brain barrier in mice. Mol. Nutr. Food Res. 2021, 65, 2100045. [CrossRef]

41. Docq, S.; Spoelder, M.; Wang, W.; Homberg, J.R. The protective and long-lasting effects of human milk oligosaccharides on
cognition in mammals. Nutrients 2020, 12, 3572. [CrossRef]

42. Berger, P.K.; Ong, M.L.; Bode, L.; Belfort, M.B. Human Milk Oligosaccharides and Infant Neurodevelopment: A Narrative Review.
Nutrients 2023, 15, 719. [CrossRef]

43. Moher, D.; Liberati, A.; Tetzlaff, J.; Altman, D.G.; Prisma Group. Preferred reporting items for systematic reviews and meta-
analyses: The PRISMA statement. Ann. Intern. Med. 2009, 151, 264–269. [CrossRef]

44. Antunes, M.; Biala, G. The novel object recognition memory: Neurobiology, test procedure, and its modifications. Cogn. Process.
2012, 13, 93–110. [CrossRef] [PubMed]

45. Lueptow, L.M. Novel object recognition test for the investigation of learning and memory in mice. J. Vis. Exp. 2017, e55718.
46. Silvers, J.M.; Harrod, S.B.; Mactutus, C.F.; Booze, R.M. Automation of the novel object recognition task for use in adolescent rats.

J. Neurosci. Methods 2007, 166, 99–103. [CrossRef] [PubMed]
47. Goulart, B.; De Lima, M.; De Farias, C.; Reolon, G.; Almeida, V.; Quevedo, J.; Kapczinski, F.; Schröder, N.; Roesler, R. Ketamine

impairs recognition memory consolidation and prevents learning-induced increase in hippocampal brain-derived neurotrophic
factor levels. Neuroscience 2010, 167, 969–973. [CrossRef]

48. Kraeuter, A.-K.; Guest, P.C.; Sarnyai, Z. The Y-maze for assessment of spatial working and reference memory in mice. Methods
Mol. Biol. 2019, 1916, 105–111. [CrossRef]

49. d’Isa, R.; Comi, G.; Leocani, L. Apparatus design and behavioural testing protocol for the evaluation of spatial working memory
in mice through the spontaneous alternation T-maze. Sci. Rep. 2021, 11, 21177. [CrossRef] [PubMed]

50. Wenk, G.L. Assessment of spatial memory using the T maze. Curr. Protoc. Neurosci. 1998, 4, 8.5 B. 1–8.5 A. 7. [CrossRef]
51. Tarr, A.J.; Galley, J.D.; Fisher, S.E.; Chichlowski, M.; Berg, B.M.; Bailey, M.T. The prebiotics 3’ Sialyllactose and 6’ Sialyllactose

diminish stressor-induced anxiety-like behavior and colonic microbiota alterations: Evidence for effects on the gut–brain axis.
Brain Behav. Immun. 2015, 50, 166–177. [CrossRef] [PubMed]

52. Jacobi, S.K.; Yatsunenko, T.; Li, D.; Dasgupta, S.; Yu, R.K.; Berg, B.M.; Chichlowski, M.; Odle, J. Dietary isomers of sialyllactose
increase ganglioside sialic acid concentrations in the corpus callosum and cerebellum and modulate the colonic microbiota of
formula-fed piglets. J. Nutr. 2016, 146, 200–208. [CrossRef]

53. Oliveros, E.; Ramirez, M.; Vazquez, E.; Barranco, A.; Gruart, A.; Delgado-Garcia, J.M.; Buck, R.; Rueda, R.; Martin, M.J. Oral
supplementation of 2′-fucosyllactose during lactation improves memory and learning in rats. J. Nutr. Biochem. 2016, 31, 20–27.
[CrossRef]

54. Mudd, A.T.; Fleming, S.A.; Labhart, B.; Chichlowski, M.; Berg, B.M.; Donovan, S.M.; Dilger, R.N. Dietary sialyllactose influences
sialic acid concentrations in the prefrontal cortex and magnetic resonance imaging measures in corpus callosum of young pigs.
Nutrients 2017, 9, 1297. [CrossRef] [PubMed]

55. Oliveros, E.; Vázquez, E.; Barranco, A.; Ramírez, M.; Gruart, A.; Delgado-García, J.M.; Buck, R.; Rueda, R.; Martín, M.J. Sialic acid
and sialylated oligosaccharide supplementation during lactation improves learning and memory in rats. Nutrients 2018, 10, 1519.
[CrossRef] [PubMed]

56. Fleming, S.A.; Chichlowski, M.; Berg, B.M.; Donovan, S.M.; Dilger, R.N. Dietary sialyllactose does not influence measures of
recognition memory or diurnal activity in the young pig. Nutrients 2018, 10, 395. [CrossRef] [PubMed]

57. Obelitz-Ryom, K.; Bering, S.B.; Overgaard, S.H.; Eskildsen, S.F.; Ringgaard, S.; Olesen, J.L.; Skovgaard, K.; Pankratova, S.; Wang,
B.; Brunse, A. Bovine milk oligosaccharides with sialyllactose improves cognition in preterm pigs. Nutrients 2019, 11, 1335.
[CrossRef]

