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Preface

The purpose of this Reprint, “Advances in Infant and Pediatric Feeding and Nutrition”, is to
explore the latest evidence regarding the impact of feeding and nutrition on both the short- and
long-term health of infants.

Early life nutrition plays a pivotal role in shaping future health, so this collection aims to
highlight original research and reviews examining how specific feeding and nutrition approaches
influence growth, body composition, and neurodevelopment, from breastfeeding through to

complementary feeding during the first years of life.

Jann Foster
Guest Editor
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Editorial
Advances in Infant and Pediatric Feeding and Nutrition

Jann Foster 12:3/4

1 School of Nursing & Midwifery, Western Sydney University, Locked Bag 1797, Penrith, NSW 2751, Australia;
j.foster@westernsydney.edu.au

2 School of Nursing and Midwifery, University of Canberra, Bruce, ACT 2617, Australia

3 Ingham Research Institute, Liverpool, NSW 2170, Australia

4 NSW Centre for Evidence-Based Health Care: A JBI Centre of Excellence, Parramatta, NSW 2751, Australia

This Special Issue presents original works and reviews that delve into how specific
feeding strategies, spanning from lactation to complementary feeding in infancy, impact
growth and neurofunctional development.

The twelve articles cover a broad spectrum of topics, ranging from the epigenetic
effects of human milk on the ongoing neurodevelopment of infants and children, the impact
of milk oligosaccharides, maternal fish consumption, and the use of bovine colostrum
or infant formula from hydrolyzed whey protein to the validation of an instrument for
evaluating parental feeding behaviors, breastfeeding, and childhood caries. These articles
provide novel insights into the complex nature of infant feeding and nutrition.

Feeding infants human milk has many benefits that are universally recognized, and
human milk contains all the nutrients an infant requires in the first six months of life [1].
Gialeli et al., 2023, offer fresh perspectives in their narrative review, which explores how
bioactive components in breast milk, such as microRNAs, long non-coding RNAs, stem cells,
and the microbiome may impact the neurodevelopment of preterm and full-term infants
through epigenetic mechanisms. The review establishes a compelling connection between
early-life experiences and long-lasting health outcomes in preterm and term infants.

Fan et al., 2023, reviewed the impact of milk oligosaccharides, a group of complex
carbohydrates, on the brain and on neurocognitive development in early life. The authors
report that the benefits for cognitive development of human milk oligosaccharides (HMOs)
may be due to sialic acid and fucose, which have been implicated in brain development.
Ultimately, this review posits that there is a consistent connection between early life con-
sumption of HMOs and cognitive developmental outcomes. The review also emphasizes
the importance of clinical studies to explore the specific mechanisms through which milk
oligosaccharides enhance learning and memory development in infants.

Kasamatsu et al.’s 2023 cross-sectional study examined the links between maternal
diet, infant feeding practices, and serum levels of docosahexaenoic acid (DHA), a crucial n-3
long-chain polyunsaturated fatty acid (LCPUFA) important for infant brain development.
Data were gathered through a maternal dietary questionnaire and serum fatty acid levels
from the blood samples of infants. The study found significant positive associations
between the infants” serum DHA levels and the consumption of “blue-back fish” and
“white fish”. These novel results suggest that lactating mothers who regularly consume
these types of fish, while also prioritizing breastfeeding over DHA-supplemented cow’s
milk formula, could effectively boost their infants” serum DHA levels. The study was
conducted in Tokyo, Japan, and the authors recognize that these findings may not apply to
other populations.

Nutrients 2025, 17, 2378 https://doi.org/10.3390/nul7142378
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Whilst exclusive breastfeeding for the first 6 months of an infant’s life is recommended
by the WHO, human milk continues to provide significant nutritional and immunolog-
ical value beyond 6 months. The American Academy of Pediatrics supports continued
breastfeeding, along with complementary foods introduced at about 6 months [2]. The
literature review by Fro#j & Orczyk-Pawilowicz, 2024, examines the evidence supporting
extended breastfeeding beyond six months. A key takeaway from the review is that longer
breastfeeding durations are linked to a variety of health benefits, such as a reduced risk of
gastrointestinal and respiratory infections, enhanced growth and cognitive development,
and a decreased likelihood of developing allergic diseases and obesity in later life. More-
over, breastfeeding has positive effects on metabolic syndrome, blood pressure regulation,
otitis media, and malaria. Based on these findings, the authors advocate for encouraging
mothers to breastfeed for longer periods.

The systematic review and meta-analysis by Shrestha et al. synthesized evidence to
determine if there is an association between breastfeeding and early childhood caries (ECC),
a significant chronic disease that affects infants and preschool children worldwide [3].
Whilst the review did not demonstrate an overall difference in dental caries between
breastfed and non-breastfed infants, a significant increase in ECC was found for children
who were breastfed for >6 months compared to those breastfed for <6 months, those who
were breastfed for >12 months compared to those fed for <12 months, and those who
were breastfed for >18 months compared to <18 months. Nocturnal breastfeeding also
increases the risk of ECC. This review has improved our understanding of the effect of
breastfeeding exposure time on ECC. The authors recommend that policy-makers develop
an infant oral health promotion program and that healthcare professionals receive training
on oral hygiene practices for infants.

Whilst human milk is regarded as the best source of nutrition during early life [4],
it is not always possible to rely on it exclusively, and various infant formulas and/or
supplements may be used to substitute human milk. Hill & Buck’s (2023) double-blinded
RCT explored the impact on serum metabolite levels of feeding formulas enriched with
different levels of 2'-fucosyllactose (2'-FL) and galactooligosaccharides (GOSs), comparing
them to a non-randomized group of breastfed infants. The control formula contained
only GOS. The researchers hypothesized that, due to 2’-FL’s known role as a prebiotic that
can influence gut microbiome composition, its supplementation could significantly affect
metabolic output, mimicking some of the systemic benefits associated with breastfeeding.
Their results showed that fortifying infant formula with 2’-FL led to a dose-dependent
increase in circulating metabolites produced by gut microbial metabolism. Specifically,
2'-FL supplementation was linked to higher levels of secondary bile acids and the acti-
vation of systemic immune mediators, when compared to the control formula, reaching
concentrations akin to those seen in breastfed infants. The researchers also offer valuable
recommendations for future investigations.

Canbolat et al.’s 2024 review examines the composition, benefits, and effects of bovine
colostrum (BC), and concludes that bovine colostrum is the most viable alternative to
human colostrum for infant feeding. With its anti-inflammatory, antioxidant, antibacterial,
prebiotic, and antiviral properties, BC offers a distinct colostrum profile. However, the
authors emphasize that BC should be regarded as a supplement rather than as a reliable
treatment, and its use must be guided by a healthcare professional, especially in preterm
infants or those with medical conditions. The review also suggests that future research
should focus on identifying the optimal dosages, formulations, and safety profiles of BC,
particularly regarding allergic reactions in infants with cow’s milk protein allergies or
lactose intolerance.
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Protein is essential for the growth and development of infants [5]. Fleddermann et al.,
2023, assess the nutritional safety and suitability of an infant formula manufactured from
extensively hydrolyzed protein (HP) compared to infant formula manufactured from intact
protein (IP—with a low or standard protein content). The authors conduct a combined
analysis of raw data from two randomized infant feeding studies. The results show no
significance in weight gain between the two formulas, and secondary growth measures
such as weight, length, and head circumference were generally similar across both the HP
and IP formula groups, at both protein levels. However, the HP formula group showed
greater monthly gains in head circumference (for the low-protein formula, both in the per-
protocol set (PPS) and the full-analysis set (FAS)) and in length (for the standard protein
formula, FAS) compared to the IP formula groups. The authors note a higher occurrence of
adverse events for the HP formula group, though these events were transient and mild,
leading them to conclude that there were no safety concerns.

Inappropriate complementary feeding (CF) can result in childhood illness and affect a
child’s growth and development [6]. The cross-sectional study by Ashraf et al. investigates
the prevalence of inappropriate CF and the factors influencing early feeding patterns
among mothers in Pakistan. This crucial research reveals that 47.0% of caregivers began CF
before 4 months of age, which negatively impacts infant health. In contrast, 39.7% followed
guidelines by introducing CF between 4 and 6 months, potentially enhancing infant health
outcomes, and 30.9% started complementary feeding after 7 months. This study identifies
several factors, such as birth order, mother’s employment status, parental education, the
number of children, household income, maternal knowledge, and maternal health, as
significant influencers of CF practices. The findings contribute to existing knowledge and
highlight the need for targeted interventions and policy changes to improve CF practices
in Pakistan.

Unhealthy eating behaviors in childhood contribute to the obesity epidemic [7,8].
Gonzalez-Torres et al. investigated the effectiveness of the self-administered Scale on
Parental Feeding Behaviors in terms of its ability to assess various parental feeding prac-
tices among Mexican caregivers, grounded in theoretical concepts of coercive control,
structure, and autonomy support. The authors found that the scale is effective at measuring
both the positive and negative parental eating behaviors that influence the development
of healthy eating habits in childhood. Notably, the scale was deemed valuable for de-
signing interventions aimed at preventing health issues linked to poor nutrition and
childhood obesity.

Guevara et al. reviewed the nutritional composition of cereal-based foods offered to
infants (from 4 months) and toddlers in Spain and Ecuador. A total of 127 products were
included, with 105 from Spain and 22 from Ecuador. The study revealed that, in Ecuador,
commercial companies recommend starting the consumption of cereals at 6 months, while
in Spain, the recommendation is from 4 months. Only 39 products in Spain and 2 products
in Ecuador could be classified as “low in sugar”. There was noticeable variation in the
declaration of vitamin content between the two countries and, regarding mineral content,
cereals in Ecuador had higher reported calcium levels, while Ecuadorian cereals and cookies
also had higher iron content. Cookies in both countries were found to have high sodium
levels. The authors highlight some differences in the nutritional composition of cereals for
breastfeeding infants between those from Spain and those from Ecuador. Importantly, the
authors highlight the lack of studies on the nutritional quality of infant foods in Ecuador,
suggesting their research could serve as a foundation for future investigations.

This editorial summarizes the twelve articles that comprise the Special Issue further
advancing our knowledge of infant and pediatric feeding and nutrition. The findings from
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these articles deepen our understanding of issues related to feeding and nutrition and pave
the way for practical applications and future research.

Conflicts of Interest: The author declares no conflict of interest.
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Status of Inappropriate Complementary Feeding and Its
Associated Factors Among Infants of 9-23 Months
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Abstract: Background: Inappropriate complementary feeding during the first two years of life
significantly impacts children’s health, increasing risks of malnutrition and illness. Methods: This
study investigates factors influencing early feeding patterns among 600 mothers of children aged
9-23 months in selected hospitals in Punjab, Pakistan. Using a structured questionnaire, data
were collected and analyzed, with associations measured by odds ratios (ORs) and 95% confidence
intervals (CIs). Results: The results showed the key indicators of inappropriate complementary
feeding among young children, including timely complementary feeding, minimum meal frequency,
dietary diversity, and acceptable diet. The rates for these factors were found to be 60.3%, 32.7%, 24.6%,
and 48.5%, respectively. The study identified several significant factors influencing these practices.
Key predictors of inappropriate feeding included the order of birth, the mother’s employment status,
parental education, the number of children, household income, maternal knowledge, and maternal
health. Conclusion: The findings underscore that maternal education, employment, and health
significantly influence complementary feeding. Targeted interventions and education programs are
essential to support healthy feeding behaviors, especially for mothers facing challenges related to
education, work, or health conditions. Addressing these practices can improve child health outcomes,
contributing to economic growth and a healthier future for Pakistan’s youngest population.

Keywords: inappropriate complementary feeding; associated factors; minimum meal frequency;
minimum dietary diversity; minimum acceptable diet

1. Introduction

The period from birth to two years is a “critical window” for promoting optimal
growth, health, and development, being mainly dependent on nutrition [1]. The World
Health Organization (WHO) recommends exclusive breastfeeding until six months of
age. Complementary feeding (CF), which involves introducing other foods and liquids
alongside breast milk when breast milk alone can no longer meet the nutritional needs
of infants, should begin at this time [2]. Specifically, the WHO recommends introducing
complementary foods at six months of age [3]. In line with this, similar guidelines have been
recommended by ESPGHAN, NASPGHAN, and the European Academy of Allergy and
Clinical Immunology (EAACI), which advise introducing complementary foods between
17 and 26 weeks of age [4].

Nutrients 2024, 16, 4379. https:/ /doi.org/10.3390/nu16244379 6 https://www.mdpi.com/journal /nutrients
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WHO identifies four indicators for appropriate CF: the timing of introduction, mini-
mum meal frequency, dietary diversity, and acceptable diet. Failure to meet these criteria
signifies inappropriate CF, while meeting them all indicates proper practice [5,6].

From around six months, a newborn’s nutritional needs increase, requiring CF to
provide vital energy and nutrients necessary for growth and development. If complemen-
tary foods are introduced improperly or not at all, a child’s growth may be affected. The
period from 6 to 23 months is a critical time for the onset of growth faltering, micronutrient
deficiencies, and infectious diseases [7]. Additionally, there has been a rise in food aller-
gies, particularly to eggs, shellfish, and nuts, in Western children. The early introduction
of allergenic foods, such as oats, fish, and eggs, has been shown to reduce the risk of
asthma, allergic rhinitis, and atopic dermatitis [8]. The introduction of gluten between
4 and 6 months may reduce the risk of celiac disease, with a gradual introduction being
recommended while breastfeeding [9]. CF is vital for providing essential nutrients like iron,
zinc, and vitamin A, with early inclusion of foods like meat, eggs, and liver being beneficial
to address common deficiencies [10,11].

Malnutrition is characterized by an imbalance of energy and nutrients in the body,
which negatively impacts the physical health of both children and adults [12]. One form
of malnutrition, undernutrition, occurs when there is an insufficient intake of essential
nutrients, including energy, high-quality protein, essential amino acids, vitamins, and
minerals. This deficiency prevents the body from meeting its nutritional needs for proper
growth, maintenance, and function [13]. Undernutrition accounts for almost one-third of
all deaths in children under the age of five worldwide, with Asia accounting for the greatest
percentage [14]. Approximately 21.3% of children under the age of five are stunted (too
short for their height), 13% are underweight (too thin for their age), and 6.9% are wasting
(low weight for their height) [15]. Malnutrition accounts for 60 percent of all under-five
fatalities in underdeveloped nations [16]. Inadequate feeding habits, including a lack of
dietary diversity, infrequent feeding, and improper timing of CF (either before 4 months or
after 7 months), account for approximately 66% of all fatal accidents among children under
five [17]. South Asia has a disproportionately high malnutrition burden compared to other
areas, with the greatest rates of stunting (33.2%, about 60 million children) and wasting
(14.8%, approximately 27 million children).

The Pakistan Demographic and Health Survey found that 45% of children under
5 were stunted, 11% were wasting, and 30% were underweight. The report also discovered
that among babies aged 6 to 9 months, only 5.3% were solely breastfed, 10.3% received
breast milk with water, 11% received breast milk with cow’s milk, and only 56.6% received
CF in addition to breastmilk [18]. The existing literature on the determinants of child eating
patterns, including minimal dietary diversity and meal frequency, showed that feeding
practices are associated with the mother’s education, maternal profession, the child’s
gender, and postnatal care [19]. Furthermore, the residence, family size, financial status,
child age, the mother’s health (emotional and mental health) [20], and delivery site are
important predictors of child feeding behaviors [21-23]. Recent research has also indicated
that the birth interval, mother’s independence, and exposure to media are important
determinants of dietary diversification [24].

Nutrition-related research in Pakistan and other low and middle-income countries
generally focuses on improving breastfeeding patterns, with minimal focus on improving
CF practices. However, one notable exception is the work by Muzi et. at. [25] which
employed multi-level regressions to analyze the factors influencing CF practices in Pakistan,
using data from the 2012-2013 Demographic and Health Survey. However, their analysis
relies on data that are now eight years old, so the objective of this study is to provide
fresh evidence of the knowledge of child-feeding practices in Pakistan and examine the
relationship between child-feeding practices and individual-, household-, and community-
level indicators using the most recent data.

This study is expected to provide valuable insights into the factors that influence early
CF practices among children aged 9-23 months in Punjab, Pakistan. The anticipated results
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aim to identify key predictors of inappropriate feeding, including maternal education,
employment, and health status, as well as socio-economic factors such as household income
and family size. It is expected that the study will reveal a significant association between
these factors and the rates of timely CF, meal frequency, dietary diversity, and acceptable
diets. These findings are expected to underscore the importance of targeted interventions
and education programs to improve maternal knowledge and promote healthier feeding
behaviors, ultimately contributing to better child health outcomes and supporting economic
growth in Pakistan. The results will also provide a foundation for future research and
policy recommendations focused on enhancing child nutrition and health in the region.

2. Methodology
2.1. Study Design and Setting

This cross-sectional study examined the prevalence of inappropriate CF among infants
aged 9-23 months. The study was conducted in multiple hospitals located in multiple cities
across Pakistan, including both public and private sector healthcare facilities. The selected
cities, namely Lahore, Multan, Islamabad, Gujranwala, and Faisalabad, were randomly cho-
sen to ensure the representation of diverse geographical regions and populations within the
country. The reason for choosing the hospital setting rather than a community setting was
to ensure a diverse participant pool, as hospitals provide access to caregivers from various
socio-economic backgrounds, including both urban and rural populations. Hospitals are
frequently visited for routine check-ups and vaccinations, facilitating easier participant’s
recruitment. Additionally, hospitals offer better infrastructure for data collection, such as
access to medical records, which enhances the reliability of participant selection.

2.2. Study Participants and Eligibility Criteria

The target population for this study were infants between 9 and 23 months and
their caregivers, primarily mothers, while the study population were only infants of
9-23 months. We mainly targeted this age group because appropriate CF is crucial during
this developmental stage. Only those mothers who could read and write properly and
signed the consent form were selected. Infants with congenital disorders or diseases that
could potentially impact their diet, such as heart defects or autism, were excluded from the
study.