58. Wang, H.X.; Chen, Y.; Haque, Z.; de Veer, M.; Egan, G.; Wang, B. Sialylated milk oligosaccharides alter neurotransmitters and brain
metabolites in piglets: An In vivo magnetic resonance spectroscopic (MRS) study. Nutr. Neurosci. 2021, 24, 885–895. [CrossRef]

59. Lee, S.; Goodson, M.; Vang, W.; Kalanetra, K.; Barile, D.; Raybould, H. 2′-fucosyllactose supplementation improves gut-brain
signaling and diet-induced obese phenotype and changes the gut microbiota in high fat-fed mice. Nutrients 2020, 12, 1003.
[CrossRef]

60. Fleming, S.A.; Mudd, A.T.; Hauser, J.; Yan, J.; Metairon, S.; Steiner, P.; Donovan, S.M.; Dilger, R.N. Dietary oligofructose alone or
in combination with 2′-fucosyllactose differentially improves recognition memory and hippocampal mrna expression. Nutrients
2020, 12, 2131. [CrossRef]

61. Fleming, S.A.; Mudd, A.T.; Hauser, J.; Yan, J.; Metairon, S.; Steiner, P.; Donovan, S.M.; Dilger, R.N. Human and bovine milk
oligosaccharides elicit improved recognition memory concurrent with alterations in regional brain volumes and hippocampal
mRNA expression. Front. Neurosci. 2020, 14, 770. [CrossRef]

62. Tuplin, E.W.N.; Chleilat, F.; Alukic, E.; Reimer, R.A. The Effects of Human Milk Oligosaccharide Supplementation During Critical
Periods of Development on the Mesolimbic Dopamine System. Neuroscience 2021, 459, 166–178. [CrossRef]

https://doi.org/10.1074/jbc.270.9.4640
https://doi.org/10.1002/mnfr.201900035
https://doi.org/10.1002/mnfr.202100045
https://doi.org/10.3390/nu12113572
https://doi.org/10.3390/nu15030719
https://doi.org/10.7326/0003-4819-151-4-200908180-00135
https://doi.org/10.1007/s10339-011-0430-z
https://www.ncbi.nlm.nih.gov/pubmed/22160349
https://doi.org/10.1016/j.jneumeth.2007.06.032
https://www.ncbi.nlm.nih.gov/pubmed/17719091
https://doi.org/10.1016/j.neuroscience.2010.03.032
https://doi.org/10.1007/978-1-4939-8994-2_10
https://doi.org/10.1038/s41598-021-00402-7
https://www.ncbi.nlm.nih.gov/pubmed/34707108
https://doi.org/10.1002/0471142301.ns0805bs04
https://doi.org/10.1016/j.bbi.2015.06.025
https://www.ncbi.nlm.nih.gov/pubmed/26144888
https://doi.org/10.3945/jn.115.220152
https://doi.org/10.1016/j.jnutbio.2015.12.014
https://doi.org/10.3390/nu9121297
https://www.ncbi.nlm.nih.gov/pubmed/29182578
https://doi.org/10.3390/nu10101519
https://www.ncbi.nlm.nih.gov/pubmed/30332832
https://doi.org/10.3390/nu10040395
https://www.ncbi.nlm.nih.gov/pubmed/29570610
https://doi.org/10.3390/nu11061335
https://doi.org/10.1080/1028415X.2019.1691856
https://doi.org/10.3390/nu12041003
https://doi.org/10.3390/nu12072131
https://doi.org/10.3389/fnins.2020.00770
https://doi.org/10.1016/j.neuroscience.2021.02.006


Nutrients 2023, 15, 3743 34 of 37

63. Pisa, E.; Martire, A.; Chiodi, V.; Traversa, A.; Caputo, V.; Hauser, J.; Macrì, S. Exposure to 3’ Sialyllactose-Poor Milk during
Lactation Impairs Cognitive Capabilities in Adulthood. Nutrients 2021, 13, 4191. [CrossRef] [PubMed]

64. Hauser, J.; Pisa, E.; Arias Vásquez, A.; Tomasi, F.; Traversa, A.; Chiodi, V.; Martin, F.-P.; Sprenger, N.; Lukjancenko, O.; Zollinger,
A. Sialylated human milk oligosaccharides program cognitive development through a non-genomic transmission mode. Mol.
Psychiatry 2021, 26, 2854–2871. [CrossRef] [PubMed]

65. Clouard, C.; Reimert, I.; Fleming, S.A.; Koopmans, S.-J.; Schuurman, T.; Hauser, J. Dietary sialylated oligosaccharides in early-life
may promote cognitive flexibility during development in context of obesogenic dietary intake. Nutr. Neurosci. 2021, 25, 2461–2478.
[CrossRef] [PubMed]

66. Lee, S.; Goodson, M.L.; Vang, W.; Rutkowsky, J.; Kalanetra, K.; Bhattacharya, M.; Barile, D.; Raybould, H.E. Human milk
oligosaccharide 2′-fucosyllactose supplementation improves gut barrier function and signaling in the vagal afferent pathway in
mice. Food Funct. 2021, 12, 8507–8521. [CrossRef] [PubMed]

67. Sutkus, L.T.; Joung, S.; Hirvonen, J.; Jensen, H.M.; Ouwehand, A.C.; Mukherjea, R.; Donovan, S.M.; Dilger, R.N. Influence of 2′-
Fucosyllactose and Bifidobacterium longum Subspecies infantis Supplementation on Cognitive and Structural Brain Development
in Young Pigs. Front. Neurosci. 2022, 16, 860368. [CrossRef]

68. Pisa, E.; Traversa, A.; Caputo, V.; Ottomana, A.M.; Hauser, J.; Macrì, S. Long-term consequences of reduced availability and
compensatory supplementation of sialylated HMOs on cognitive capabilities. Front. Cell. Neurosci. 2023, 17, 1091890. [CrossRef]

69. Berger, P.K.; Plows, J.F.; Jones, R.B.; Alderete, T.L.; Yonemitsu, C.; Poulsen, M.; Ryoo, J.H.; Peterson, B.S.; Bode, L.; Goran, M.I.
Human milk oligosaccharide 2′-fucosyllactose links feedings at 1 month to cognitive development at 24 months in infants of
normal and overweight mothers. PLoS ONE 2020, 15, e0228323. [CrossRef]

70. Cho, S.; Zhu, Z.; Li, T.; Baluyot, K.; Howell, B.R.; Hazlett, H.C.; Elison, J.T.; Hauser, J.; Sprenger, N.; Wu, D. Human milk
3′-Sialyllactose is positively associated with language development during infancy. Am. J. Clin. Nutr. 2021, 114, 588–597.
[CrossRef]

71. Oliveros, E.; Martín, M.; Torres-Espínola, F.; Segura-Moreno, M.; Ramírez, M.; Santos, A.; Buck, R.; Rueda, R.; Escudero, M.;
Catena, A. Human milk levels of 2-fucosyllactose and 6-sialyllactose are positively associated with infant neurodevelopment and
are not impacted by maternal BMI or diabetic status. J. Nutr. Food Sci. 2021, 4, 100024.

72. Jorgensen, J.M.; Young, R.; Ashorn, P.; Ashorn, U.; Chaima, D.; Davis, J.C.; Goonatilleke, E.; Kumwenda, C.; Lebrilla, C.B.; Maleta,
K. Associations of human milk oligosaccharides and bioactive proteins with infant growth and development among Malawian
mother-infant dyads. Am. J. Clin. Nutr. 2021, 113, 209–220. [CrossRef]

73. Ferreira, A.L.L.; Alves-Santos, N.H.; Freitas-Costa, N.C.; Santos, P.P.; Batalha, M.A.; Figueiredo, A.C.; Yonemitsu, C.; Manivong,
N.; Furst, A.; Bode, L. Associations Between Human Milk Oligosaccharides at 1 Month and Infant Development Throughout the
First Year of Life in a Brazilian Cohort. J. Nutr. 2021, 151, 3543–3554. [CrossRef] [PubMed]

74. Rozé, J.-C.; Hartweg, M.; Simon, L.; Billard, H.; Chen, Y.; Austin, S.; Boscher, C.; Moyon, T.; Darmaun, D.; Rodenas, C.L.G.
Human milk oligosaccharides in breast milk and 2-year outcome in preterm infants: An exploratory analysis. Clin. Nutr. 2022, 41,
1896–1905. [CrossRef]

75. Berger, P.K.; Bansal, R.; Sawardekar, S.; Yonemitsu, C.; Furst, A.; Hampson, H.E.; Schmidt, K.A.; Alderete, T.L.; Bode, L.; Goran,
M.I. Associations of human milk oligosaccharides with infant brain tissue organization and regional blood flow at 1 month of age.
Nutrients 2022, 14, 3820. [CrossRef]

76. Willemsen, Y.; Beijers, R.; Gu, F.; Vasquez, A.A.; Schols, H.A.; de Weerth, C. Fucosylated human milk oligosaccharides during the
first 12 postnatal weeks are associated with better executive functions in toddlers. Nutrients 2023, 15, 1463. [CrossRef] [PubMed]

77. McVeagh, P.; Miller, J.B. Human milk oligosaccharides: Only the breast. J. Paediatr. Child Health 1997, 33, 281–286. [CrossRef]
78. EFSA Panel on Nutrition, N.F.; Allergens, F.; Turck, D.; Bohn, T.; Castenmiller, J.; De Henauw, S.; Hirsch-Ernst, K.I.; Maciuk, A.;

Mangelsdorf, I.; McArdle, H.J.; et al. Safety of 6′-sialyllactose (6′-SL) sodium salt produced by derivative strains of Escherichia
coli BL21 (DE3) as a novel food pursuant to Regulation (EU) 2015/2283. EFSA J. 2022, 20, e07645.