2.3. Sample Size and Sampling Technique

The sample size for this study was determined using Cochran’s formula, resulting in
a sample size of 600 participants. For the sampling technique, as the study was conducted
in a hospital setting, a clinical survey approach was employed. Convenient sampling was
used to select the hospitals, and participants were selected based on convenience, ensuring
ease of access and recruitment from the available patient pool.

2.4. Instrument

The data collection for the study used structured and semi-structured questionnaire,
consisting of both close-ended (multiple choice) and open-ended questions. It was orga-
nized into eight main sections with sub-questions focusing on gathering information from
mothers regarding inappropriate CE. The first section collected demographic information
about the child, including age, weight, height, gender, and birth order.

The second section of the questionnaire gathered parents’ information, including age,
weight, education level, and employment status. The third section focused on household
details, such as the number of children, place of delivery, monthly income, and healthcare
access. The fourth section assessed mothers’” knowledge of CF through 12 questions, with
responses of “Yes”, “No”, or “Don’t know”. Scores ranged from 0 to 12, categorizing
knowledge as low (<4), moderate (4-8), or high (>9).

The fifth section addressed the child’s feeding history, including breastfeeding dura-
tion and the introduction of complementary foods. Section six covered the infant’s health
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status, such as gastrointestinal and respiratory issues. Section seven focused on access to
clean water and hygiene practices, while section eight explored maternal health during
various phases. The final section used a Food Frequency Questionnaire (FFQ) to assess
dietary diversity, categorizing infants’ food intake based on eight food groups. A score
of 1 was assigned for consuming four or fewer food groups, and 0 for more than four,
helping evaluate the infant’s nutrition and dietary variety.

2.5. Data Collection

The researcher underwent training to conduct interviews and surveys with caregivers
at various hospitals to collect data on CF practices and knowledge. Topics covered in the
training included appropriate food types, feeding frequency, portion sizes, and hygiene.
Data collection involved initial online Google forms and face-to-face interviews with
mothers based on the form responses. Mothers who agreed to participate signed a form,
and this process continued until the desired number of participants was achieved, ensuring
all participants” voluntary involvement in the study.

2.6. Operational Definitions

Timely introduction of complementary foods: It is recommended to start between
4 and 6 months. Mothers were asked about the introduction of solid foods to their chil-
dren. Based on their responses, the introduction of complementary food was categorized
into early (<4 months), timely (4-6 months), and late (>7 months) stages of CF. This
categorization helped us to assess if the introduction of solid foods is aligned with the
recommended guidelines.

Minimum dietary diversity: Minimum dietary diversity refers to the percentage of
children aged 6-23 months who have consumed at least four of the eight food groups.
There are eight dietary groups: breast milk, cereals, roots, and tubers, legumes and nuts,
dairy products (infant formula, milk, yogurt, and cheese), flesh foods (meat, fish, and organ
meats), eggs, vitamin A-rich fruits and vegetables, and other fruits and vegetables.

Dietary variety scores range from 0 to 7, where a score of zero means the child did
not eat from any food group and a score of 7 indicates they ate from all food groups. We
applied the minimum dietary diversity measure based on WHO recommendation. If a
child consumed foods from four or more food categories, we gave them a score of “1” for
minimum dietary variety. If they ate from less than four food groups, they received a score
of “0”, indicating low dietary diversity.

Minimum meal frequency: The minimum meal frequency is defined as how many
times a child receives complementary food in a day. According to WHO, it is twice
for 6-8 months, three times for 9-11 months, three times for breastfed children aged
12-23 months, and four times for non-breastfed children. Appropriate feeding frequency
was categorized as 1 (minimum meal frequency), whereas incorrect was recorded as 0 (low
meal frequency).

Minimum acceptable diet: This is the combination of both the minimum dietary
diversity and meal frequency.

2.7. Inappropriate Complementary Feeding Practice

CF methods that fail to meet the requirements for either a timely introduction or the
minimum acceptable diet were assessed.

2.8. Statistical Analysis

Descriptive data of children, parents, and households were presented as frequencies
and percentages. In addition, a chi-square test was used to determine the association
between categorical variables, while a ¢-test was applied for continuous variables. Associa-
tions between inappropriate CF practices and other characteristics was examined using
logistic regression. WHO guidelines were used to evaluate appropriate meal frequency,
diversity, and acceptability. Dietary diversity was classified into seven WHO food groups
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to calculate the minimum nutritional variety. The odds ratios (ORs) were reported with
95% confidence intervals (Cls). A p-value of <0.05 was considered statistically significant.
The SPSS version (26.0, IBM, Armonk, NY, USA) was used to conduct all the analyses.

3. Results
3.1. Socio-Demographic Characteristics of Participants

Among the demographic characteristics assessed in the study, a notable proportion of
children fell within the age range of 13-18 months, comprising 45.4% of the total sample.
This age range had the highest number of participants indicating a critical developmental
period for infants. Regarding gender distribution, slightly more than half of the children
(51%) were female. When examining body height, most children (57.5%) measured between
69 and 79 cm, indicating a relatively even distribution within this height range.

Moreover, the Body Mass Index (BMI) distribution revealed that a significant portion
of children (45.5%) fell within the healthy weight category, while a smaller proportion
were classified as underweight (18.2%), overweight (8.3%), or obese (2.5%). These findings
emphasize the importance of monitoring growth parameters and nutritional status in
early childhood, with implications for interventions promoting healthy development and
preventing adverse health outcomes.

3.2. Complementary Feeding Indicators

This study reveals that a significant proportion (47.0%) of caregivers introduced CF
before the recommended age of 4 months, compromising the health of infants. However,
39.7% adhered to guidelines by initiating CF between 4 and 6 months, which may improve
infant health outcomes. Conversely, 30.9% started feeding after 7 months.

According to the results, 196 infants (32.7%) did not fulfill the WHO guidelines for CF
instead of consuming the recommended 34 feeds appropriate for their age, these infants
exhibited varied feeding patterns, including once a day, 12 times a day, or more than 4 times
a day. Conversely, 67.2% of infants aged 9-23 months received appropriate CF, meeting this
age group’s recommended frequency of 3—4 times daily. The prevalence of inappropriate
complementary feeding and its key indicators are shown in Figure 1.

Prevalence of inappropriate complementary
feeding by indicators

90
77.9
80 W [nappropriate complementary
70 feeding
L B Timely introducti
O o imely introduction
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8 30 Minimum dietary diversity
A .
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Figure 1. Prevalence of inappropriate complementary feeding by indicators.

The study assessed dietary diversity among children aged 9-23 months across various
food groups. The results indicate varying levels of dietary diversity across age groups.
Among infants aged 9-13 months, wheat (18.2%), fruits (18.2%), and vegetables (33.4%)
were the most commonly consumed food groups, while dairy products (44.5%) and rice
(41.5%) were also prevalent. In the 14-18 months” age group, fruits (44.5%) and dairy
products (54.9%) exhibited higher consumption rates, with rice (33.2%) and white meat
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(35.5%) also significant. In the oldest age group (19-23 months), fruits (36.9%) and white
meat (45.8%) remained popular choices, along with dairy products (51.4%) and vegetables
(568.9%), indicating a broader dietary diversity among older infants.

The study found that 48.5% of the sample met the Minimum Acceptable Diet (MAD)
criteria. This indicates that nearly half of the infants aged 6-23 months received a diet
meeting the minimum standards for adequate nutrition.

3.3. Monovariate Factor Analysis of Inappropriate Complementary Feeding

The monovariate factor analysis of inappropriate complementary feeding in children,
as presented in Table 1, reveals several significant associations between various demo-
graphic and socioeconomic factors and the practice of CF. Firstly, maternal employment
status was significantly associated with CF practices (x> = 8.423, p = 0.038), with employed
mothers exhibiting a lower prevalence of incomplete feeding compared to unemployed
or retired mothers. Similarly, the father’s education level showed a significant association
with CF practices (x> = 12.07, p = 0.017), with higher education levels correlating with lower
rates of incomplete feeding.

Table 1. Summarized demographic characteristics and monovariate factor analysis of inappropriate
complementary feeding in children.

Inappropriate Complementary

Variables N (%) Feeding Test Statistics p Value
Yes (%) No (%)

Age (month) 1.725 0.42

7-9 109 (18.2%) 28 (25.7) 81 (74.3)

10-18 273 (45.4%) 61 (22.3) 212 (77.7)

19-23 218 (36.3%) 42 (19.3) 176 (80.7)

Gender 0.128 0.72

Male 294 (49%) 66 (22.4) 228 (77.6)

Female 306 (51%) 65 (21.2) 241 (78.8)

Body height (cm) 1.799 0.40

Mean + SD 75.7£94 76.1 £9.8 75.6 £9.2 0.523 0.60

54-68 cm 101 (16.8%) 26 (25.7) 75 (74.3) : :

69-79 cm 345 (57.5%) 69 (20) 276 (80)

89 and above 154 (25.7%) 36 (23.4) 118 (76.6)

Body weight (kg) 1.725 0.422

Mean + SD 11.8 £ 2.6 11.7 £ 27 119+26

7-9kg 314 (52.3%) 68 (21.7) 246 (78.3) 0.756 0451

10-12 kg 125 (20.8%) 23 (18.4) 102 (81.6)

9-23 kg 161 (26.8%) 40 (24.8) 121 (75.2)

BMI (kg/m?) 4.718 0.194

Mean + SD 20.8 4+ 3.6 20.7 + 3.3 209 4+ 3.7 0.597 0.55

Less than 18.5 (underweight) 140 (18.2%) 26 (18.6) 114 (81) ’ ’

Btw 18.5-24.9 (healthy weight) 395 (45.5%) 96 (24.3) 299 (75.7)

Among 25-29.9 (overweight) 50 (36.3%) 7 (14) 43 (86)

30.0 or higher above (obese) 15 (2.5%) 2 (13.3) 13 (86.7)

Birth’s Order 1.452 0.693

First-born 72 (12%) 16 (22.2) 56 (77.8)

Second-born 225 (37.5%) 51 (22.7) 174 (77.3)

Third-born 256 (42.7%) 57 (22.3) 199 (77.7)

Fourth and above 47 (7.8%) 7 (14.9) 40 (85.1)

Parents Information

11
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Table 1. Cont.

Inappropriate Complementary

Variables N (%) Feeding Test Statistics p Value
Yes (%) No (%)

Age of the mother (year) 7.006 0.072

20-30 341 (56.8%) 76 (26.3) 213 (73.7)

31-40 213 (35.5%) 42 (18.6) 184 (81.4)

41-50 40 (6.7%) 12 (15.8) 64 (84.4)

51-60 6 (1%) 1(11.1) 8 (88.9)

Height of the mother (cm) 0.885 0.829

Mean + SD 165.6 +7.3 1642 +£ 3.5 165.8 + 6.7 0231 0.82

150 cm 2 (0.3%) 20 (22.2) 70 (77.8) ’ ’

152-165 cm 312 (52%) 65 (21.7) 235 (78.3)

167-180 cm 285 (47.5%) 45 (22.5) 155 (77.5)

182-193 cm 1(0.2%) 1(10) 9 (90)

Body weight (kg) 0.252 0.969

Mean + SD 81.2 +£10.3 81.5+99 81.1 £10.1 0.405 0.69

60-70 kg 99 (16.5%) 20 (20.2) 79 (79.8) ’ ’

71-80 181 (30.2%) 40 (22.1) 141 (77.9)

81-90 189 (31.5%) 41 (22.7) 148 (78.3)

Above 131 (21.8%) 30 (22.9) 101 (77.1)

Mothers Education 2.552 0.635

None 171 (28.5%) 38 (22.2) 133 (77.8)

Secondary school 316 (52.7%) 73 (23.1) 243 (76.9)

FSC 93 (15.5%) 15 (16.1) 78 (83.9)

University Level 14 (2.5%) 3(21.4) 11 (78.6

Postgraduate 10 (1%) 2 (33.3) 4 (66.7)

Employment of Mother 8.423 0.038 *

Employed 28 (4.7%) 1(3.6) 27 (96.4)

Not employed 13 (2.2%) 5(38.5) 8 (61.5)

Retired 408 (68%) 95 (23.3) 313 (76.7)

Own business 151 (25.2) 30 (19.9) 121 (80)

Age of the Father (year) 2.611 0.625

20-30 9(32.1) 19 (67.9)

31-40 63 (21.6) 228 (78.4)

41-50 32 (20) 127 (79.9)

51-60 27 (22.5) 93 (77.5)

Above 60 0 (0) 2 (100)

Father’s Education 12.07 0.017 *

None 2 (50) 2 (50)

Secondary school 0(0) 1 (100)

high school 28 (19.7) 114 (80.3)

Undergraduate 58 (18.4) 258 (81.6)

Graduation 43 (31.4) 94 (68.6)

Employment of Father 2.149 0.542

Employed 75 (22.3) 262 (77.7)

Not employed 3(16.7) 15 (83.3)

Retired 1(7.1) 13 (92.9)

Own business 52 (22.5) 179 (77.5)

Household Information

12
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Table 1. Cont.

Inappropriate Complementary

Variables N (%) Feeding Test Statistics p Value
Yes (%) No (%)

Number of Children 22.64 <0.001 *

1 Child 0(0) 1 (100)

2 Child 6(7.2) 77 (92.8)

3 Child 54 (19.1) 229 (80.9)

4 Child 62 (31.3) 136 (68.7)

5 or above 9 (25.7) 26 (74.3)

Have enough food for children 1.799 0.180

Yes 78 (20.2) 309 (79.8)

No 53 (24.9) 160 (75)

Place of Delivery 0.123 0.726

Home 46 (22.7) 157 (77.3)

Health Institution 85 (21.4) 312 (78.3)

Sex of Household 0.178 0.673

Male 127 (22) 451 (78)

Female 4(18.2) 18 (81.8)

Average Monthly Income 9.809 0.007 *

<50k PKR 49 (16.5) 248 (83.5)

50k-100k PKR 75(27.1) 202 (72.9)

>100k PKR 7 (26.9) 19 (73.1)

Difficulty in accessing healthcare facilities 0.590 0.443

Yes 77 (23) 258 (77)

No 54 (20.4) 211 (79.6)

The score of Maternal knowledge In complementary feeding practice

Mean overall score 8.571 0.014 *

<4 40 (16.4) 204 (83.)

4-8 87 (26.3) 244 (73.3)

9-12 4 (16) 21 (84)

Child Feeding

Has your child been fed by their mother’s milk? 1.489 0.223

Yes 112 (21.1) 419 (78.9)

No 19 (27.5) 50 (72.5)

Still breastfeeding your child? 1.062 0.588

Yes 85 (22.2) 298 (77.8)

No 45 (20.9) 170 (79.1)

Age at which the child stops breastfeeding? 0.984 0.805

<6 months 15 (22.4) 52 (77.6)

6-12 months 34 (24.6) 104 (75.4)

>12 months 54 (20.4) 211 (79.6)

Skip 28 (21.5) 102 (78.50

Age of the child when complementary feeding was started? 150.3 <0.001

<4 months 23 (8.2) 259 (91)

4-6 months 98 (52.7) 88 (47.3)

>7 months 10 (7.6) 122 (92.4)

13
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Table 1. Cont.

Inappropriate Complementary

Variables N (%) Feeding Test Statistics p Value
Yes (%) No (%)

Reason for starting complementary food at the chosen age? 0.627 0.890

Baby seemed interested in food 16 (21.1) 60 (78.9)

Healthcare recommendation 36 (23.8) 115 (76.2)

Family or cultural tradition 47 (20.5) 182 (79.5)

I was unsure when to start 32(22.2) 112 (77.8)

Number of times you fed your child per day 13.45 0.004

Once only 19 (15.6) 103 (84.4)

2-3 times 48 (19.2) 202 (80)

3—4 times 58 (30.7) 131 (69.3)

4+ times 6 (15.4) 33 (84.5)

Information on Clean Water

Access to clean water 1.245 0.264

Yes 16 (27.6) 42 (72.4)

No 115 (21.2) 427 (78.8)

Does your domestic setup has the facilities to cook clean food? 2.341 0.126

Yes 110 (20.9) 417 (79.1)

No 21 (28.8) 52 (71.2)

Mothers Health

Have you experienced any of these changes when started CF 5.715 0.335

Weight gain 42 (89.4) 5(10.6)

Weight loss 47 (72.3) 18 (27.7)

Digestive problems 85 (77.3) 25 (22.7)

Fatigue 112 (80.6) 27 (19.4)

Emotional changes 105 (77.2) 31 (22.8)

Skin changes 78 (75.7) 25 (24.3)

Have you experienced any emotional changes when starting CF 6.498 0.039

Felt more emotionally stable 94 (86.2) 15 (13.8)

Yes, my stress increases 276 (77.7) 79 (22.3)

No Its same 99 (72.8) 37 (27.2)

Have you experienced any physical changes when starting CF 5.084 0.079

I'have noticed Positive changes 49 (27.7) 128 (72.3)

I have noticed negative changes 49 (19.8) 199 (80.2)

No its same 33 (18.9) 142 (81.1)

* The value is statistically significat at p < 0.05.

Bivariate factor analysis of Inappropriate Complementary feeding

Furthermore, the number of children in the household was strongly associated with CF
practices (x? = 22.64, p < 0.001), with households having more children showing higher rates
of incomplete feeding. Additionally, average monthly income was significantly associated
with CF practices (x? = 9.809, p = 0.007), with lower-income households exhibiting a higher
prevalence of incomplete feeding.

Maternal knowledge scores regarding infant feeding practices also showed a signifi-
cant association with CF practices (x? = 8.571, p = 0.014), with higher knowledge scores
correlating with lower rates of incomplete feeding. The age of the child when CF was
initiated also emerged as a significant factor (x> = 150.3, p < 0.001), with earlier initiation
associated with higher rates of incomplete feeding.

Furthermore, the daily feeding frequency was significantly associated with CF prac-
tices (x? = 13.45, p = 0.004), with higher-frequency feeding correlating with lower rates of

14
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incomplete feeding. Lastly, emotional changes experienced by mothers when starting CF
showed a significant association with CF practices (x? = 6.498, p = 0.039), with increased
stress levels linked to higher rates of incomplete feeding.

Emotional changes during CF initiation were significantly associated with maternal
stress levels. Mothers experiencing increased stress had a higher prevalence of incomplete
feeding, with 22.3% reporting elevated stress levels compared to 13.8% who felt more
emotionally stable and 27.2% whose emotional state remained unchanged.

In this study, several factors were found to be non-significant considering inappropri-
ate CF practices. Demographic characteristics such as the age and gender of the children,
as well as parental factors including maternal age, education level, and body characteristics
(height and weight), did not show significant associations with CF practices. Similarly,
household characteristics such as access to clean water, facilities for cooking clean food,
and difficulty in accessing healthcare facilities were not significantly associated with inap-
propriate CF. Additionally, factors related to child-feeding practices such as breastfeeding
initiation, frequency, and duration did not demonstrate significant associations with inap-
propriate CF practices.

To promote optimal infant feeding practices, socioeconomic, demographic, and emo-
tional factors must be addressed, as these factors influence CF practices in multiple ways.

The logistic regression analysis provided insights into factors associated with inappro-
priate CF practices in infants (Table 2). Several demographic and socioeconomic variables
showed significant associations. Infants born first in the birth order displayed notably
higher odds of inappropriate CF (OR: 3.118, p = 0.048) compared to those born later in
the birth order. Maternal employment status also appeared to be a significant factor, with
unemployed mothers showing lower odds of inappropriate CF than employed counterparts
(OR: 16.875, p = 0.015).

Table 2. The multivariate factor analysis of inappropriate complementary feeding in children.

. OR
Variables ©5%CI) p-Value
Body weight (kg)
7-9 1.451 (0.56-3.7) 0.44
10-18 1.094 (0.6-1.8) 0.74
19-23 (ref)
Gender
Male 1.197 (0.7-1.8) 0.419
Female (ref)
Body height (cm)
54-68 0.765 (0.2-2.5) 0.661
69-79 0.668 (0.3-1.3) 0.250
89 and Above (ref)
Body weight (kg)
7-9 0.784 (0.3-1.5) 0.493
10-12 0.791 (0.4-1.5) 0.488
9-23 (ref)
BMI (kg/m?)
Less than 18.5 (underweight) 0.936 (1.4-5.9) 0.944
Btw 18.5-24.9 (healthy weight) 1.496 (0.2-8.3) 0.647
Among 25-29.9 (overweight) 0.875 (0.13-5.6) 0.889

30.0 or higher above (obese) (ref)

15



Nutrients 2024, 16, 4379

Table 2. Cont.

. OR
Variables 95%CI) p-Value
Birth’s order
First-born 3.118 (1.0-9.6) 0.048 *
Second-born 2.537 (0.9-6.7) 0.063
Third-born 1.954 (0.7-5.07) 0.169
Fourth-born (ref)
Parents Information
Age of the mother (year)
20-30 2.854 (0.3-23) 0.327
31-40 1.826 (0.2-14) 0.575
41-50 1.500 (1.7-13) 0.714
51-60 (ref)
Height of the mother (cm)
150 2.571 (0.3-21) 0.384
152-165 2.489 (0.3-20) 0.391
167-180 2.613 (0.3-21) 0.368
182-193 (ref)
Body weight (kg)
60-70 0.680 (0.3-1.4) 0.299
71-80 0.966 (0.5-1.7) 0.914
81-90 1.052 (0.5-1.9) 0.870
Above (ref)
Mothers Education
None 0.589 (0.1-3.4) 0.556
Metric 0.624 (0.1-3.5) 0.595
FSC 0.388 (0.06-2.3) 0.308
University Level 0.535 (0.06-4.6) 0.569
Postgraduate (ref)
Employment of mother
Unemployed 16.875 (1.7-166) 0.015*
Retired 8.195 (1-61) 0.040 *
Self employed 6.694 (0.8-51) 0.067
Employed (ref)
Age of the Father (year)
20-30 0.987 (0.5-1.8) 0.968
31-40 1.067 (0.5-2.0) 0.842
41-50 0.910 (0.4-1.9) 0.804
Above 60 (ref)
Father’s Education
None 2.186 (0.2-16) 0.442
FSC 0.537 (0.3-0.9) 0.026 *
Postgraduate 0.491 (0.3-0.77) 0.002 *
University Level (ref)
Employment of Father
Employed 1.143 (0.7-1.7) 0.562
Not employed 0.986 (0.2—4.2) 0.985
Retired 0.245 (0.02-2.1) 0.208
Self-employed (ref)

Household Information
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Table 2. Cont.

. OR
Variables 95%CI) p-Value
Number of Children
2 0.194 (0.50.6) 0.008 *
3 0.621 (0.2-1.5) 0.310
4 1.249 (0.5-3.1) 0.633
5 or above (ref)
Have enough food for children
Yes 0.720 (0.4-1.1) 0.147
No (ref)
Place of Delivery
Home 1.020 (0.6-1.6) 0.931
Health Institution (ref)
Sex of Household
Male 0.832 (0.2-2.8) 0.772
Female (ref)
Average Monthly Income (%1000 PKR)
<50 1.879 (1.2-2.8) 0.002 *
50-100 1.865 (0.7-4.6) 0.184
>100 (ref)
Difficulty in accessing healthcare facilities
Yes 1.080 (0.6-1.6) 0.735
No (ref)
Maternal knowledge
<4 1.818 (1.1-2.7) 0.005 *
4-8 0.971 (0.3-2.9) 0.960
9-12 (ref)
Child Feeding
Has your child been fed by their mother’s milk?
Yes 0.639 (0.3-1.2) 0.177
No (ref)
Still breastfeeding your child?
Yes 0.443 (0.02-7.6) 0.576
No 0.360 (0.02-6) 0.476
Age at which the child stops breastfeeding? (Months)
<6 1.051 (0.5-2.1) 0.891
6-12 1.191 (0.6-2.1) 0.548
>12 0.932 (0.5-1.5) 0.789
Skip (ref)
Age of the child when complementary feeding was started? (Months)
<4 1.041 (0.4-2.2) 0.919
4-6 13.91 (6.8-28.4) <0.001 *
>7 (ref)
Reason for starting complementary food at the chosen age?
Baby seemed interested in food 0.964 (0.4-1.9) 0.916
Healthcare recommendation 1.117 (0.6-1.9) 0.693
Family or cultural tradition 0.917 (0.5-1.5) 0.740

I was unsure when to start (ref)
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Table 2. Cont.

. OR
Variables 95%CI) p-Value
Number of times you fed your child per day
Once only 1.093 (0.3-3.3) 0.876
2-3 times 1.426 (0.5-4.0) 0.503
3-4 times 3.021 (1.0-8.5) 0.038 *
4+ times (ref)
Information about clean water
Access to clean water
Yes 0.1443 (0.7-2.6) 0.241
No (ref)
Does your domestic setup have the facilities to cook clean food?
Yes 0.644 (0.3-1.11) 0.117
No (ref)
Mothers Health
Have you experienced any of these changes when started CF
Weight gain 0.371 (1.1-1.04) 0.061
Weight loss 1.285 (0.6-2.5) 0.494
Digestive problems 0.968 (0.5-1.8) 0.922
Fatigue 0.750 (0.4-1.3) 0.365
Emotional changes 0.962 (0.5-1.7) 0.902
Skin changes (ref)
Have you experienced any emotional changes when starting CF
Felt more emotionally stable 1.679 (1-2.7) 0.047 *
Yes, my stress increases 1.024 (0.6-1.6) 0.925

It’s the same (ref)

Have you experienced any emotional changes when starting CF

I have noticed positive changes 0.404 (0.2-0.7) 0.008 *
I'have noticed negative changes 0.747 (0.4-1.1) 0.214
It’s the same (ref)

* The value is statistically significat at p < 0.05.

Moreover, certain parental characteristics and household dynamics were linked to
inappropriate CF practices. For instance, fathers with postgraduate education displayed
decreased odds of inappropriate CF (OR: 0.491, p = 0.002) compared to those with university-
level education. Additionally, households with two children exhibited significantly lower
odds of inappropriate CF (OR: 0.194, p = 0.008) than those with five or more children.
Furthermore, financial factors played a role, with households earning less than 50k PKR
per month having higher odds of inappropriate CF (OR: 1.879, p = 0.002) than those earning
above 100k PKR per month.

Health-related factors also showed associations with inappropriate CF. For instance,
infants introduced to CF between 4 and 6 months had substantially higher odds of inappro-
priate CF (OR: 13.91, p < 0.001) than those introduced after 7 months. Additionally, infants
fed three to four times daily had higher odds of inappropriate CF (OR: 3.021, p = 0.038)
compared to those fed four or more times daily.

The findings emphasize the complicated nature of factors influencing CF practices
in infants, highlighting the need for targeted interventions that address socioeconomic,
demographic, and health factors.
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4. Discussion

This study aims to assess the prevalence of inappropriate CF among infants in Pakistan
and identify factors associated with it while examining its impact on health outcomes. It is
recommended to introduce CF at six months of age, as feeding before or after six months
may lead to adverse health consequences.

In this study, questionnaire data were used to examine minimum dietary diversity,
meal frequency, and acceptable diet among Pakistani children aged 9 to 23 months. How-
ever, according to this study, the practices of timely initiation of CF, minimum meal
frequency, minimum dietary diversity, and minimum acceptable diet were 60.3%, 32.7%,
24.6%, and 48.5%, respectively, among mothers of children aged 9-23 months. The rate of
timely CF initiation in our study is lower compared to regional countries, where 71% and
70% of children in Bangladesh [26] and Nepal [27]. However, Sri Lanka has the highest
CF rate in South Asia, i.e., 84% [28]. The proportion of 6-23-month-old children who met
the Minimum Meal Frequency (MMF) criteria in the current study was 32.7%. This is
lower than the findings from Sri Lanka (88.3%), Bangladesh (81%), Nepal (82%), coastal
South India (77.5%), Derashe, Southern Ethiopia (95%), and the Amibara district, Northeast
Ethiopia (69.2%) [29-34]. However, it is nearly comparable to the results from Nagle Arsi
(67.3%) and the Bale Zone, Ethiopia (68.4%) [35,36].

The disparity in MMF proportions among these studies may be attributed to differ-
ences in caregivers’ sociocultural, educational, and employment conditions. The current
study found that 24.6% of children met the Minimum Dietary Diversity (MDD), which
indicates that these children were fed from at least four out of the seven food groups:
grains, roots and tubers; legumes and nuts; dairy products; flesh foods; vitamin A-rich
foods; eggs; and other fruits and vegetables. When comparing this figure to other studies,
the percentage in the current study is somewhat similar to Bangladesh, where 42% of
children met the MDD. However, it is higher than the figures reported from the Nagle
Arsi region (18.8%), Damota Sore (16%), India (15%), and Nepal (34%). On the other hand,
the percentage is significantly lower than in Sri Lanka, where 71% of children met the
MDD [37-39].

This study shows that the significant factors of inappropriate CF are the order of birth,
mother’s employment status, parental education, number of children, household income,
maternal knowledge, and maternal health. The findings show that maternal education,
employment, and health significantly influence CF.

The work situation of mothers significantly influences the appropriateness of CF.
Mothers working part-time have a reduced risk of adopting inappropriate CF compared
to non-working mothers. This finding is consistent with a study conducted in Nepal [40],
where working mothers, due to their increased empowerment and decision-making role
in the household, are better able to manage their child’s feeding. On the other hand,
in developed countries, working mothers often initiate CF before 6 months, which is
considered inappropriate. This early initiation is linked to their work schedules and the
belief that breastfeeding is outdated [41]. In Ethiopia, some studies have shown that
working mothers may wean breastfeeding too early to return to work, while non-working
mothers are more likely to start CF at the recommended 6 months. Various studies have
revealed that a lack of knowledge of the mother was the primary reason for the early
introduction of CF [42].

Our study shows a positive correlation between mothers” education and inappropriate
CF practices. Mothers with limited knowledge are less likely to know about CF, which
aligns with findings from other studies [43—45]. Memon et al. described a positive rela-
tionship between maternal education and nutritional status, noting that some uneducated
mothers delayed CF until their child was 1 year old [46]. Our qualitative research findings
indicate that a significant number of mothers lack awareness regarding the appropriate
age to initiate CF for their children. In their explanations, they cited various reasons for
delaying the introduction of CF. Some expressed concerns that semi-solid and solid foods
were too harsh for their children’s delicate digestive systems, fearing potential adverse re-
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actions such as vomiting or diarrhea. Despite being the primary caregivers, many mothers
reported that decisions regarding feeding practices, including the introduction of CF, are
often made by their husbands and mothers-in-law. Additionally, mothers acknowledged
that their mothers-in-law possess greater knowledge about the nutritional requirements of
children and the importance of providing them with nutrient-rich foods.

Regarding household characteristics, the monthly income also positively showed
an association with inappropriate CF, similar to a published study, which showed that
the percentage of timely CF at 6-8 months was higher in richer and richest households,
at 51.3 and 70.9%, respectively, compared with poorest, poorer, and middle households,
which achieved rates of 28.0, 33.7, and 23.1%, respectively [47]. This association are
in accordance with other studies [3,28,47,48], where they also highlighted how women
perceived poverty as a barrier to adequately feeding their children [48], while Liaqat et al.
identified poverty as a primary factor contributing to inappropriate feeding practices [49].

In Pakistan, the timing of CF is a significant challenge, as the percentage of timely
introductions of complementary food is lower than in some other South Asian nations. One
of the studies conducted by Shamim et al. [50] indicates that the premature initiation of
CF has been linked to an elevated risk of infections, and study [51] showed that a delayed
introduction of CF negatively impacts growth and may contribute to problematic eating
behaviors such as food rejection and difficulty in learning to chew. Late or early intake
of complementary foods in Pakistani children is a critical concern, as a diverse diet is
connected to an optimal micronutrient intake and a decreased risk of stunted development
among children in underdeveloped countries.

Unlike previous research in Pakistan and other low- and middle-income countries
that has primarily focused on breastfeeding, our study uniquely emphasized improving
CF practices. While other study [25] like that of analyzed CF practices using data from
the 2012-2013 Demographic and Health Survey, our research provides fresh, up-to-date
evidence on child-feeding behaviors. Our findings reveal that factors such as childbirth
order, the mother’s employment, parental education, number of children, income, maternal
knowledge, and maternal health significantly influence CF practices. Specifically, maternal
education, employment, and health were found to have a strong impact on appropriate
feeding behaviors. This highlights the importance of these socio-economic and maternal
factors in improving child nutritional outcomes. Our study fills existing gaps in the litera-
ture and offers valuable insights for targeted interventions and policy recommendations to
enhance CF practices in Pakistan.

Limitations of the Study

The study has several limitations that need to be considered. First, the cross-sectional
nature of the data limits our ability to draw causal conclusions. Additionally, the question-
naire was administered only once, which may introduce respondent biases, such as socially
desirable answers. The survey did not include detailed information on the quantity and
quality of food consumed, making it difficult to assess nutritional adequacy. Furthermore,
the data were collected in a hospital setting, which may not be fully representative of the
general population. This setting requires participants to have access to Google and literacy
skills, limiting the sample to those with these resources. A community center could have
provided a broader and more diverse sample.

5. Conclusions

Our research found that the inappropriate CF practices of infants are strongly related
to maternal education, job, number of children, maternal knowledge, birth order, and the
mother’s health. As a result, efforts must be made in laws and regulations to promote safe
breastfeeding and CF, female education, and the availability of inexpensive, nutritious, and
diversified meals.
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Abstract: Cereals are an important source of nutrients, especially used in complementary feeding.
The objective of this study is to review the nutritional composition of cereal-based foods for infants
from 4 months and toddlers that are offered in Spain and Ecuador, countries selected because of
the opportunity to work in them, and due to their socio-economic differences (industrialized and
developing countries, respectively). The number of these products was 105 cereals in Spain and 22 in
Ecuador. The products were classified as gluten-free cereals, five cereals, eight cereals, multigrain
cereals, and cookies. A 25 g serving was used to determine the percentage in which the samples
analyzed can cover the Reference Nutrient Intake (RNI) for micronutrients in infants from 7 months
and toddlers according to the European Food Safety Authority (EFSA). Nutritional information
per 100 g of dry product was collected according to medium, minimum, and maximum units, and
nutrient density was calculated. The age range in which these products are recommended is different
in both countries. The nutritional composition presents some differences; Spanish cereals show
a lower content of sodium, added sugars, hydrolyzed cereals, and maltodextrin than Ecuadorian
cereals. Commercialized cereals could contribute to satisfying the nutritional needs of infants and
toddlers; however, they can also be a source of non-recommended components.

Keywords: Spain; Ecuador; cereals; cookies; infants; toddler; complementary feeding; macronutrients;
micronutrients

1. Introduction

Diet quality can be influenced by characteristics of the country of residence, such
as socio-economic status. Indicators such as Gross Domestic Product (GDP) can give
us information about differences between countries. In this sense, Spain and Ecuador,
with different GDPs (USD 52.01 thousand per capita and USD 14.48 thousand per capita,
respectively), are examples of industrialized and developing countries, respectively [1].

An optimal diet, leading to a nutritional situation that prevents alterations by excess
or defect during the first 1000 days of human life (from pregnancy to 2 years of age), is the
key to maintaining a good state of health throughout life [2].