79. Gieling, E.T.; Schuurman, T.; Nordquist, R.E.; van der Staay, F.J. The pig as a model animal for studying cognition and
neurobehavioral disorders. Mol. Funct. Model. Neuropsychiatry 2011, 7, 359–383.

80. Odle, J.; Lin, X.; Jacobi, S.K.; Kim, S.W.; Stahl, C.H. The suckling piglet as an agrimedical model for the study of pediatric nutrition
and metabolism. Annu. Rev. Anim. Biosci. 2014, 2, 419–444. [CrossRef]

81. Mudd, A.T.; Dilger, R.N. Early-life nutrition and neurodevelopment: Use of the piglet as a translational model. Adv. Nutr. 2017, 8,
92–104. [CrossRef] [PubMed]

82. van der Knaap, L.J.; van der Ham, I.J. How does the corpus callosum mediate interhemispheric transfer? A review. Behav. Brain
Res. 2011, 223, 211–221. [CrossRef]

83. Palmano, K.; Rowan, A.; Guillermo, R.; Guan, J.; Mc Jarrow, P. The role of gangliosides in neurodevelopment. Nutrients 2015, 7,
3891–3913. [CrossRef]

84. Meli, F.; Puccio, G.; Cajozzo, C.; Ricottone, G.L.; Pecquet, S.; Sprenger, N.; Steenhout, P. Growth and safety evaluation of infant
formulae containing oligosaccharides derived from bovine milk: A randomized, double-blind, noninferiority trial. BMC Pediatr.
2014, 14, 306. [CrossRef]

85. Singh, A.; Yeh, C.J.; Blanchard, S.B. Ages and stages questionnaire: A global screening scale. Boletín Médico Del Hosp. Infant. De
México 2017, 74, 5–12.

https://doi.org/10.3390/nu13124191
https://www.ncbi.nlm.nih.gov/pubmed/34959743
https://doi.org/10.1038/s41380-021-01054-9
https://www.ncbi.nlm.nih.gov/pubmed/33664475
https://doi.org/10.1080/1028415X.2021.1975877
https://www.ncbi.nlm.nih.gov/pubmed/34565309
https://doi.org/10.1039/D1FO00658D
https://www.ncbi.nlm.nih.gov/pubmed/34308934
https://doi.org/10.3389/fnins.2022.860368
https://doi.org/10.3389/fncel.2023.1091890
https://doi.org/10.1371/journal.pone.0228323
https://doi.org/10.1093/ajcn/nqab103
https://doi.org/10.1093/ajcn/nqaa272
https://doi.org/10.1093/jn/nxab271
https://www.ncbi.nlm.nih.gov/pubmed/34313768
https://doi.org/10.1016/j.clnu.2022.07.024
https://doi.org/10.3390/nu14183820
https://doi.org/10.3390/nu15061463
https://www.ncbi.nlm.nih.gov/pubmed/36986193
https://doi.org/10.1111/j.1440-1754.1997.tb01601.x
https://doi.org/10.1146/annurev-animal-022513-114158
https://doi.org/10.3945/an.116.013243
https://www.ncbi.nlm.nih.gov/pubmed/28096130
https://doi.org/10.1016/j.bbr.2011.04.018
https://doi.org/10.3390/nu7053891
https://doi.org/10.1186/s12887-014-0306-3


Nutrients 2023, 15, 3743 35 of 37

86. Müller, U.; Kerns, K. The development of executive function. In Handbook of Child Psychology and Developmental Science; Lerner,
R.R.M., Ed.; John Wiley & Sons, Inc.: Hoboken, NJ, USA, 2015; pp. 1–53.

87. Blair, C.; Razza, R.P. Relating effortful control, executive function, and false belief understanding to emerging math and literacy
ability in kindergarten. Child Dev. 2007, 78, 647–663. [CrossRef] [PubMed]

88. San Diego, R.J.; Franke, N.; Harding, J.E.; Wouldes, T.A. Cross-cultural validity and reliability of the BRIEF-P at age 2 and 4.5 years
in children born at risk of neonatal hypoglycemia. Child Neuropsychol. 2023, 29, 340–356. [CrossRef]

89. Nejati, V.; Salehinejad, M.A.; Nitsche, M.A.; Najian, A.; Javadi, A.-H. Transcranial direct current stimulation improves executive
dysfunctions in ADHD: Implications for inhibitory control, interference control, working memory, and cognitive flexibility. J.
Atten. Disord. 2020, 24, 1928–1943. [CrossRef] [PubMed]

90. Heine, W.; Wutzke, K.; Radke, M. Sialic acid in breast milk and infant formula food. Mon. Kinderheilkd. 1993, 141, 946–950.
91. Zhang, X.; Liu, Y.; Liu, L.; Li, J.; Du, G.; Chen, J. Microbial production of sialic acid and sialylated human milk oligosaccharides:

Advances and perspectives. Biotechnol. Adv. 2019, 37, 787–800. [CrossRef] [PubMed]
92. Schauer, R. Sialic Acids: Chemistry, Metabolism, and Function; Springer Science & Business Media: Berlin, Germany, 2012; Volume 10.
93. Bogoch, S. Recognins and their chemoreciprocals. In Behavioral Neurochemistry; Spectrum-Wiley Press: New York, NY, USA, 1977;

p. 270.
94. Schmidt, R. Glycoproteins Involved in Long Lasting Plasticity in the Teleost Brain. 1989. Available online: https://jlupub.ub.

uni-giessen.de/bitstream/handle/jlupub/16860/SchmidtRupert-Glycoproteinsin.pdf?sequence=1&isAllowed=y (accessed on 4
April 2023).

95. Lis-Kuberka, J.; Orczyk-Pawiłowicz, M. Sialylated oligosaccharides and glycoconjugates of human milk. The impact on infant
and newborn protection, development and well-being. Nutrients 2019, 11, 306. [CrossRef]

96. Wang, B.; Yu, B.; Karim, M.; Hu, H.; Sun, Y.; McGreevy, P.; Petocz, P.; Held, S.; Brand-Miller, J. Dietary sialic acid supplementation
improves learning and memory in piglets. Am. J. Clin. Nutr. 2007, 85, 561–569. [CrossRef]

97. Scholtz, S.A.; Gottipati, B.S.; Gajewski, B.J.; Carlson, S.E. Dietary sialic acid and cholesterol influence cortical composition in
developing rats. J. Nutr. 2013, 143, 132–135. [CrossRef] [PubMed]

98. Castanys-Muñoz, E.; Martin, M.J.; Prieto, P.A. 2′-Fucosyllactose: An abundant, genetically determined soluble glycan present in
human milk. Nutr. Rev. 2013, 71, 773–789. [CrossRef] [PubMed]

99. Hung, T.-W.; Wu, K.-J.; Wang, Y.-S.; Bae, E.-K.; Song, Y.; Yoon, J.; Yu, S.-J. Human milk oligosaccharide 2′-fucosyllactose induces
neuroprotection from intracerebral hemorrhage stroke. Int. J. Mol. Sci. 2021, 22, 9881. [CrossRef]

100. Wu, K.-J.; Chen, Y.-H.; Bae, E.-K.; Song, Y.; Min, W.; Yu, S.-J. Human milk oligosaccharide 2′-fucosyllactose reduces neurodegener-
ation in stroke brain. Transl. Stroke Res. 2020, 11, 1001–1011. [CrossRef]

101. Hayashi, Y. Molecular mechanism of hippocampal long-term potentiation–Towards multiscale understanding of learning and
memory. Neurosci. Res. 2022, 175, 3–15. [CrossRef] [PubMed]

102. Teyler, T.J.; DiScenna, P. Long-term potentiation. Annu. Rev. Neurosci. 1987, 10, 131–161. [CrossRef]
103. Bliss, T.V.; Collingridge, G.L. A synaptic model of memory: Long-term potentiation in the hippocampus. Nature 1993, 361, 31–39.

[CrossRef]
104. Lynch, M.A. Long-term potentiation and memory. Physiol. Rev. 2004, 84, 87–136. [CrossRef]
105. Krug, M.; Wagner, M.; Staak, S.; Smalla, K.-H. Fucose and fucose-containing sugar epitopes enhance hippocampal long-term

potentiation in the freely moving rat. Brain Res. 1994, 643, 130–135. [CrossRef]
106. Vazquez, E.; Barranco, A.; Ramirez, M.; Gruart, A.; Delgado-Garcia, J.M.; Jimenez, M.L.; Buck, R.; Rueda, R. Dietary 2′-

fucosyllactose enhances operant conditioning and long-term potentiation via gut-brain communication through the vagus nerve
in rodents. PLoS ONE 2016, 11, e0166070. [CrossRef]

107. Vázquez, E.; Barranco, A.; Ramírez, M.; Gruart, A.; Delgado-García, J.M.; Martínez-Lara, E.; Blanco, S.; Martín, M.J.; Castanys,
E.; Buck, R. Effects of a human milk oligosaccharide, 2′-fucosyllactose, on hippocampal long-term potentiation and learning
capabilities in rodents. J. Nutr. Biochem. 2015, 26, 455–465. [CrossRef]

108. Cooke, S.F.; Bliss, T.V. Plasticity in the human central nervous system. Brain 2006, 129, 1659–1673. [CrossRef] [PubMed]
109. Bruner, J.S. The course of cognitive growth. Am. Psychol. 1964, 19, 1. [CrossRef]
110. Rutter, M. Family and school influences on cognitive development. J. Child Psychol. Psychiatry 1985, 26, 683–704. [CrossRef]

[PubMed]
111. McMath, A.L.; Aguilar-Lopez, M.; Cannavale, C.N.; Khan, N.A.; Donovan, S.M. A systematic review on the impact of gastroin-

testinal microbiota composition and function on cognition in healthy infants and children. Front. Neurosci. 2023, 17, 1171970.
[CrossRef]