Under this premise, the introduction of new foods for “infants”, understood as “chil-
dren under 12 months of age” [3], is a crucial moment to initiate healthy feeding practices [4].
The introduction of foods other than breastmilk or infant formula as a complement to, rather
than a substitute for, breastfeeding is called complementary feeding (CF), or Beikost [5].
According to the current evidence base, the World Health Organisation (WHO) supports the
initiation of CF from the sixth month, with particular emphasis on not delaying initiation
beyond this time to avoid nutritional deficiencies, especially iron and zinc deficiencies [6].
This initiation of CF at 6 months is also indicated by the Ecuadorian Ministry of Public
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Health (MSP) [7] and the Spanish Paediatric Association (AEP) [5]. The AEP allows the
introduction of foods from 4 months of age in non-breastfed children [5].

The European Society for Pediatric Gastroenterology, Hepatology, and Nutrition
(ESPGHAN) also agrees with this recommendation [4]. According to the European Food
Safety Authority (EFSA) recommendations, the introduction of foods before 6 months of
age is not necessary, except in infants at risk of iron deficiency, when introducing iron-rich
foods before 6 months of age could be beneficial [8]. In the LAyDI study, which included
1200 Spanish children born between April 2017 and March 2018, it was observed that the
average iron intake was lower than the EFSA recommendations, possibly due to a decrease
in the consumption of processed infant foods enriched with iron among children aged
18 to 24 months [9]. Other studies in Spain indicate deficiencies of micronutrients in the
diets of more than half of children, particularly in vitamins E and D, calcium, folate, and
magnesium [10,11]. Meanwhile, in Ecuador, 9.9% of children under five years of age and
1.8% of school-aged children have iron deficiency [12]. Furthermore, zinc deficiency is
present in 27.5% of children under 5 years old and in 28.1% of school-aged children [12].

To initiate this transition between exclusive breastfeeding and Beikost, the latest
recommendations of the AEP state that CF can be initiated with any food that does not
pose a risk of choking [5], as does the MSP, which suggests starting CF with soft foods [13].
These guidelines in both countries are in line with the infant feeding method called “Baby
Led Weaning (BLW)”, which involves the baby leading their own feeding [14], choosing
from a variety of soft food offered by the parents/guardians [5,15]. This may lead to better
energy self-regulation [16] like the BLISS method, which, in addition to promoting energy
self-regulation, aims to prevent iron deficiency by offering foods that meet their nutritional
needs [17].

For decades, this initiation of CF has mainly been carried out with the cereal group [18],
as it serves as an excellent vehicle for enriching the diet with iron [18], thus covering the
needs for this mineral, which are increased in infants from 6 months of age [19]. Cereals are
also a good source of phosphorus and potassium, as well as vitamins, including those of the
B group, except By, [18,20]. However, it should be remembered that these micronutrients
are found in the bran, so their final contribution will depend on the degree of grain
processing [18,20]. A frequent practice in the industry is subsequent enrichment [21]. Other
reasons for the use of cereals to initiate CF are its mild taste, semi-solid consistency, and
texture [22].

All of the above-mentioned benefits led to the popularization of cereal products in
infant feeding during the 19th century, resulting in their commercialization [18]. According
to the Spanish Agency of Food Safety and Nutrition (AESAN), “Cereal-based foods are
those intended to meet the specific needs of infants (children under 12 months of age)
and toddlers (children from 1 to 3 years of age) in good health, as a supplement to their
diet and/or for their progressive adaptation to the family diet” [3]. The presentation of
these products has evolved over time. Initially, infant cereals consisted of a mixture of
cereal flour and water. By the mid-19th century, the first infant formulas containing cow’s
milk, wheat flour, and malt flour appeared. Subsequently, modified starches became a
common component in the preparation of baby foods [18] through the process of hydrolysis,
which involves improved starch digestibility and its dispersibility in liquids, resulting in an
enhancement of sensory properties, including an increase in sweetness due to the release
of sugar [23]. Considering the ESPGHAN recommendations to avoid sugar in CF [4], this
practice is not recommended [24]. The European Childhood Obesity Project found that
over 95% of Spanish infants aged 9 to 12 months included in its study cohort consumed at
least one sugary commercial complementary food [25].

Based on the aforementioned considerations, the aim of this study is to review the
nutritional composition of cereal-based foods that are offered to infants from 4 months
and toddlers in Spain and Ecuador, countries selected because of the opportunity to work
in them and their socio-economic differences (industrialized and developing countries,
respectively).
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2. Materials and Methods

For the present study, nutritional information and ingredient labeling of 212 processed
cereal-based foods were collected in 2021. However, in 2022, the database of this sample
was updated to visualize changes in the market of these CF products, incorporating new
products and eliminating those that were no longer sold, resulting in a total of 127 processed
cereal-based foods. Thus, in Spain, a sample of 192 products was selected between January
and March 2021. However, the sample was updated between May and June 2022, resulting
in a final sample of 105 products (70 non-updated, 18 updated, and 17 new): 96 commercial
infant cereals and 9 cookies (Figure 1). In Ecuador, a sample of 20 products was selected
between February and March 2021 and subsequently updated in July 2022, resulting in
a sample of 22 products (13 non-updated, 4 updated, and 5 new): 16 commercial infant
cereals and 6 cookies (Figure 1). For the selection of these products, researchers included
infant cereals for children up to two years of age and infant cookies commercialized in
pharmacies, supermarkets, and websites from Spain and Ecuador, excluding cereal-based
products for children over two years of age.

First search Data update Final sample
(January and March 2021)  (May and June 2022) (May and June 2022)

104 discontimued

96 commercial
e infant cereals [
and 9 cookies

192 commercial
SPAIN -
infant cereals and

cookies

18 updated
70 notupdated

105 cereal-

based foods

17 new
127
PRODUCTS

3 discontinued

ECUADOR mmp [PEun o eEl 4 updated 16 commerdial 29 cereal-
infant cereals and e infant cereals . B
cookies 13 not updated and 6 cookies ErEesl TRl
5 new
First search Data update Final sample
(February and March 2021) (Tuly 2022) (July 2022)

Figure 1. Sample selection.

The samples were classified using the commercial names of the cereals (gluten-free
cereals, 5 cereals, 8 cereals, multigrain cereals, and cookies), as well as the type and number
of cereals, mentioning that the “multigrain” category included products that contained
more than one cereal, but could not be grouped in either the “5 cereals” or the “8 cereals”
categories due to the number of cereals present.

The following data were recorded: the recommended age of consumption by the
manufacturer, the types of cereals present in each category, and the number of products
with whole grains and added sugars (including glucose, fructose, sucrose, glucose syrup,
and those naturally present in honey and fruit juices), using AESAN as a reference [26],
and hydrolyzed cereals (when the ingredients indicated hydrolyzed or dextrinized cereal).

The sugar content was examined based on the AESAN criteria, which state that “A
food may only be declared as having a low sugar content, as well as any other declaration
that may have the same meaning for the consumer, if the product does not contain more
than 5 g of sugars per 100 g in the case of solids” [27].

Along these lines, the fiber content indicated on the labeling was also reviewed to
determine whether it met the AESAN criteria for declaring a food high in fiber (>6 g of
fiber per 100 g or 3 g of fiber per 100 kcal) [27].
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In addition, since the nutritional labeling of the Spanish products only indicated
the salt content, the sodium content was calculated by converting salt to sodium (salt in
g =sodium in g x 2.5) [28]. However, in Ecuador, this calculation was omitted, as the
Ecuadorian products do indicate the sodium content.

Considering the serving size suggested by most manufacturers, a 25 g serving was
used to determine the percentage in which the samples analyzed cover the Reference
Nutrient Intake (RNI) for vitamins and minerals of infants (7 months to 1 year) and
toddlers (1 to 3 years) according to the EFSA [29]. Importantly, the 4- to 6-month-old group
was excluded from the analysis due to the absence of commercial cereals targeting children
under 6 months in Ecuador, as they are not recommended for this age range [7]. The current
study reviewed various nutritional variables, including energy, protein, total fat, saturated
fat, carbohydrates, total sugars, and fiber. Additionally, water-soluble vitamins such as
vitamin C (ascorbic acid), vitamin B; (thiamin), vitamin B, (riboflavin), vitamin B3 (niacin),
vitamin Bs (pantothenic acid), vitamin Bg (pyridoxine), vitamin By (folic acid), and vitamin
B1y (cobalamin), as well as fat-soluble vitamins, such as vitamin A (retinol), vitamin D
(cholecalciferol), and vitamin E (tocopherol), were reviewed. Minerals such as calcium, iron,
zinc, and sodium were also reviewed. For the statistical analysis, nutritional information of
these variables was collected per 100 g of dry product according to medium, minimum,
and maximum units, and nutrient density (the amount of nutrient/unit of energy, in our
case calculated per 1000 kcal) was calculated using Excel 2021.

3. Results
3.1. Characteristics of the Sample

A total of 127 cereal-based foods were included from Spain (105) and from Ecuador (22).
These products were categorized based on their commercial denomination as follows:

gluten-free cereals (27), five cereals (13), eight cereals (43), multigrain cereals (29) and
cookies (15) (Table 1).

Table 1. Description of products from Spain and Ecuador.

Commercial Total Gluten Wh?le Added Sugar Hydrolyzed
Cereal Country Grains Cereals
Categories Number of Products
Spain 23 0 6 1 11
GLUTEN-FREE CEREALS Ecuador 1 0 0 0 3
Spain 7 7 5 0 5
5 CEREALS Ecuador 6 6 3 1 2
Spain 39 39 22 19 21
8 CEREALS Ecuador 3 i T 1 3
Spain 27 27 12 6 10
MULTIGRAIN CEREALS Ecuador 2 5 1 1 1
Spain 9 7 1 9 0
COOKIES Ecuador 6 4 1 5 0

Regarding the recommended age for the consumption of infant cereals, the commer-
cial companies in Ecuador suggest their 22 products from 6 months of age. In contrast,
25 infant cereals from Spain are recommended from 4 months of age, with only one product
containing gluten in this group.

3.2. Description of Ingredients

The samples were categorized based on the number of cereals they contain, with Spain
predominantly featuring products from the “8-cereals” category (n = 39), while Ecuador
had products from the “5-cereals” category (n = 6) and “cookies” (n = 6). Additionally,
the cereals comprising each category were examined. In both countries, the “gluten-
free” category mainly consists of rice and corn. Conversely, the “5-cereals” category is
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characterized by wheat, barley, oats, and rice, with corn in Ecuador and rye in Spain. The
“8-cereals” category typically includes wheat, corn, rice, oats, barley, rye, sorghum, and
millet in both countries, also featuring products with triticale and spelt in Spain. In the
“multigrain” category, products usually contain wheat, rice, and oats in both countries,
while Spain additionally offers products with corn, quinoa, barley, rye, and spelt. Cookies
in both countries commonly contain wheat, rice, and oats; meanwhile, often in Spain, corn,
barley, and rye are also included.

Table 1 shows the number of products containing gluten, whole grains, added sugars,
and hydrolyzed grains. The “5-cereals” category has the highest percentage of products
that include whole grains.

It is worth noting that, with the exception of one cookie in Ecuador, all of them
mention the presence of added sugars, but none of these products contain hydrolyzed
cereals (Table 1).

3.3. Energy and Nutrient Content per 100 g of Product

In terms of energy content, children’s cereals offered in Spain (377-438 kcal /100 g)
and Ecuador (377-420 kcal /100 g) show similar values. Notably, cookies have the highest
caloric content among the categories (Table 2).

Regarding macronutrient content, the samples showed similar amounts of proteins,
carbohydrates, and fats. The labeling also indicated the presence of saturated fatty acids,
which were found in greater quantities in the cookies compared to the other categories
(Table 2).

Following the AESAN criteria [27], 39 products in Spain and 2 products in Ecuador
can be classified as “low in sugar” (<5 g of sugars per 100 g) (Table 2).

The fiber content indicated on the labeling was also examined, revealing that cereals
marketed in Spain contain a higher amount (2-8 g/100 g) of fiber compared to those offered
in Ecuador (1-4.3 g/100 g), with gluten-free cereals and cookies having the lowest amount
of fiber in both countries. Additionally, some products meet the criteria set by AESAN for
declaring a food as high in fiber (>6 g of fiber per 100 g or 3 g of fiber per 100 kcal) [27],
despite not explicitly stating it in their commercial name (Table 2).

Regarding the declaration of vitamin content in nutrition labeling, in Ecuador, products
in the category of multigrain cereals do not declare the amount of any vitamin and cookies
only declare the content of vitamin B;. In Spain, on the other hand, multigrain cereals
declare the presence of all the vitamins studied and cookies declare vitamins By, By, B3, Bs,
Bg and C (Table 2).

Among the cereals that report their micronutrient content, Table 2 shows that vitamin C
is found in greater quantities in the five-cereal category.

Regarding minerals, the calcium content indicated on the label is higher in the cereals
offered in Ecuador. In relation to iron, cereal products and cookies marketed in Ecuador
have the highest amount of this mineral. With regard to sodium, cookies are the products
with the highest content in both countries (Table 2).
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3.4. The Nutrient Density of Infant Cereals

To assess the nutritional quality of infant cereals, their nutrient density (amount of
nutrients per 1000 kcal) was calculated. Based on this measure, it was observed that the
“5-cereals” category exhibits the highest protein density (Table 3).

Regarding fiber density, cereals available in Spain (5-20.7 g/1000 kcal) demonstrate
higher levels compared to those in Ecuador (2-11 g/1000 kcal) (Table 3).

From these findings, it is notable that vitamins D and E, in products where they are
specified, tend to be higher in cereals from Spain (Table 3).

Based on the minerals most frequently declared in the products reviewed (calcium,
iron, zinc, and sodium), we can highlight that, in terms of the nutritional density of iron,
the greatest differences between both samples are observed in the “5-cereals” and “cookies”
categories, with higher levels in the products commercialized in Ecuador. Additionally,
the nutritional density of zinc and sodium was higher in the cereals offered in Ecuador
(Table 3).

3.5. Results of the Contribution of 25 g of Product to the EFSA Recommended Nutrient Intakes for
Infants and Toddlers

Table 4 presents the percentage by which these products can meet the EFSA RNIs for
micronutrients of infants (7 months to 1 year) and toddlers (1 to 3 years) in an average
serving of 25 g. It is important to note that Table 4 only displays the percentages of RNIs
for vitamins and minerals declared in the nutritional labeling. Upon closer examination of
the data, it is notable that products in the “5-cereals” category, in a 25 g serving, can meet
more than 60% of the RNI for vitamin C. It is worth mentioning that the reviewed sample
contributes a higher percentage towards meeting the RNI for vitamin C, while it provides a
lower percentage to fulfill the RNI for vitamin Bg and sodium.

In terms of the RNI for vitamin A, it can be observed that a 25 g serving of cereals
offered in Spain and Ecuador provides more than 39% of the RNI (Table 4).

Considering the percentage contribution of all categories to the RNI for iron, significant
differences are noted between the minimum and maximum values in the cereals offered in
Ecuador. For instance, products in the “5-cereals” category contribute up to 114% of the
recommendations (Table 4).
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4. Discussion

For the initiation of CF, both countries have developed their own guidelines regarding
the age, presentation, and order of introduction of the different food groups [5,7]. These
guidelines likely contribute to the notable disparity in the number of cereal-based products
identified in Spain (105 products) and in Ecuador (22 products). Moreover, dietary recom-
mendations for children under two years of age in Spain advocate for the consumption of
cereals in different formats, including powdered cereals [5], whereas in Ecuador, the em-
phasis is solely on the consumption of cereals in their natural state [13], possibly influenced
by socio-economic and cultural factors. Thus, in another Latin American country similar
to Ecuador, such as Chile, a cross-sectional study was developed between August and
December 2018 with a sample of 364 mothers of children under 24 months, of whom 11.4%
reported having offered cereals as the first food to their infants during the first two years of
life [30]. This finding is noteworthy, considering that 12.1% of health professionals in Latin
America recommend initiating CF with cereals [31]. In contrast, a Spanish study carried
out in 2018, which examined the most commonly used foods among children under two
years old, found that 93% of respondents reported using other types of food. This category
included cereals such as pasta (62%), bread (53%), semolina (20%), or rice (81%) [32].

According to the results in the current study, in Ecuador, all the cereal products re-
viewed (22) are recommended by the manufacturer for infants from the age of 6 months,
while in Spain, less than a third are indicated for use from 4 months. This finding aligns with
the Ecuadorian CF guidelines, which suggests initiating the introduction of foods, including
cereals, from 6 months, and the Spanish feeding guide, which, in non-breastfed children,
allows the introduction of food from 4 months of age [5,7], similarly to ESPGHAN [4]. The
EFSA suggests not introducing food before 6 months unless there is a risk of iron deficiency,
recommending in this case the incorporation of iron-rich foods [8]. The ESPGHAN com-
mittee notes that around 4 months of age, renal and gastrointestinal functions are mature
enough to start CF from week 17 [33]. In contrast, the United States and Mexico recommend
introducing cereals from 6 months of age [34,35]. Thus, it only seems to be agreed for the in-
troduction of cereals “not to be ingested before four months of age” [24]. Therefore, further
studies are needed to ensure and globally regulate the correct age for introducing cereals
into an infant’s diet, considering that the introduction of food requires the development of
certain motor skills, physiological processes, and maturity of the various systems in the
infant’s body [36].

In relation to the labeling of these products, both countries comply with the mandatory
declaration of nutrients and the voluntary declaration of vitamins and minerals. However,
in Ecuador, the declaration of sodium is mandatory, while in Spain, the salt content must be
declared directly. Below are detailed regulations that must be complied with in each market
where infant cereals are commercialized. In Spain, the mandatory nutritional information
to be declared in accordance with the provisions of Regulation (EU) No. 1169/2011 of
the European Parliament and of the Council of 25 October 2011 includes the following:
“The energy value, fats, saturated fats, carbohydrates, sugars, proteins, and salt must be
declared “per 100 g or per 100 mL”, which allows comparison between products and,
on a voluntary basis, can be declared: monounsaturated and polyunsaturated fatty acids,
polyols, starch, dietary fiber, vitamins, or minerals”. This fact explains why cookies in Spain
do not include information on all the vitamins and minerals listed in Tables 2 and 3 [37].
According to the Ecuadorian Technical Standard (NTE) 2618:2013 from the Ecuadorian
Institute of Standardization (INEN) for cereal-based foods for infants and young children,
the mandatory nutritional information for declaration is as follows: “The energy value,
expressed in kilojoules (kJ) or optionally in calories (kcal), and the amount in grams (g) of
protein, carbohydrates, and fat per 100 g of food or 100 mL of prepared food and, when
appropriate, per serving. As for the declaration of vitamins and minerals, this should be
done considering the reference values suggested by the regulations, highlighting that the
declaration of these nutrients is not indicated as mandatory” [38]. In addition to the above,
the NTE of INEN 1334-2:2011, for the labeling of food products for human consumption,
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indicates the following: 5.1.2 In addition to the mandatory nutrients, for those products
whose total fat content is equal to or greater than 0.5 g per100 g (solids) or 100 mL (liquids),
the amounts of saturated fatty acids and trans fatty acids, in grams, shall be declared in
addition to the total fat. 5.1.3 The amount of any other nutrient for which a nutrition and
health claim is made. 5.1.4 Where a claim is made with respect to the amount or type of
carbohydrate, the total amount of sugars should be included, the amounts of starch and/or
other carbohydrate constituent(s) may also be indicated. Where a claim is made for dietary
fiber content, the amount of dietary fiber should be stated. This regulation also refers to
the obligation to declare sodium [39]. All this information implies that the comparison is
complicated because it depends on what the manufacturer has included in its label.

Another aspect reviewed in the current study was the type of ingredients, including
gluten, which is present in commercial cereals recommended in Spain from 4 months of
age and in Ecuador from 6 months of age. In this sense, there is no consensus among
all the entities about when to introduce gluten; thus, the MSP of Ecuador recommends
including it from 8 months of age [13], while the ESPGHAN suggests avoiding the early
(before 4 months) or late (after 7 months) introduction of gluten [40]. On the other hand,
the Enquiring About Tolerance (EAT) study found that recruited breastfed infants who
consumed enough potentially allergenic foods (including wheat) from 3 months of age had
a significant reduction in the prevalence of food allergies [41].

In terms of added sugars, among the samples analyzed, 35 products (33.3%) offered in
Spain and 8 products in Ecuador contained added sugars, results similar to those reported
in the European Union report based on the Global Novel Products Database, which states
that out of 4196 infant foods (including 502 processed cereal-based foods), 1359 products
(31.9%) had added or free sugars [42]. Similarly, a study conducted in Africa (Burkina
Faso, Cameroon, Ghana, Nigeria, and Senegal) found that 49.4% of commercial baby
foods (including cereals) contained added sugars [43]. Considering the request of the
ESPGHAN to limit the addition of added sugars to CF products [44], manufacturers should
comply with this recommendation and avoid adding any sugars and the hydrolysis process
in the manufacture of commercial cereals for infants. This process is unjustified given
infants” ability to digest starch, facilitated by enzymes such as salivary a-amylase and
glucoamylase-maltase, which compensate for the deficiency of pancreatic x-amylase typical
of their age [45].

In reviewing the number of products containing whole grains, it was established that
almost half of the sample in Spain and less than a third of the products in Ecuador contain
whole grains. Based on the data presented, we believe that manufacturers should incorpo-
rate this type of cereal into their products to contribute to the average fiber requirement,
which according to EFSA for children between 1 and 3 years of age is 10 g/day [29]. It
is worth emphasizing that in children under one year of age, there are no recommended
dietary intakes of fiber, as breast milk (the primary food for this age group) covers their
needs [46]. Additionally, studies on dietary habits show the necessity of increasing the
consumption of whole-grain cereals in the infant population [47], due to their positive
effects on controlling body weight and reducing the risk of diabetes and cerebrovascular
diseases [48].

In terms of energy content, among the samples reviewed, “cookies” represent the
category that meets the energy content recommended by the Codex Alimentarius, which
stipulates that complementary foods consisting of a mixture of cereals should provide
no less than 4 kcal/g in dry weight [49]. Moreover, the fat content complies with rec-
ommendations, as they contain less than 30% of the total energy from fats and less than
10% from saturated fatty acids, thus aligning with the nutrient profile model of the Pan
American Health Organization (PAHO) [50]. However, based on these results, the quantity
and quality of energy provided in general may not contribute to weight gain, a significant
finding given the high prevalence of childhood obesity in Spain (14.2%) [51] and the double
burden of malnutrition in Ecuador, where obesity affects 35.4% of children aged 5-11 [52],

36



Nutrients 2024, 16, 1992

while chronic malnutrition affects 20.1% of children under two and 17.5% of children under
five [53].

Regarding the presence of carbohydrates, according to AESAN criteria [27], 2 products
in the Ecuadorian market and 39 (37%) products in the Spanish market can be classified
as “low sugar” infant cereals, a finding similar to another Spanish study conducted in
2020 titled “Current Content of Infant Cereals and Possible Alternatives: Not Everything
Counts in Childhood Nutrition”. This study observed a decrease in the sugar content of
cereal-based foods, with 18.3% to 30.9% of products with <5 g of sugar per 100 g [54].
While these findings indicate a reduction in the sugar content of infant cereals available
in Spain, the percentage of products meeting the recommendations remains below 50%
in both countries. In our opinion, this result highlights the need to review and modify
regulations governing the manufacture and distribution of these foods in order to reduce
sugar content.

Taking into account the fact that cereals typically have lower-quality protein compared
to animal sources, ESPGHAN suggests that the protein content in cereal porridges should
be between 1 and 3 g/100 kcal (excluding those enriched in protein) [55]. The products
examined in both countries exhibit an optimal protein content. In terms of vitamin content,
this group of products marketed for breastfeeding infants in both countries was found to
contribute to meeting the requirements of vitamins such as C, Bs, and A. In a 25 g serving of
product, some categories provide more than 40% of the recommended intakes by EFSA [29],
indicating that cereal-based foods in both Spain and Ecuador have great potential to meet
the needs of children under 2 years of age. The products examined serve as an important
source of vitamin A, covering more than 38% of the needs of infants for this micronutrient,
despite not indicating whether they are fortified. According to WHO recommendations,
complementary foods can be fortified with micronutrients if necessary [56].

Regarding the recommendations for the intake of micronutrient supplements in the
child population, in Spain, specialists often recommend the administration of vitamin D
supplements in the form of drops to infants during the first 12 months of life as a preven-
tive measure [57]. In Ecuador, the MSP recommends preventive supplementation with
biannual megadoses of vitamin A and providing powdered micronutrients (iron, zinc,
vitamin A, folic acid, and vitamin C) to children aged 6 to 24 months as a measure to
prevent malnutrition and anemia [58,59]. It is important to highlight that 24.7% of children
under five years of age residing in Ecuador receive this micronutrient supplementation
to prevent anemia [59]. The OMS also suggests maintaining a varied and fortified diet
in the infant population at risk of deficiency to meet vitamin A needs [60]. As reported
by a study in Africa (Burkina Faso, Cameroon, Ghana, Nigeria and Senegal), 40.2% of a
sample of commercial infant food products (including cereals) were fortified [43], with
a higher percentage in Cambodia and Indonesia (72.1% and 65.9% of infant food prod-
ucts were fortified), in contrast to the Philippines, where only 28.4% were fortified with
micronutrients [61].

Cereals are also a source of minerals such as zinc, magnesium, iron, and, to a lesser
extent, calcium [62]. Regarding sodium content, the reviewed cereal sample meets the
Codex Alimentarius specification (recommended sodium values < 100 mg/100 kcal) [63],
similar to commercial infant cereals in Germany (27 + 7.0 mg/100 kcal). However, a
Spanish study in 2015 analyzed commercial infant formula and found that they exceeded
the maximum allowable level of sodium [64]. We consider that these studies show that the
infant feeding industry has sought to adapt its products to the needs of infants, who, due
to the immaturity of their kidneys, have a low sodium requirement, making it unnecessary
to add salt to complementary feeding [5].

The cereal-based foods reviewed in both countries contribute more than 84% of the
iron requirements for the 1-3-year-old age group as indicated by EFSA [29], based on a
100 g serving. In another Latin American country (Honduras), commercial cereals sold in
this country were found to have an average content of >4 mg/100 g [65], contributing more
than 50% of the EFSA recommendations. Given the importance of this mineral for motor,
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cognitive, and behavioral development [66], it is essential for cereal-based foods to report
their iron content to assess the percentage of the requirement they cover. In Ecuador and
Spain, 41% and 62% of products indicate the iron content on the label, whereas in Germany,
less than a third of commercial cereals for breastfeeding infants provide this information,
highlighting that most of these cereals are fortified [67].

Considering the EFSA zinc requirements [29], in a 25 g serving, the samples from
Spain and Ecuador contribute up to 24% and 95% of the requirements for infants between 7
and 12 months. Meanwhile, in countries such as Burkina Faso, Cameroon, Ghana, Nigeria,
and Senegal, a medium-sized serving covers between 34% and 58% of the RNI of zinc for
infants between 6 and 36 months [43]. It is important to keep in mind that, to meet the
needs of infants, fortified foods are an excellent option to avoid diarrhea, poor appetite,
growth retardation, and other consequences of zinc deficiency [68].

Limitations of this research include the non-homogeneous sample of products, as the
availability of these foods in Ecuador is lower than in Spain. In addition, the nutritional
information of infant cereals marketed in Ecuador is not available online, so this study
took into account the information provided in stores. Furthermore, due to the dynamic
nature of the market for infant products, we had to update the nutritional information of
the sample twice, resulting in a decrease in Spain and an increase in Ecuador.

On the other hand, this study is the first to look at the nutritional composition of infant
cereals sold in Ecuador, distinguishing it from Spain, where similar analyses have already
been carried out.

These studies are highly relevant for evaluating the nutritional quality of complemen-
tary foods for breastfeeding infants, given their specific nutritional needs and the potential
impact on the health of this age group.

5. Conclusions

The recommended age for eating cereal-based foods differs between the two countries.
In relation to the description of the nutritional content of cereals marketed in Spain and
Ecuador, it shows that this type of product could contribute to meeting the nutritional
needs of children under two years of age by being a vehicle for nutrients (carbohydrates,
proteins, fats, vitamins, and minerals), mainly fortified products, for the prevention of
malnutrition and the development of pathologies related to poor nutrition. In this sense,
we consider it necessary to standardize the content of some nutrients such as iron to ensure
that needs are met. On the other hand, these products can also be a source of components,
such as added sugars, maltodextrin, and/or honey, which are not recommended during
the first year of life. It is essential to minimize the content of undesirable components such
as those described.

The nutritional composition of the cereals for breastfeeding infants offered in Spain and
Ecuador presents some differences; Spanish cereals have a lower content of sodium, added
sugars, hydrolyzed cereals, and maltodextrin than Ecuadorian cereals. So far, no studies
have been developed in Ecuador to analyze the nutritional quality of infant products. The
data obtained in this study may be an adequate starting point to work in this direction,
allowing for the development of new research. Meanwhile, in Spain, despite the fact that
similar studies have already been conducted, we have been able to update the information
and determine the nutritional contribution that the described sample may provide.
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Abstract: Our aim was to assess the nutritional safety and suitability of an infant formula manufac-
tured from extensively hydrolyzed protein in comparison to infant formula manufactured from intact
protein (both with low and standard protein content). We performed a combined analysis of raw data
from two randomized infant feeding studies. An analysis of covariance (ANCOVA) model was used
to determine the non-inferiority of daily weight gain (primary outcome; margin —3 g/day), with the
intervention group as a fixed factor and geographic region, sex, and baseline weight as covariates
(main model). The data of 346 infants exposed to the formula were included in the analysis. The
sample size of the per-protocol analysis with 184 infants was too small to achieve sufficient statistical
power. The lower limit of the 97.5% confidence interval (—0.807) of the mean group difference in
daily weight gain (i.e., 2.22 g/day) was above the —3 g/day margin (full analysis set). Further
anthropometric parameters did not differ between the infant formula groups throughout the study.
Growth was comparable to breastfed infants. We conclude that the infant formula manufactured
from extensively hydrolyzed protein meets infant requirements for adequate growth and does not
raise any safety concerns.

Keywords: extensively hydrolyzed whey protein; protein hydrolysate; infant formula; infant nutrition;
growth; formula fed; breastfed

1. Introduction

An adequate dietary protein supply is essential for healthy growth and development
in infancy [1,2].

Human milk is recognized as the optimal source of nutrients for infants throughout at
least the first 6 months of life [3]. However, if breastfeeding is not possible, available, or ad-
equate, infant formulae are the only advisable breast milk substitutes. Infant formulae that
are manufactured from cow’s milk protein or other protein sources have been successfully
used for many decades.

Next to infant formulae manufactured from intact proteins, infant formulae man-
ufactured from hydrolyzed proteins are available for infants with an increased risk of
developing allergies. Hydrolyzed proteins are smaller, easier to digest, and considered
to be less allergenic when compared to intact proteins. However, the bioavailability of
proteins, amino acids (AAs), and other nutritional components may be different between
infant formulae manufactured from hydrolyzed protein (HP) formulae and intact protein
(IP) formulae [4]. Based on the degree of hydrolysis and the proportion of small peptides,
hydrolysates are classified as partially or extensively hydrolyzed.
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Several studies evaluating HP formulae with standard or low protein content and
using extensively or partially hydrolyzed whey or casein proteins indicate that HP formulae
are safe in terms of growth when compared to human milk, intact cow’s milk protein
formulae, or growth standards [4-14].

Although the use of protein hydrolysates has been permitted for many years and the
use of protein hydrolysates in the manufacturing of infant formulae is widespread in the
market, the level of hydrolysis, the protein source, and other components may affect the
safety and tolerance of different HP formulae; thus, the extrapolation of results from one
HP formula to another is not accepted by regulators [15].

The growth effects and safety of infant formulae marketed by HiPP (Pfaffenhofen,
Germany) compared to human milk have been evaluated in two studies: the HA study [16]
evaluated different HP formulae with standard and low protein content, whereas the
BeMIM study [17] compared IP formulae with standard and low protein content. In
both studies, the standard and low-protein formulae manufactured from either protein
hydrolysate or intact protein were considered safe and suitable for infants up to the age of
4 months.

To further explore the nutritional safety and suitability of these HP formulae com-
paratively, we compiled measures of growth between the HP formula and IP formula by
performing a combined analysis of the HA and BeMIM studies.

2. Materials and Methods
2.1. Analysis Approach and Individual Studies

The HA and BeMIM studies were randomized, controlled, and double-blinded and
investigated the non-inferiority of low-protein infant formulae to conventionally used
infant formulae with standard protein content. While the HA study [16] evaluated infant
formulae manufactured from hydrolyzed proteins, the BeMIM study [17] focused on
IP formulae. Both studies used a non-randomized breastfed group as a reference. The
intervention period of study formula feeding for each participant lasted from birth (starting,
at the latest, from 1 month of life) until 4 months of life and included monthly study visits.

The combined data analysis was performed based on raw data from the two studies.
The inclusion criteria differed slightly between studies and were aligned post-hoc to
allow for comparable data. Healthy term newborns < 28 days of life with a gestational
age of >37 weeks and a birth weight between 2500 and 4500 g were included in the
combined analysis.

2.2. Diet

The HP and IP formulae compared had similar protein content at the respective protein
level (i.e., standard versus vs. low protein). HP formulae were whey-based, extensively
hydrolyzed, and included 1.9 g protein/100 kcal (LP) or 2.3 g protein/100 kcal with or
without synbiotics. For the synbiotics, Limosilactobacillus fermentum CECT5716 was used as
a probiotic and galacto-oligosaccharides (GOS) as prebiotics. IP formulae were based on a
whey:casein ratio of 60:40 and protein content of either 1.9 g/100 kcal (LP) or 2.2 g /100 kcal.

Both the HP and IP formulae were supplemented with individual AAs to meet reg-
ulatory requirements. Except for the IP formula containing 2.2 g/100 kcal, all formulae
contained arachidonic and docosahexaenoic acid in a ratio of 1:1. For more information on
the infant formulae compositions, see Supplementary Table S1.

Five intervention groups were investigated. From the HA study, eHF—infant formula
manufactured from extensively hydrolyzed whey protein and LPeHF + Syn—low-protein
infant formula manufactured from extensively hydrolyzed whey protein with synbiotics;
from the BeMIM study, iPF—infant formula manufactured from intact protein and LPiPF—
low-protein infant formula manufactured from intact protein; and, as a reference in both
studies, BE—breastfeeding.

Infant formulae were administered orally ad libitum. Infant formula intake, as well
as the number of breastfeeding meals and intake of other food or drinks, e.g., energy-
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containing liquids (sweetened tea or juice) or non-energy-containing liquids (tea and
water), were documented using 3-day protocols.

2.3. Primary and Secondary Outcome Assessments

The primary outcome was the average daily weight gain in grams per day (g/day)
between 1 and 4 months of life, to estimate adequate growth. Secondary outcomes included
measurements of body length and head circumference, including respective z-scores as
further growth indices, and nutrient intake, adverse events, stool characteristics, and
biochemical markers (blood urea, albumin, AAs).

The aim of the combined analysis was to compare HP with the IP formula using
formulae with standard protein content (i.e., eHF vs. iPF) and formulae with low protein
content (i.e., LPeHF + Syn vs. LPiPF).