112. Hüppi, P.S.; Maier, S.E.; Peled, S.; Zientara, G.P.; Barnes, P.D.; Jolesz, F.A.; Volpe, J.J. Microstructural development of human
newborn cerebral white matter assessed in vivo by diffusion tensor magnetic resonance imaging. Pediatr. Res. 1998, 44, 584–590.
[CrossRef]

113. Dean, J.M.; McClendon, E.; Hansen, K.; Azimi-Zonooz, A.; Chen, K.; Riddle, A.; Gong, X.; Sharifnia, E.; Hagen, M.; Ahmad,
T. Prenatal cerebral ischemia disrupts MRI-defined cortical microstructure through disturbances in neuronal arborization. Sci.
Transl. Med. 2013, 5, 168ra167. [CrossRef]

https://doi.org/10.1111/j.1467-8624.2007.01019.x
https://www.ncbi.nlm.nih.gov/pubmed/17381795
https://doi.org/10.1080/09297049.2022.2093340
https://doi.org/10.1177/1087054717730611
https://www.ncbi.nlm.nih.gov/pubmed/28938852
https://doi.org/10.1016/j.biotechadv.2019.04.011
https://www.ncbi.nlm.nih.gov/pubmed/31028787
https://jlupub.ub.uni-giessen.de/bitstream/handle/jlupub/16860/SchmidtRupert-Glycoproteinsin.pdf?sequence=1&isAllowed=y
https://jlupub.ub.uni-giessen.de/bitstream/handle/jlupub/16860/SchmidtRupert-Glycoproteinsin.pdf?sequence=1&isAllowed=y
https://doi.org/10.3390/nu11020306
https://doi.org/10.1093/ajcn/85.2.561
https://doi.org/10.3945/jn.112.169508
https://www.ncbi.nlm.nih.gov/pubmed/23256147
https://doi.org/10.1111/nure.12079
https://www.ncbi.nlm.nih.gov/pubmed/24246032
https://doi.org/10.3390/ijms22189881
https://doi.org/10.1007/s12975-019-00774-z
https://doi.org/10.1016/j.neures.2021.08.001
https://www.ncbi.nlm.nih.gov/pubmed/34375719
https://doi.org/10.1146/annurev.ne.10.030187.001023
https://doi.org/10.1038/361031a0
https://doi.org/10.1152/physrev.00014.2003
https://doi.org/10.1016/0006-8993(94)90018-3
https://doi.org/10.1371/journal.pone.0166070
https://doi.org/10.1016/j.jnutbio.2014.11.016
https://doi.org/10.1093/brain/awl082
https://www.ncbi.nlm.nih.gov/pubmed/16672292
https://doi.org/10.1037/h0044160
https://doi.org/10.1111/j.1469-7610.1985.tb00584.x
https://www.ncbi.nlm.nih.gov/pubmed/3900115
https://doi.org/10.3389/fnins.2023.1171970
https://doi.org/10.1203/00006450-199810000-00019
https://doi.org/10.1126/scitranslmed.3004669


Nutrients 2023, 15, 3743 36 of 37

114. Zhong, J.; Li, J.; Ni, C.; Zuo, Z. Amantadine alleviates postoperative cognitive dysfunction possibly by preserving neurotrophic
factor expression and dendritic arborization in the hippocampus of old rodents. Front. Aging Neurosci. 2020, 12, 605330. [CrossRef]
[PubMed]

115. Knutson, D.; Mitzey, A.; Talton, L.; Clagett-Dame, M. Mice null for NEDD9 (HEF1) display extensive hippocampal dendritic
spine loss and cognitive impairment. Brain Res. 2016, 1632, 141–155. [CrossRef]

116. Filippi, C.G.; Watts, R.; Duy, L.A.; Cauley, K.A. Diffusion-tensor imaging derived metrics of the corpus callosum in children with
neurofibromatosis type I. Am. J. Roentgenol. 2013, 200, 44–49. [CrossRef]

117. Stiles, J.; Brown, T.T.; Haist, F.; Jernigan, T.L. Brain and cognitive development. In Handbook of Child Psychology and Developmental
Science; John Wiley and Sons: Hoboken, NJ, USA, 2015; pp. 1–54.

118. Morales, E.; Bustamante, M.; Gonzalez, J.R.; Guxens, M.; Torrent, M.; Mendez, M.; Garcia-Esteban, R.; Julvez, J.; Forns, J.; Vrijheid,
M. Genetic variants of the FADS gene cluster and ELOVL gene family, colostrums LC-PUFA levels, breastfeeding, and child
cognition. PLoS ONE 2011, 6, e17181. [CrossRef]

119. Caspi, A.; Williams, B.; Kim-Cohen, J.; Craig, I.W.; Milne, B.J.; Poulton, R.; Schalkwyk, L.C.; Taylor, A.; Werts, H.; Moffitt, T.E.
Moderation of breastfeeding effects on the IQ by genetic variation in fatty acid metabolism. Proc. Natl. Acad. Sci. USA 2007, 104,
18860–18865. [CrossRef] [PubMed]