2.4. Statistics and Power Estimation

Retrospective sample size estimation scenarios were used to determine if sufficient
infants were available in a confirmatory setting. Between 43 and 94 participants per group
for LPeHF + Syn vs. LPiPF and eHF vs. iPFE respectively, were required to demonstrate
non-inferiority. The power simulations were based on the means and standard deviations
(SD) of the groups used in the HA and BeMIM studies, using both a per-protocol set
(PPS) and full analysis set (FAS), a non-inferiority margin of —3.0 g/day at a one-sided
significance level of 2.5%, and a power of 80% (Supplementary Table 52).

The FAS comprised all enrolled participants who participated at least in the month 1
visit and had received study formula. In PPS, only data from participants complying with
the predefined conditions, such as completion of the intervention period up to 4 months of
life, no intake of other infant formulae besides the study intervention, and breastfeeding at
a maximum of once daily, were included. According to local practice, in the study countries,
some infants receive liquids, like tea or water, in addition to breastmilk or infant formula,
during the first 4 months of life, which was limited to a maximum amount of 50mL per
day to still be included in the PPS. The main conclusions on the primary outcome measure
were based on PPS; FAS served as a sensitivity analysis.

For the analysis of the daily weight gain, an analysis of covariance (ANCOVA) model
was used to show non-inferiority, with the intervention group as a fixed factor and region,
sex, and baseline weight as covariates (main model). An ANCOVA with only the inter-
vention group as a fixed factor was used as a sensitivity analysis. Furthermore, additional
covariates (maternal age at infant’s birth, maternal body mass index (BMI), gestational
age, smoking status of mother before and during pregnancy, weight at birth, maternal
education, socioeconomic status) were included in the model. However, these additional
covariates did not reveal any plausible and consistent relations with daily weight gain
over all populations and group comparisons (LPeHF + Syn vs. LPiPF; eHF vs. iPF) in the
ANCOVA model; thus, the results are not described.

The lower limit of the 97.5% confidence interval (CI) of the difference between formula
groups was compared to the non-inferiority margin of —3.0 g/day. A hierarchical test
design was assumed with ordered hypotheses (Step 1: eHF vs. iPF, Step 2: LPeHF + Syn vs.
LPiPF), which was the only analysis that took multiple testing into account.

The European Food Safety Authority (EFSA) Guidance [18] stipulates an alternative
way to analyze adequate growth, i.e., the equivalence in growth between intervention
groups. Thus, this was also tested using an ANCOVA model, with the region and baseline
value as covariates and weight-for-age z-scores at the age of 4 months. Equivalence was
concluded if the calculated two-sided 90% CI of the estimated mean difference in the weight-
for-age z-score was within the predefined margin of + 0.5 SD, a bandwidth considered to
be indicative for adequate growth.

Secondary outcome analyses were carried out in the PPS and FAS. Daily length and
head circumference gains were compared between intervention groups using ANCOVA

45



Nutrients 2024, 16, 245

models similar to the model used for the primary outcome, with respective baseline
characteristics included as covariates, but with a focus on superiority.

z-scores were calculated based on the World Health Organization (WHO) growth
standards for breastfed children [19]. Comparisons between intervention groups for z-
scores were done using a mixed model of repeated measurements (MMRM), with the region,
visit, intervention group, and intervention group-by-visit interaction as fixed factors and
participant as a random factor, as well as additional covariates (Supplementary Table S5).

Nutritional parameters (intake of study infant formula, other infant formula, energy-
containing liquids, complementary feeding, and additional breastfeeding) as well as
biochemical markers were evaluated using the van Elteren test adjusted for region. A
Cochran-Mantel-Haenszel test, adjusted for region, was used to analyze gastrointesti-
nal tolerance. The analysis of adverse events evaluated the number and frequency of
intervention-emergent events by system organ class and preferred terms (according to the
Medical Dictionary for Regulatory Activities (MedDRA) coding version 23.1). Amino acids
and laboratory parameters were descriptively assessed and two-sided superiority tests on
a significance level of 5% were applied.

Linear regression models were used to examine the dependencies between average
liquid intake per day and weight gain, or infant formula intake between month 1 and
month 4.

Statistical analyses were performed with the WPS Workbench version 4.3 (¢ Copyright
World Programming Limited 2002-2022) using the SAS language code.

2.5. Study Population

The HA study was conducted between 2010 and 2013 as a multicenter study in Ger-
many, Austria, and Serbia, and the BeMIM study between 2010 and 2011 as a single-center
study in Serbia. Overall data from 1008 participants were available, of which 589 partici-
pants were included in the combined analysis (385 randomized formula-fed participants
and 204 breastfed participants). The main reasons for the exclusion of 419 infants from the
analysis were receiving infant formulae from a different protein source (see study design of
Ahrens et al. (2018) [16], a missing visit at month 1, or screening failures.

To evaluate HP vs. IP formulae, the data of 385 randomized formula-fed partic-
ipants were considered, of which 353 participants took part in the 1-month visit, had
documented data, and received at least one bottle of study formula, and 307 completed the
4-month follow-up visit (Figure 1). The FAS comprised 346 participants (86 eHF, 89 iPF,
83 LPeHF + Syn, 88 LPiPF). For PPS, data were limited to 184 participants (39 eHF, 42 iPF,
54 LPeHF + Syn, 49 LPiPF). The predominant reasons for exclusion from PPS in the formula
groups were the violation of the feeding regimen and an age outside the visit or enrolment
window; not being allowed concomitant medication; early withdrawal; and the violation
of the eligibility criteria. Data from 204 breastfed participants (203 FAS, 115 PPS) served as
an external reference.

Baseline characteristics including sex, first-born status, maternal and paternal age and
BMI, maternal smoking, age at randomization, mode of delivery, and anthropometry at
birth were similar between the eHF and iPF groups and between the LPeHF + Syn and
LPiPF groups for FAS (Supplementary Table S3) and PPS, except for education, where
mothers in the iPF group had higher education levels compared to those in the eHF group
(FAS). Due to the different study designs (multicenter vs. single center), all participants in
the iPF and LPiPF groups were form Serbia, while over 66% of participants in the eHF and
LPeHF + Syn groups were from Serbia and 33% from Germany and Austria.
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Figure 1. Participant disposition, randomization, and follow-up for infant formula groups compared in
this analysis, and for the BF group. eHF = infant formula manufactured from extensively hydrolyzed
whey protein, iPF = infant formula manufactured from intact protein, Syn = synbiotics, LP = low protein,
BF = breastfeeding, * n = 210 infants received formulae from a different protein source.

3. Results
3.1. Weight Gain and Growth

The mean difference in daily weight gain in participants receiving eHF compared to
participants fed iPF was 0.73 g/day (CI [-3.029, inf.]) for PPS, with the lower limit of the
97.5% CI narrowly missing the predefined non-inferiority margin of -3 g/day (Figure 2,
Supplementary Table 54).
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Figure 2. Weight gain/day differences [g/day] between infant formula manufactured from exten-
sively hydrolyzed whey protein versus intact protein for PPS and FAS. Least square means and
one-sided 97.5% confidence intervals are depicted. Main model = ANCOVA adjusted for sex, region,
and baseline value. Unadjusted = ANCOVA with only the intervention group as fixed factor. The
dotted line resembles the non-inferiority margin.

In a sensitivity analysis using FAS, the lower limit of the 97.5% CI (—0.807) of the
mean group difference in daily weight gain (i.e., 2.22 g/day) was well above the —3 g/day
margin (Figure 2, Supplementary Table S4). Similar results were seen in a further sensitivity
analysis using an ANCOVA model without adjustments, yielding lower limits of the 97.5%
Cl above the —3 g/day margin (PPS: —2.059; FAS: —1.512, Figure 2).
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The difference in daily weight gain between the LPeHF + Syn and LPiPF groups was
1.39 g/day (CI [-1.321, inf.[) in PPS, and 0.28 g/day (CI [-2.344, inf.[) in FAS (Figure 2,
Supplementary Table S4). Similar results were obtained using an ANCOVA without
adjustments (lower limit of the 97.5% CI, PPS: —0.606; FAS: —2.068, Figure 2). According to
the hierarchical test scheme, the procedure stopped at the inferiority testing of eHF vs. iPF
and no further inferential conclusions could be made when testing the LPeHF + Syn vs.
LPiPF groups.

The length gain from months 1 to 4 did not differ between the HP and IP formula
groups in PPS. Head growth was greater with LPeHF than LPiPF (p = 0.0192), but sim-
ilar between eHF and iPF (PPS). The FAS analyses showed comparable results except
for a significant difference in length gain between the eHF and iPF groups (p = 0.0325)
(Supplementary Table S4). In BF participants, the gains in weight, length, and head circum-
ference were smaller or similar to those observed in the formula groups (Supplementary
Table S4).

Anthropometric measurements, expressed as z-scores (Figure 3 for PPS, Supplementary
Figure S1 for FAS), were within -1 to 1 from months 1 to 4 of life, confirming age-appropriate
development in all formula groups. No differences were observed between HP and
IP formulae at any time between 1 and 4 months of life. For both PPS and FAS, an
MMRM analysis confirmed that there were no differences between intervention groups
(Supplementary Table S5).

——cHF —e—LPecHF+Syn —o—BF —e—LPiPF —e—iPF

| Weight-for-age
0.5 -
O P
05 A
P ‘ . ' . ' . ' Age in days
0 30 60 90 120
12 Length-for-age
N ;
0.5 -
0 L
-0.5 1
. Age in days
0 ' 30 ' 60 ' 90 ' 120 '

Figure 3. Cont.

48



Nutrients 2024, 16, 245

BMi-for-age
0.5 A
0 -
+
o _ P —_
0.5 4
1 Age in days
0 ' 30 ' 60 ' 90 ' 120 '

Figure 3. Anthropometric measurements (weight-for-age, length-for-age, and BMI-for-age) expressed
as z-scores (growth standards of the WHO) (PPS). z-scores within —1 to 1 indicate age-appropriate
development. BMI = body mass index, WHO = World Health Organization.

An ANCOVA at the age of 4 months confirmed equivalent growth with HP and
IP formulae, i.e., the two-sided 90% CI of the mean difference in the weight-for-age z-
score was contained within the pre-defined equivalence margin of £ 0.5 SD, in both FAS
(eHF vs. iPF: [-0.140; 0.413]; LPeHF + Syn vs. LPiPF: [—0.346, 0.132]) and PPS (eHF vs.
iPF: [-0.357, 0.327]; LPeHF + Syn vs. LPiPF: [-0.207, 0.280]).

3.2. Nutrient Intake

No differences in energy intake of the study infant formula between eHF and iPF
were found throughout the observation period (PPS and FAS). The average energy intake
in the LPeHF + Syn and LPiPF formula groups was comparable at months 2 and 3, but
significantly higher in the LPeHF + Syn group at month 1 (FAS) and month 4 (FAS and PPS,
Supplementary Tables S6 and S7).

The number of infants with documented additional breastfeeding was lower in infants
fed the HP formula (Supplementary Tables S6 and S7). The same applied for energy-
containing liquid intake (Supplementary Tables S6 and S7).

The number of infants in both the HP and IP groups who consumed other formulae
and/or complementary food was too low (at a maximum of six infants) for a meaningful
comparison (for FAS and PPS). Complementary feeding, generally, did not start before
4 months of life.

3.3. Impact of Liquid Intake on Growth and Formula Intake

Energy-containing liquids were consumed by 42.2% of infants in the formula-fed
groups (FAS) and 28.6% of breastfed participants. No measurable effects of energy-
containing liquid intake on participant weight gain were observed, as evidenced by a
broad scatterplot and a Spearman’s correlation coefficient near zero (Figure 4A). There
was also no correlation between the intake of liquid and study formula for energy in
kcal/days (Supplementary Figure S2), as well as for the amount of intake in mL/day
(Supplementary Figure S3). In line with this, the weight-for-age z-scores did not correlate
with energy-containing liquid intake at months 1, 2, 3, or 4 (Figure 4B). In addition, the
influence of mean energy-containing liquid intake on the amount of infant formula intake
from month 1 to month 4 could not be confirmed. Spearman’s correlation coefficients were
around zero (Supplementary Figure S4). Most infants consumed less than 50 mL/day of
energy-containing liquids. As for the overall population, there was no obvious influence of
energy-containing liquid intake on weight gain in infants consuming less than 50 mL/day
of energy-containing liquids (Figure 4).
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Figure 4. Scatterplots to correlate liquid intake and growth (FAS). (A) Impact of energy-containing
liquid intake on weight gain between 1 and 4 months of life. (B) Impact of energy-containing liquid
intake on weight-for-age z-scores at 1, 2, 3, and 4 months of life. Dotted line shows 50 mL cut-off.

3.4. Suitability
3.4.1. Adverse Events

The percentage of infants affected by adverse events was comparable in each interven-
tion group and the BF group and no formula-related risks were observed (Supplementary
Table S8). The incidence of serious adverse events was between 2.3% (iPF) and 6.8% (LPiPF),
but none of the serious adverse events was related to infant formula intake. Adverse events
associated with infections were more frequent in IP than in HP formula-fed participants,
while pyrexia appeared to be more common in the HP formulae group. Overweight, which
was documented in more detail in the HP study, was observed in HP formula-fed par-
ticipants (Supplementary Table S8). An MMRM analysis, however, did not indicate any
differences in growth (weight-for-age and BMI-for-age z-scores) between the HP and IP
groups from 1 to 4 months of life (Supplementary Table S5).
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3.4.2. Stool Characteristics

Stool characteristics were documented over a period of three days prior to each visit.
For FAS, significantly more HP-fed infants showed a lower stool frequency than IP-fed
infants at 1, 3, and 4 months (p < 0.001, eHF vs. iPF) and at 2, 3, and 4 months (p < 0.001,
LPeHF + Syn vs. LPiPF, Supplementary Figure S4, Supplementary Table S10).

“Green” colored stools were reported more frequently in the HP formula groups (with
increasing frequencies over the observation period; eHF: from 15.4% at month 1 to 34.2% at
month 4 of life; LPeHF + Syn: from 27.8% at month 1 to 60.0% at month 4; FAS) compared
to IP formula groups (iPF: 2.0% to 7.8% with the highest value at month 3, LPiPF: 4.9% to
7.5%, highest value at month 2; FAS). Statistically significant different stool color patterns
were reached between the low-protein groups (LPeHF + Syn vs. LPiPF) at all timepoints
in FAS (Supplementary Table S10). The stool color patterns between the standard protein
groups (eHF vs. iPF) were only statistically different at month 1 in FAS. In the BF group,
green stools were reported at a similar frequency as in the IP groups (3.6% to 9.9% (at
month 2) of infants). In the BF and IP groups, most infants (>90%) reported stools ranging
from yellow and brown to mustard-like during the entire observation period, while, in
the HP groups, infants presenting these stool colors decreased over time (eHF: from 84.6%
at month 1 to 64.7% at month 4 of life; LPeHF + Syn: from 71.8% at month 1 to 38.8% at
month 4; FAS). Black/grey stools were hardly seen in any group (generally <1.5%, except
for the eHF group at month 3 with 3.1%, FAS).

No significant differences between groups were observed for stool consistency in
FAS (except for LPeHF + Syn vs. LPiPF at month 3 in FAS, p = 0.019). The stools of
HP-fed participants were more frequently described as “watery” (eHF: 9.4% to 14.6% and
LPeHF + Syn: 5.2% to 10.6% across observation period; FAS) compared to the stools of IP
formula-fed participants (iPF 0.4% to 3.9%, LPiPF 0.8% to 3.5%; FAS), but most infants (85%
to 95%, FAS) had a stool consistency ranging from soft, formed, sausage, and soft sausage
to mushy stools (Supplementary Table S10). “Watery” refers only to the stool consistency
and does not include diarrhea. The proportion of infants with “watery” stools tended to
increase from month 1 to month 4 in all formula groups. Infants with hard stools were
rare in the eHP and iPF groups (below 1%, except for the iPF group at month 1, 3.9%;
FAS) but slightly more common in the LPiPF group (2.3% to 7.4%, FAS). Compared to
the formula groups, BF infants reported more frequently watery stools (21.2% to 31.4%);
stool consistencies ranging from soft, formed, sausage, and soft sausage to mushy were
presented by 68.6% to 78.6% of BF infants and hard stools were rarely seen (<0.2%).

3.4.3. Biochemical Markers

The values for plasma albumin and blood urea nitrogen (BUN) were within nor-
mal ranges (3.0-5.2 g/dL for albumin, 2.0-7.2 mmol/L for blood urea nitrogen [20]) for
most participants in all intervention groups at month 4 in PPS and FAS (Table 1). While
the BUN values did not differ significantly between the HP and IP formula groups, HP
formula-fed participants had significantly higher plasma albumin values compared to
respective IP participants (van Elteren test adjusted for region) in both PPS and FAS. BUN
tended to be higher in the formula groups than in the BF group. While 5% (eHF) to 21%
(LPeHF + Syn) of formula-fed infants had BUN concentrations below the reference range
reported by Oster [20], more, i.e., 52%, of breast-fed infants had BUN concentrations below
the reference range.

Amino acid plasma levels were evaluated at month 4. Although the AA profile
appeared to be similar in all groups (Supplementary Table S9), the plasma concentrations
of most AAs were significantly lower in the IP compared to the respective HP formula-fed
participants. Exceptions were glutamic acid, ornithine, and phenylalanine, which were
comparable between eHF and iPF, and aspargic acid, proline, and valine, which were
comparable between LPeHF + Syn and LPiPF (FAS, Supplementary Table S9).
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4. Discussion

We conducted a combined analysis of two randomized studies in healthy term infants
to compare the effects of an HP formula to an IP formula on growth parameters during
the first 4 months of life. The results indicated non-inferior weight gain between infants
consuming formulae manufactured from extensively hydrolyzed whey protein at standard
or low protein levels and infants receiving formulae manufactured from intact cow’s milk
with comparable protein content. The non-inferiority margin (—3 g/day for the lower
limit of the 97.5% CI) for daily weight gain was reached, when comparing eHF vs. iPF
(FAS) and LPeHF + Syn vs. LPiPF (PPS, FAS). For the eHF vs. iPF (PPS) comparison,
the non-inferiority margin was narrowly missed (lower 95% CI: —3.029), presumably due
to the low number of infants and inadequate sample size in PPS (39 eHF and 42 iPF vs.
94 per group required). Secondary endpoints of growth indices, i.e., weight, length, and
head circumference, were generally similar between HP and IP formulae at both protein
levels, except for greater monthly head circumference growth (low-protein infant formula,
PPS and FAS) and length gains (standard protein level, FAS) in the HP compared to IP
formula. However, compared to the WHO growth standards, the mean z-score values of
all intervention groups were within £1 SD during the intervention (Figure 3, in both PPS
and FAS and at both low and standard protein levels), indicating comparable and adequate
growth with all interventions. In addition, no significant differences between intervention
groups were observed for all other z-score values assessed in this study, suggesting that
the few observed differences were not clinically relevant.

The findings of this study are consistent with observations reported in other publi-
cations. Karaglani et al. (2020) [9], Picaud et al. (2020) [4], and Otten et al. (2023) [21]
demonstrated in three randomized controlled studies comparable growth between infants
fed a partially or extensively hydrolyzed whey-based formula and infants fed an intact
cow’s milk protein formula during the first 4 to 5 months of life. Similar results with no
difference in growth characteristics between HP and IP formulae were observed by Wu
et al. (2017) [22] in healthy term infants from enrolment to 7 and 13 weeks of life. A pooled
analysis of seven clinical studies compared intact cow’s milk infant formulae to a partially
hydrolyzed whey infant formula from a single manufacturer on growth at 2 weeks and
1,2, 3, and 4 months of life [23]. There were no differences in weight gain between infant
formula groups. In contrast, in a rather small study (56 infants) performed by Mennella
at al. (2011) [10], infants fed an HP formula had significantly lower weight-for-length
z-scores compared to IP formula-fed infants across ages 2.5 to 7.5 months. As discussed by
others [9], this difference may be due to the lower food consumption observed in this study
in the HP formula group. HP formulae contain peptides that can display a bitter taste [24]
and might also lead to more rapid satiation [25,26].

Despite recent improvements in infant formulae composition, formulae still contain
slightly higher levels of protein than human milk, associated with increased rates of weight
gain [27]. Consistent with other findings [28-30], we observed an increase in weight-for-age
or BMI-for-age z-scores during the first 4 months of life in all formula intervention groups,
while no increase was seen in BF infants.

The LPeHF + Syn that was compared with the LPiPF formula in our analysis contained
additional synbiotics (combination of L. fermentum and GOS), making a direct comparison
difficult. Results from other studies and meta-analyses do not indicate an impact of
synbiotic-supplemented formulae on growth [31,32].

Generally, there were no differences in energy intake from the study infant formula
between HP and IP formulae, except for significantly lower total energy intake in the IP
formula group at the low protein level at months 1 and 4. However, this difference may
be due to the higher breastfeeding rates in the IP formula groups, which is an additional
energy source for the infant. Other studies did also not see a consistent difference in infant
formula intake between HP and IP formulae. Karaglani et al. (2020) [9] observed higher
weekly infant formula consumption (~+10.5%) in IP compared to HP formulae-fed infants
but this difference disappeared when daily infant formula intake was corrected for body
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weight. Czerkies et al. (2018) [23] reported a more pronounced increase in infant formula
intake over time in the HP than in the IP formula group, a difference that, however, was
only evident among girls.

The number of infants consuming additional formulae and/or complementary food
was low in all intervention groups, with no apparent differences. The consumption of
energy-containing liquids was higher in the IP than HP formulae groups, but this, however,
had no impact on growth or study formula intake. One factor that may have contributed
to the differences in energy-containing liquid intake may be their more common use in
Eastern European countries, as previously reported by Schiess et al. (2010) for Poland [33].
In our analysis, data for the IP groups were derived from the BeMIM study and thus solely
from Serbia, whereas the HP formulae study was performed in Serbia, Germany, and
Austria. Infants fed an IP formula (low or standard protein) received also more additional
breastfeeding than HP-fed infants. Energy intake from breastfeeding could, however, not
be quantified because the amount of breastmilk per meal and its composition were not
recorded and analyzed.

In general, any additional intake of energy-containing liquids is considered a protocol
deviation in infant growth studies. We therefore conducted a correlation analysis on the
impact of energy-containing liquid intake on infant formula intake and weight-for-age
z-scores. In contrast to Schiess et al. (2010) [33], who reported that infants receiving energy-
containing liquids had an approximately 30 kcal lower infant formula intake based on
data from a multicenter European study, the intake of liquids up to 50 mL/day did not
correlate with the amount of or energy intake from the infant formula in our analysis. In
the Schiess study, an inverse relationship between liquid/tea intake and energy intake
from infant formulae was observed. Reasons for these inconsistent results are unclear,
but they may arise in part from the different analysis approaches used: while Schiess
et al. (2010) compared groups with and without energy-containing liquid intake with
a Wilcoxon rank-sum test, we used a linear regression model/correlation measures to
investigate the connection between growth, formula intake, and energy-containing liquid
intake for all infants. The average energy intake in kcal/day from liquids was comparable
between our analysis and the Schiess study. In the latter, the impact of energy-containing
liquid consumption on growth was not evaluated, but, in our analysis, liquid intake (up
to 50 mL/day) had no visible positive or negative effect on infant weight gain during the
observation period. No conclusion can be drawn for liquid intake of more than 50 mL/day,
as the number of participants who consumed more than 50 mL liquid/day was very low.
The proportions of infant formula-fed infants consuming energy-containing liquids were
comparable in our analyses and the Schiess study (about 42%), but differed for BF infants
(29% in our analysis vs. 10% in the Schiess study).

Concerning adverse events, around a quarter of infants experienced adverse events,
with no differences between intervention groups. No serious, formula-related adverse
events occurred. A higher incidence of adverse events related to the study formula was
reported for the HP formula groups versus their IP counterparts, but given the transient
nature and mild severity, this was not considered a safety concern.

There were also no consistent differences in tolerance parameters between the HP and
IP formula groups, in line with findings from other studies [5]. The reduced stool frequency
observed for the HP formula was unexpected and contrasts with previous findings that
report an equal or increased stool frequency [5,22]. HP formulae are supposed to shorten the
gastrointestinal transit time [34,35], generally associated with an increased stool frequency.
The trend towards more watery stools in the HP formula groups than in their IP formula
counterparts aligns with a shorter transit time and is compatible with other findings [4,23].
The higher prevalence of “green” stools in the HP formula in our analysis is commonly
seen in infants consuming HP formulae [36], which might be explained by the hydrolyzed
proteins, which are absorbed and metabolized differently from intact proteins [37].

The plasma AA levels observed in our analysis generally reflected the composition
of the different infant formulae tested, with lower AA levels in the IP than in the HP
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formula. The IP compared to the HP formula groups reached plasma concentrations closer
to the BF reference, reflecting a more balanced AA intake typical for IP formulae due to
a whey:casein ratio close to human milk. Glutamine and cysteine plasma concentrations
were below the BF reference in both IP groups. Following the EU guidance on infant
formula compositions, the amount of cysteine present in infant formulae can be summed
up with methionine (if the ratio of the two amino acids is less than 2); thus, cysteine
values must always be evaluated in light of methionine intake. While the plasma cysteine
concentrations were below those of the BF reference group in the IP groups, the median
methionine concentrations were above those of BF infants. The methionine concentrations
in formulae were adequate and thus the sum of both AAs was in line with the EU guidance.
Glutamine and glutamic acid and serine levels in infant formulae are not regulated by EU
law. However, human milk contains significant amounts of glutamate, which has been
suggested to be important for intestinal development in infants [38-42].

BUN values did not differ between the HP and IP formula-fed groups. Our results
showed that a much larger proportion of breastfed infants had BUN values below the
reference values than formula-fed infants. It appears that the reference ranges should be
redefined based on the levels observed in healthy, growing breastfed infants.

Albumin levels were greater in the HP than in the IP formula group, which was
unexpected. Previous studies with HP formulae indicated the lower protein quality of
HP vs. IP formulae, which is generally associated with lower albumin serum levels and
consistent with findings by Florendo et al. (2009) [43]. The unexpected difference in albumin
levels in our study may be due, at least in part, to the use of different laboratories to evaluate
serum albumin for the HP formula groups and IP formula groups, thus generating slightly
different results. However, the serum levels for all intervention groups were well within
normal reference limits [20]. In addition, no relevant differences were observed in growth
indices between groups, suggesting that the observed differences in albumin levels may
not be clinically important.

The unexpected results for serum albumin levels and the additional intake of energy-
containing liquids highlight one limitation of this analysis: the intervention groups com-
pared were from two different studies and geographical regions, i.e., all data from HP
formula-fed infants were from the HA study conducted in Serbia, Austria, and Germany,
while IP formula-fed participants were from the BeMIM study conducted solely in Serbia.
Although the statistical tests were adjusted for region, differences in cultural feeding pat-
terns and the differences in studies may have still impacted the results. Looking at our
post-hoc sample size estimation, the number of infants in one PPS group comparison (eHF
vs. iPF) is probably too low to draw robust conclusions. A further limitation of the study is
that more than one component differed between HP and IP. Thereby, besides the protein
source, the macro- and micronutrient composition, as well as the content of long-chain
polyunsaturated fatty acids, differed slightly between formulae.

The strength of this analysis lies in the similarity of the study designs: both studies
were randomized, controlled studies; data were collected at almost identical timepoints; an-
thropometric measurements and assessments for stool characteristics were done similarly;
and diets were isocaloric and comparable for protein content on the respective protein
levels (standard vs. low protein). The synbiotics that were included only in the low-protein
HP formula were shown to not impact infant growth [31,32] and thus are unlikely to have
biased the results. Another key strength of our analysis is the use of individual-level data,
allowing the harmonization of covariates, definitions, and analytical approaches.

5. Conclusions

The analysis demonstrated that infant formulae manufactured from extensively hy-
drolyzed whey protein meet infant requirements for adequate growth with similar gains in
weight and z-scores, compared to infant formulae manufactured from intact protein and a
reference group of breastfed infants. Based on these results, it can be concluded that infant
formulae manufactured from extensively hydrolyzed whey protein are suitable and safe
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for infants during the first 4 months of life. Local practices in some countries, providing
small amounts of energy-containing liquids (up to 50 mL) during the first 4 months of life,
do not impact infant growth.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/nu16020245/s1, Table S1. Nutritional characteristics of the formulas,
Table S2. Retrospective sample size calculation, Table S3. Baseline characteristics of study participants
(FAS), Table S4. Average weight gain, length, and head circumference between month 1 and month 4
(FAS and PPS), Table S5. Weight-for-age and BMI-for-age z-scores—MMRM (FAS and PPS), Table Sé6.
Intake of study formula, other infant formula, energy-containing liquids, and complementary food
between month 1 and month 4 (FAS), Table S7. Intake of study formula, other infant formula, energy-
containing liquids, and complementary food between month 1 and month 4 (PPS), Table S8. Adverse
events (FAS), Table S9. Plasma amino acid profile at month 4 (FAS), Table S10. Stool frequency, color,
and consistency (FAS). Figure S1. Anthropometric measurements (weight-for-age, length-for-age, and
BMI-for-age) expressed as z-scores (growth standards of the WHO) (FAS), Figure S2. Scatterplots to
correlate the impact of average study formula intake/day at 1, 2, 3, and 4 month(s) of life on average
energy intake from liquids (FAS), Figure S3. Scatterplots to correlate the impact of average amount of
study formula intake/day at 1, 2, 3, and 4 month(s) of life on average amount of energy-containing
liquid intake (FAS), Figure S4. Stool frequency at 1, 2, 3, and 4 month(s) of life (FAS).

Author Contributions: Conceptualization, M.F.,, A K. and B.K.; methodology, M.E.,, A K. and B.K,;
formal analysis, A.K.; writing—original draft preparation, M.F.,, A K. and B.K,; writing—review and
editing, M.F.,, A K. and B.K.; visualization, M.F. and A.K.; project administration, M.F. All authors
have read and agreed to the published version of the manuscript.

Funding: The combined analysis and the therein included studies were sponsored by HiPP GmbH &
Co. Vertrieb KG, which also provided the infant formulae and financial support to the participating
centers to conduct the two studies. The employer of B.K., LMU University Hospitals, received funding
from HiPP GmbH & Co. Vertrieb KG for research contributions to the BEMIM study. B.K. is the Else
Kroner Seniorprofessor of Paediatrics at LMU—University of Munich, financially supported by the
charitable Else Kroner-Fresenius Foundation, LMU Medical Faculty, and LMU University Hospitals.

Institutional Review Board Statement: Both studies included in the analysis were conducted
in accordance with the Declaration of Helsinki and the International Council for Harmonisation
Guidelines on Good Clinical Practice and were approved by respective ethics committees. HA safety
I: Berlin (Ethikkommission Charité Ethikausschuss 1 am Campus Charité—Mitte, Charitéplatz 1,
10117 Berlin): EA1/240/09 (1 February 2010), Vienna (Ethikkommission der Med. Universitat Wien,
Boschekgasse 8b/E06, 1090 Wien): 362/2011 (31 August 2011), Rostock (Ethikkommission an der
Medizinischen Fakultit der Universitat Rostock, St.-Georg-Strafie 108, 18055 Rostock): A 2011 27 (14
April 2011), Bochum (Ethik-Kommission der Medizinischen Fakultit der Ruhr-Universitdt Bochum
Geschiftsstelle BG-Universitatskliniken Bermannsheil, Biirkle-da-la-Camp-Platz 1, 44789 Bochum):
4013-11 (3 May 2011), Belgrade (KBC “Dr Dragisa Misovi¢—Dedinje” Belgrade, Ethical Committee,
KBC “Dr Dragisa Misovi¢-Dedinje”, ETICKI ODBOR, NAUCNI SAVET, Vladislav Diligenski): 18-
1472 /18 (6 February 2012); BeMIM study: Belgrade (KBC “Dr Dragisa MiSovi¢—Dedinje” Belgrade,
Ethical Committee, KBC “Dr Dragisa Misovi¢-Dedinje”, ETICKI ODBOR, NAUCNI SAVET, Vladislav
Diligenski): 1734/12 (17 December 2009).

Informed Consent Statement: Informed consent was obtained from the caregivers of all participants
involved in the studies.

Data Availability Statement: The data presented here are available upon request from the corre-
sponding author due to intellectual property limitations.

Acknowledgments: The authors would like to thank all the families who participated in the study.
We also thank, in addition to the authors of this article, for their contribution to this analysis, Kristin L.
Ritzenthaler (HiPP GmbH & Co. Vertrieb KG) and Annette Rempel (FGK Clinical Research GmbH).

Conflicts of Interest: A K. and B.K. declare no conflicts of interest. M.F. is employed by HiPP GmbH
& Co. Vertrieb KG, which provided the product and financially sponsored the two studies. M.E. was
involved in the design of the combined analysis, the interpretation of the data, and the writing of
the manuscript.

56



Nutrients 2024, 16, 245

References

1.

@

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

EFSA NDA Panel (EFSA Panel on Dietetic Products, Nutrition and Allergies). Scientific Opinion on nutrient requirements and
dietary intakes of infants and young children in the European Union. EFSA ]. 2013, 11, 3408.