120. Steer, C.D.; Davey Smith, G.; Emmett, P.M.; Hibbeln, J.R.; Golding, J. FADS2 polymorphisms modify the effect of breastfeeding on
child IQ. PLoS ONE 2010, 5, e11570. [CrossRef] [PubMed]

121. McGuire, M.K.; Meehan, C.L.; McGuire, M.A.; Williams, J.E.; Foster, J.; Sellen, D.W.; Kamau-Mbuthia, E.W.; Kamundia, E.W.;
Mbugua, S.; Moore, S.E. What’s normal? Oligosaccharide concentrations and profiles in milk produced by healthy women vary
geographically. Am. J. Clin. Nutr. 2017, 105, 1086–1100. [CrossRef]

122. Dou, Y.; Luo, Y.; Xing, Y.; Liu, H.; Chen, B.; Zhu, L.; Ma, D.; Zhu, J. Human Milk Oligosaccharides Variation in Gestational
Diabetes Mellitus Mothers. Nutrients 2023, 15, 1441. [CrossRef]

123. Samuel, T.M.; Binia, A.; de Castro, C.A.; Thakkar, S.K.; Billeaud, C.; Agosti, M.; Al-Jashi, I.; Costeira, M.J.; Marchini, G.; Martínez-
Costa, C. Impact of maternal characteristics on human milk oligosaccharide composition over the first 4 months of lactation in a
cohort of healthy European mothers. Sci. Rep. 2019, 9, 11767. [CrossRef]

124. Maxwell, J.R.; Yellowhair, T.R.; Oppong, A.Y.; Camacho, J.E.; Lowe, J.R.; Jantzie, L.L.; Ohls, R.K. Cognitive development in
preterm infants: Multifaceted deficits reflect vulnerability of rigorous neurodevelopmental pathways. Minerva Pediatr. 2017, 69,
298–313. [CrossRef] [PubMed]

125. Moro, G.E.; Arslanoglu, S.; Bertino, E.; Corvaglia, L.; Montirosso, R.; Picaud, J.-C.; Polberger, S.; Schanler, R.J.; Steel, C.; van
Goudoever, J. XII. Human milk in feeding premature infants: Consensus statement. J. Pediatr. Gastroenterol. Nutr. 2015, 61,
S16–S19. [CrossRef] [PubMed]

126. Moukarzel, S.; Bode, L. Human milk oligosaccharides and the preterm infant: A journey in sickness and in health. Clin. Perinatol.
2017, 44, 193–207. [CrossRef]

127. Davis, E.C.; Wang, M.; Donovan, S.M. The role of early life nutrition in the establishment of gastrointestinal microbial composition
and function. Gut Microbes 2017, 8, 143–171. [CrossRef]

128. Lewis, Z.T.; Totten, S.M.; Smilowitz, J.T.; Popovic, M.; Parker, E.; Lemay, D.G.; Van Tassell, M.L.; Miller, M.J.; Jin, Y.-S.; German,
J.B. Maternal fucosyltransferase 2 status affects the gut bifidobacterial communities of breastfed infants. Microbiome 2015, 3, 13.
[CrossRef]

129. Savignac, H.; Tramullas, M.; Kiely, B.; Dinan, T.; Cryan, J. Bifidobacteria modulate cognitive processes in an anxious mouse strain.
Behav. Brain Res. 2015, 287, 59–72. [CrossRef] [PubMed]

130. Carlson, A.L.; Xia, K.; Azcarate-Peril, M.A.; Goldman, B.D.; Ahn, M.; Styner, M.A.; Thompson, A.L.; Geng, X.; Gilmore, J.H.;
Knickmeyer, R.C. Infant gut microbiome associated with cognitive development. Biol. Psychiatry 2018, 83, 148–159. [CrossRef]
[PubMed]

131. Galuska, C.E.; Rudloff, S.; Kuntz, S.; Borsch, C.; Reutzel, M.; Eckert, G.; Galuska, S.P.; Kunz, C. Metabolic fate and organ
distribution of 13C-3′-sialyllactose and 13C-N-acetylneuraminic acid in wild-type mice–No evidence for direct incorporation into
the brain. J. Funct. Foods 2020, 75, 104268. [CrossRef]

132. Cryan, J.F.; O’Riordan, K.J.; Cowan, C.S.; Sandhu, K.V.; Bastiaanssen, T.F.; Boehme, M.; Codagnone, M.G.; Cussotto, S.; Fulling, C.;
Golubeva, A.V. The microbiota-gut-brain axis. Physiol. Rev. 2019, 99, 1877–2013. [CrossRef]

133. Wang, M.; Monaco, M.H.; Hauser, J.; Yan, J.; Dilger, R.N.; Donovan, S.M. Bovine milk oligosaccharides and human milk
oligosaccharides modulate the gut microbiota composition and volatile fatty acid concentrations in a preclinical neonatal model.
Microorganisms 2021, 9, 884. [CrossRef]

134. Fleming, S.A.; Hauser, J.; Yan, J.; Donovan, S.M.; Wang, M.; Dilger, R.N. A mediation analysis to identify links between gut
bacteria and memory in context of human milk oligosaccharides. Microorganisms 2021, 9, 846. [CrossRef]

135. Keim, S.A.; Sullivan, J.A.; Sheppard, K.; Smith, K.; Ingol, T.; Boone, K.M.; Malloy-McCoy, A.; Oza-Frank, R. Feeding infants at the
breast or feeding expressed human milk: Long-term cognitive, executive function, and eating behavior outcomes at age 6 years. J.
Pediatr. 2021, 233, 66–73.e61. [CrossRef]

136. Richards, M.; Hardy, R.; Wadsworth, M.E. Long-term effects of breast-feeding in a national birth cohort: Educational attainment
and midlife cognitive function. Public Health Nutr. 2002, 5, 631–635. [CrossRef]

https://doi.org/10.3389/fnagi.2020.605330
https://www.ncbi.nlm.nih.gov/pubmed/33324197
https://doi.org/10.1016/j.brainres.2015.12.005
https://doi.org/10.2214/AJR.12.9590
https://doi.org/10.1371/journal.pone.0017181
https://doi.org/10.1073/pnas.0704292104
https://www.ncbi.nlm.nih.gov/pubmed/17984066
https://doi.org/10.1371/journal.pone.0011570
https://www.ncbi.nlm.nih.gov/pubmed/20644632
https://doi.org/10.3945/ajcn.116.139980
https://doi.org/10.3390/nu15061441
https://doi.org/10.1038/s41598-019-48337-4
https://doi.org/10.23736/S0026-4946.17.04905-2
https://www.ncbi.nlm.nih.gov/pubmed/28211648
https://doi.org/10.1097/01.mpg.0000471460.08792.4d
https://www.ncbi.nlm.nih.gov/pubmed/26295999
https://doi.org/10.1016/j.clp.2016.11.014
https://doi.org/10.1080/19490976.2016.1278104
https://doi.org/10.1186/s40168-015-0071-z
https://doi.org/10.1016/j.bbr.2015.02.044
https://www.ncbi.nlm.nih.gov/pubmed/25794930
https://doi.org/10.1016/j.biopsych.2017.06.021
https://www.ncbi.nlm.nih.gov/pubmed/28793975
https://doi.org/10.1016/j.jff.2020.104268
https://doi.org/10.1152/physrev.00018.2018
https://doi.org/10.3390/microorganisms9050884
https://doi.org/10.3390/microorganisms9040846
https://doi.org/10.1016/j.jpeds.2021.02.025
https://doi.org/10.1079/PHN2002338


Nutrients 2023, 15, 3743 37 of 37

137. Oddy, W.H.; Kendall, G.E.; Li, J.; Jacoby, P.; Robinson, M.; De Klerk, N.H.; Silburn, S.R.; Zubrick, S.R.; Landau, L.I.; Stanley, F.J.
The long-term effects of breastfeeding on child and adolescent mental health: A pregnancy cohort study followed for 14 years. J.
Pediatr. 2010, 156, 568–574. [CrossRef]

138. Lenehan, S.M.; Boylan, G.B.; Livingstone, V.; Fogarty, L.; Twomey, D.M.; Nikolovski, J.; Irvine, A.D.; Kiely, M.; Kenny, L.C.;
Hourihane, J.O. The impact of short-term predominate breastfeeding on cognitive outcome at 5 years. Acta Paediatr. 2020, 109,
982–988. [CrossRef] [PubMed]

139. Nair, A.S. Publication bias-Importance of studies with negative results! Indian J. Anaesth. 2019, 63, 505. [CrossRef] [PubMed]
140. Chouraqui, J.-P. Does the contribution of human milk oligosaccharides to the beneficial effects of breast milk allow us to hope for

an improvement in infant formulas? Crit. Rev. Food Sci. Nutr. 2021, 61, 1503–1514. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.jpeds.2009.10.020
https://doi.org/10.1111/apa.15014
https://www.ncbi.nlm.nih.gov/pubmed/31520432
https://doi.org/10.4103/ija.IJA_142_19
https://www.ncbi.nlm.nih.gov/pubmed/31263309
https://doi.org/10.1080/10408398.2020.1761772
https://www.ncbi.nlm.nih.gov/pubmed/32393048

	Introduction 
	Materials and Methods 
	Search Strategy 
	Selection Criteria 
	Data Extraction 

	Results 
	Study Selection 
	Study Characteristics 
	Sialyllactose and Cognition 
	Term and Preterm Piglet Models 
	Rodent Models 

	Fucosyllactose and Cognition 
	Piglet Models 
	Rodent Models 

	Human Studies on HMOS and Cognition 

	Discussion 
	Sialylated MOS and Cognition 
	Fucosylated MOS and Cognition 
	HMOS and Infant Cognition 
	Potential Mechanisms of MO Functions in Cognition 

	Conclusions 
	References