Yon, B.A.; Johnson, R.K. US and Canadian Dietary Reference Intakes (DRIs) for the macronutrients, energy and physical activity.
Nutr. Bull. 2005, 30, 176-181. [CrossRef]

Insitute of Medicine. Nutrition during Lactation; The National Academies Press: Washington, DC, USA, 1991. [CrossRef]
Picaud, J.-C.; Pajek, B.; Arciszewska, M.; Tarczon, I; Escribano, J.; Porcel, R.; Adelt, T.; Hassink, E.; Rijnierse, A.; Abrahamse-
Berkeveld, M.; et al. An Infant Formula with Partially Hydrolyzed Whey Protein Supports Adequate Growth and Is Safe and
Well-Tolerated in Healthy, Term Infants: A Randomized, Double-Blind, Equivalence Trial. Nutrients 2020, 12, 2072. [CrossRef]
Berseth, C.L.; Mitmesser, S.H.; Ziegler, E.E.; Marunycz, ].D.; Vanderhoof, J. Tolerance of a standard intact protein formula versus a
partially hydrolyzed formula in healthy, term infants. Nutr. J. 2009, 8, 27. [CrossRef]

Exl, B.M.; Deland, U.; Secretin, M.C.; Preysch, U.; Wall, M.; Shmerling, D.H. Improved general health status in an unselected
infant population following an allergen reduced dietary intervention programme. The ZUFF-study-programme. Part I: Study
design and 6-month nutritional behaviour. Eur. . Nutr. 2000, 39, 89-102. [CrossRef] [PubMed]

Hernell, O.; Lonnerdal, B. Nutritional evaluation of protein hydrolysate formulas in healthy term infants: Plasma amino acids,
hematology, and trace elements. Am. J. Clin. Nutr. 2003, 78, 296-301. [CrossRef] [PubMed]

Isolauri, E.; Stitas, Y.; Médkinen-Kiljunen, S.; Oja, S.S.; Isosomppi, R.; Turjanmaa, K. Efficacy and safety of hydrolyzed cow milk
and amino acid-derived formulas in infants with cow milk allergy. J. Pediatr. 1995, 127, 550-557. [CrossRef] [PubMed]
Karaglani, E.; Thijs-Verhoeven, I.; Gros, M.; Chairistanidou, C.; Zervas, G.; Filoilia, C.; Kampani, T.M.; Miligkos, V.; Matiatou,
M.; Valaveri, S.; et al. A Partially Hydrolyzed Whey Infant Formula Supports Appropriate Growth: A Randomized Controlled
Non-Inferiority Trial. Nutrients 2020, 12, 3056. [CrossRef]

Mennella, J.A.; Inamdar, L.; Pressman, N.; Schall, ].I.; Papas, M.A.; Schoeller, D.; Stallings, V.A.; Trabulsi, ].C. Type of infant
formula increases early weight gain and impacts energy balance: A randomized controlled trial. Am. J. Clin. Nutr. 2018, 108,
1015-1025. [CrossRef]

Nentwich, I.; Pazdirkova, A.; Lokaj, J.; Szepfalusi, Z.; Hrstkova, H. Early feeding in infancy and atopic dermatitis—A prospective
observational study. Klin. Padiatr. 2009, 221, 78-82. [CrossRef]

Rigo, J.; Schoen, S.; Verghote, M.; van Overmeire, B.; Marion, W.; Abrahamse-Berkeveld, M.; Alliet, P. Partially Hydrolysed
Whey-Based Formulae with Reduced Protein Content Support Adequate Infant Growth and Are Well Tolerated: Results of a
Randomised Controlled Trial in Healthy Term Infants. Nutrients 2019, 11, 1654. [CrossRef]

Vandenplas, Y.; Hauser, B.; Blecker, U.; Suys, B.; Peeters, S.; Keymolen, K.; Loeb, H. The nutritional value of a whey hydrolysate
formula compared with a whey-predominant formula in healthy infants. |. Pediatr. Gastroenterol. Nutr. 1993, 17, 92-96. [CrossRef]
[PubMed]

Ziegler, E.E.; Jeter, ].M.; Drulis, ].M.; Nelson, S.E.; Haschke, E; Steenhout, P.; Brown, C.; Maire, ].-C.; Hager, C. Formula with
reduced content of improved, partially hydrolyzed protein and probiotics: Infant growth and health. Monatsschrift Kinderheilkd.
2003, 151, 65-71. [CrossRef]

Commission Delegated Regulation. (EU) 2016/127 of 25 September 2015 supplementing Regulation (EU) No. 609/2013 of the
European Parliament and of the Council as regards the specific compositional and information requirements for infant formula
and follow-on formula and as regards requirements on information relating to infant and young child feeding. OJEU 2016, 59,
125/1-1.25/29.

Ahrens, B.; Hellmuth, C.; Haiden, N.; Olbertz, D.; Hamelmann, E.; Vusurovic, M.; Fleddermann, M.; Roehle, R.; Knoll, A.;
Koletzko, B.; et al. Hydrolyzed Formula With Reduced Protein Content Supports Adequate Growth: A Randomized Controlled
Noninferiority Trial. J. Pediatr. Gastroenterol. Nutr. 2018, 66, 822—-830. [CrossRef]

Fleddermann, M.; Demmelmair, H.; Grote, V.; Nikolic, T.; Trisic, B.; Koletzko, B. Infant formula composition affects energetic
efficiency for growth: The BeMIM study, a randomized controlled trial. Clin. Nutr. 2014, 33, 588-595. [CrossRef]

EFSA Panel on Dietetic Products, Nutrition and Allergies (NDA); Turck, D.; Bresson, J.-L.; Burlingame, B.; Dean, T.; Fairweather-
Tait, S.; Heinonen, M.; Hirsch-Ernst, K.I.; Mangelsdorf, I.; McArdle, H.J.; et al. Scientific and technical guidance for the
preparation and presentation of an application for authorisation of an infant and/or follow-on formula manufactured from
protein hydrolysates. EFSA J. 2017, 15, e04779. [CrossRef]

WHO Multicentre Growth Reference Study Group. WHO Child Growth Standards: Length/Height-for-Age, Weight-for-Age, Weight-
for-Length, Weight-for-Height and Body Mass Index-for-Age: Methods and Development; World Health Organization: Geneva,
Sweitzerland, 2006.

Oster, O. Padiatrisch Relevante Referenzwerte: Klinische Chemie. Available online: https://www.springermedizin.de/
emedpedia/paediatrie/paediatrisch-relevante-referenzwerte-klinische-chemie?epediaDoi=10.1007 /978-3-642-54671-6_352 (ac-
cessed on 3 September 2021).

Otten, L.; Schelker, E.; Petersen, H.; Nomayo, A.; Fleddermann, M.; Arendt, B.M.; Britzl, T.; Haberl, E.M.; Jochum, F. Safety and
Suitability of an Infant Formula Manufactured from Extensively Hydrolysed Protein in Healthy Term Infants. Nutrients 2023,
15, 1901. [CrossRef]

57



Nutrients 2024, 16, 245

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Wu, S.L; Ding, D.; Fang, A.P.; Chen, PY.; Chen, S.; Jing, L.P.; Chen, YM.; Zhu, H.L. Growth, Gastrointestinal Tolerance and Stool
Characteristics of Healthy Term Infants Fed an Infant Formula Containing Hydrolyzed Whey Protein (63%) and Intact Casein
(37%): A Randomized Clinical Trial. Nutrients 2017, 9, 1254. [CrossRef]

Czerkies, L.A.; Kineman, B.D.; Cohen, S.S.; Reichert, H.; Carvalho, R.S. A Pooled Analysis of Growth and Tolerance of Infants
Exclusively Fed Partially Hydrolyzed Whey or Intact Protein-Based Infant Formulas. Int. J. Pediatr. 2018, 2018, 4969576. [CrossRef]
Mennella, J.A.; Forestell, C.A.; Morgan, L.K.; Beauchamp, G.K. Early milk feeding influences taste acceptance and liking during
infancy. Am. J. Clin. Nutr. 2009, 90, 780s-788s. [CrossRef]

Diepvens, K.; Haberer, D.; Westerterp-Plantenga, M. Different proteins and biopeptides differently affect satiety and anorexi-
genic/orexigenic hormones in healthy humans. Int. J. Obes. 2008, 32, 510-518. [CrossRef] [PubMed]

Foltz, M.; Ansems, P.; Schwarz, ].; Tasker, M.C.; Lourbakos, A.; Gerhardt, C.C. Protein Hydrolysates Induce CCK Release from
Enteroendocrine Cells and Act as Partial Agonists of the CCK1 Receptor. |. Agric. Food Chem. 2008, 56, 837-843. [CrossRef]
[PubMed]

Koletzko, B.; von Kries, R.; Closa, R.; Escribano, J.; Scaglioni, S.; Giovannini, M.; Beyer, J.; Demmelmair, H.; Gruszfeld, D.;
Dobrzanska, A.; et al. Lower protein in infant formula is associated with lower weight up to age 2 y: A randomized clinical trial.
Am. ]. Clin. Nutr. 2009, 89, 1836-1845. [CrossRef]

Dewey, K.G. Growth Characteristics of Breast-Fed Compared to Formula-Fed Infants. Biol. Neonate 1998, 74, 94-105. [CrossRef]
[PubMed]

Kramer, M.S.; Guo, T.; Platt, R W.; Vanilovich, I.; Sevkovskaya, Z.; Dzikovich, I.; Michaelsen, K.F.; Dewey, K. Feeding effects on
growth during infancy. J. Pediatr. 2004, 145, 600-605. [CrossRef]

Victora, C.G.; Morris, S.S.; Barros, F.C.; Horta, B.L.; Weiderpass, E.; Tomasi, E. Breast-feeding and growth in Brazilian infants. Am.
J. Clin. Nutr. 1998, 67, 452-458. [CrossRef] [PubMed]

Gil-Campos, M.; Lopez, M.A.; Rodriguez-Benitez, M.V.; Romero, J.; Roncero, I.; Linares, M.D.; Maldonado, J.; Lopez-Huertas, E.;
Berwind, R.; Ritzenthaler, K.L.; et al. Lactobacillus fermentum CECT 5716 is safe and well tolerated in infants of 1-6 months of
age: A randomized controlled trial. Pharmacol. Res. 2012, 65, 231-238. [CrossRef]

Janmohammadi, P.; Nourmohammadi, Z.; Fazelian, S.; Mirzababaei, A.; Alizadeh, S.; Zarei, M.; Daneshzad, E.; Djafarian, K. Does
infant formula containing synbiotics support adequate growth in infants? A meta-analysis and systematic review of randomized
controlled trials. Crit. Rev. Food Sci. Nutr. 2021, 63, 707-718. [CrossRef] [PubMed]

Schiess, S.A.; Grote, V.; Scaglioni, S.; Luque, V.; Martin, F,; Stolarczyk, A.; Vecchi, F.; Koletzko, B. Intake of energy providing
liquids during the first year of life in five European countries. Clin. Nutr. 2010, 29, 726-732. [CrossRef] [PubMed]

Mihatsch, W.A.; Hogel, J.; Pohlandt, F. Hydrolysed protein accelerates the gastrointestinal transport of formula in preterm infants.
Acta Paediatr. 2001, 90, 196-198. [CrossRef]

Picaud, ].C.; Rigo, J.; Normand, S.; Lapillonne, A.; Reygrobellet, B.; Claris, O.; Salle, B.L. Nutritional efficacy of preterm formula
with a partially hydrolyzed protein source: A randomized pilot study. J. Pediatr. Gastroenterol. Nutr. 2001, 32, 555-561. [CrossRef]
Borschel, M.W.; Baggs, G.E. A New Hydrolyzed Formula is Well Tolerated in Infants with Suspected Food Protein Allergy or
Intolerance. Open Nutr. ]. 2015, 9, 1-4. [CrossRef]

Worsge, P.S.; Sangild, P.T.; van Goudoever, ].B.; Koletzko, B.; van der Beek, E.M.; Abrahamse-Berkeveld, M.; Burrin, D.G.; van de
Heijning, B.J.M.; Thymann, T. Growth and Clinical Variables in Nitrogen-Restricted Piglets Fed an Adjusted Essential Amino
Acid Mix: Effects of Partially Intact Protein-Based Diets. ]. Nutr. 2018, 148, 1118-1125. [CrossRef]

Blachier, F; Boutry, C.; Bos, C.; Tomé, D. Metabolism and functions of L-glutamate in the epithelial cells of the small and large
intestines. Am. J. Clin. Nutr. 2009, 90, 814s-821s. [CrossRef] [PubMed]

Rao, R.; Samak, G. Role of Glutamine in Protection of Intestinal Epithelial Tight Junctions. J. Epithel. Biol. Pharmacol. 2012, 5,
47-54. [CrossRef] [PubMed]

Rook, D.; Te Braake, EW.; Schierbeek, H.; Longini, M.; Buonocore, G.; Van Goudoever, ]J.B. Glutathione synthesis rates in early
postnatal life. Pediatr. Res. 2010, 67, 407-411. [CrossRef]

Ruth, M.R; Field, C.J. The immune modifying effects of amino acids on gut-associated lymphoid tissue. J. Anim. Sci. Biotechnol.
2013, 4, 27. [CrossRef]

van Sadelhoff, ].H.].; van de Heijning, B.J.M.; Stahl, B.; Amodio, S.; Rings, E.; Mearin, M.L.; Garssen, J.; Hartog, A. Longitudinal
Variation of Amino Acid Levels in Human Milk and Their Associations with Infant Gender. Nutrients 2018, 10, 1233. [CrossRef]
Florendo, K.N.; Bellflower, B.; van Zwol, A.; Cooke, R.J. Growth in preterm infants fed either a partially hydrolyzed whey or an
intact casein/whey preterm infant formula. J. Perinatol. 2009, 29, 106-111. [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.

58



‘@
L 92y
%

ING nutrients MoPY

Article

Impact of Maternal Fish Consumption on Serum
Docosahexaenoic Acid (DHA) Levels in Breastfed Infants: A
Cross-Sectional Study of a Randomized Clinical Trial in Japan

Ayu Kasamatsu !, Hiroshi Tachimoto ? and Mitsuyoshi Urashima /%*

Division of Molecular Epidemiology, The Jikei University School of Medicine, 3-25-8 Nishi-Shimbashi,

Minato-Ku, Tokyo 105-8461, Japan; ayu.kasamatsu@gmail.com

2 Department of Pediatrics, The Jikei University School of Medicine, 3-25-8 Nishi-Shimbashi, Minato-Ku,
Tokyo 105-8461, Japan; hiroshitachimoto@gmail.com

*  Correspondence: urashima@jikei.ac.jp; Tel.: +81-3-3433-1111 (ext. 2405)

Abstract: Docosahexaenoic acid (DHA), an essential n-3 long-chain polyunsaturated fatty acid
(LCPUFA) abundant in fish, is crucial for infant brain development. We investigated the associations
between maternal dietary habits, infant feeding patterns, and serum levels of DHA and other
LCPUFAs in infants aged 5-6 months in Japan, where fish consumption is high. This cross-sectional
study used serum samples from 268 infants enrolled in a randomized clinical trial. The frequency
of mothers’ consumption of 38 food items and infant feeding patterns were prospectively surveyed.
Cow’s milk formula (CMF) supplemented with 15.9% linolenic acid, 1.6% «-linolenic acid, 0.40%
DHA, and 0.27% arachidonic acid was used. Significant positive associations with infants” serum
DHA levels were found for “Blue-back fish” (tho = 0.24; p = 0.0001) and “White fish” (tho = 0.25,
p =0.0001). The combined variable “Blue-White fish” was found to be significantly associated
with higher serum DHA levels in infants (rho = 0.29, p < 0.0001). Predominantly breastfed infants
had significantly higher serum DHA levels than those fed more CMF (rho = 0.32, p < 0.0001).
After multivariate analysis, “Blue-White fish” and “Feeding patterns” remained significantly and
independently associated with serum DHA levels. These findings suggest that frequent consumption
of “Blue-back fish” and/or “White fish” by lactating mothers, along with prioritizing breastfeeding
over DHA-supplemented CME, might effectively increase infants’ serum DHA levels.

Keywords: infants; Japanese; seafood; breast feeding; docosahexaenoic acid; eicosapentaenoic acid;
fatty acids; milk; omega-3; omega-6

1. Introduction

Exclusive breastfeeding is recommended for the first 6 months after birth [1,2] due to
its numerous benefits for infants [3], one of which is the potential to enhance intelligence via
unknown mechanisms [3-5]. Breastfed infants exhibit higher plasma levels of docosahex-
aenoic acid (DHA) than those fed DHA-unsupplemented infant formula [6-8]. DHA is an
n-3 fatty acid belonging to the group of long-chain polyunsaturated fatty acids (LCPUFAs)
and is essential for infant brain development [9], aiding myelination and improving the
speed of electrical impulses in neurons [10]. Indeed, higher serum DHA levels are linked
to increased brain volumes in neonates [11]. The process of incorporating DHA into the
brain membrane structure in early life relies on its maternal transfer and dietary intake,
as well as endogenous LCPUFA synthesis, as there is no de novo LCPUFA synthesis [12].
Thus, efforts have been made to maintain the DHA levels of formula-fed infants at levels
comparable to those of breastfed infants using DHA supplementation. Recently, evidence
of the clinical benefits of DHA supplementation has been accumulating. Multiple random-
ized controlled trials (RCTs) have suggested the possible effect of DHA supplementation
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on the development of visual acuity and cognitive outcomes in both preterm and full-
term infants, although they have shown inconsistent results due to variations in outcome
measurements and in DHA supplementation dosages among studies [13-15]. Some RCTs
have also shown improvements in cognitive outcomes in very low birth weight infants
with DHA supplementation [16,17]. Furthermore, DHA supplementation not only offers
short-term advantages but also long-term benefits, enhancing brain structure and function
and improving neurochemical outcomes in children aged 5 years and older [16,18,19].

To promote such favorable effects, it is recommended that lactating mothers consume
seafood, which is rich in DHA [20]. This recommendation is based on the evidence that
maternal dietary choices can affect breast milk fatty acid composition [21]. However, it
remains unknown whether lactating mothers’ diets affect their infants’ fatty acid levels.
Moreover, blood DHA levels were reported to be equivalent between breastfed infants
and LCPUFA-supplemented formula-fed infants during the first several months of life in
previous studies, although those studies were mostly from Western countries [22-25].

Japanese dietary habits are characterized by the consumption of considerable amounts
of seafood. In fact, Japanese people consume more fish, with an average intake of
31.2-52.5 g/day, than Caucasian Americans, who consume 8.9 g/day [26]. The high
consumption of fish in Japan makes it an ideal location to examine the effects of maternal
fish consumption on serum DHA levels in breastfed infants. Thus, this study aimed to
investigate the association between the dietary habits of lactating mothers and serum DHA
and other LCPUFA levels in Japanese term infants before they start eating solid foods.
We hypothesized that, in contrast to studies from Western countries, Japanese breastfed
infants might have higher serum DHA levels than those fed cow’s milk formula (CMF)
supplemented with LCPUFAs. Hence, this study also aimed to elucidate the association
between infant feeding patterns and their serum DHA levels.

2. Materials and Methods
2.1. Study Design

This study was designed as a pre-specified cross-sectional study conducted as a
supplemental analysis of the Atopy Induced by Breastfeeding or Cow’s Milk Formula
(ABC) trial [27]. Since the effects of allergen avoidance in neonates on reducing the risk of
food allergy are not well established, the trial aimed to determine if avoiding or introducing
CMEF for at least the first three days of life might decrease the risk of sensitization to cow’s
milk protein and clinical food allergies. Details of the background and methods of the
ABC trial are described elsewhere [27]. Briefly, in the ABC trial, newborn infants were
randomized to breastfeeding (BF) with or without amino acid-based elemental formula
(EF) for at least the first 3 days of life group (BF/EF group) or a BF supplemented with CMF
(>5 mL/day) from the first day of life to 5 months of age group (BF + CMF group) and
were followed up until their second birthday. Enrollment began on 1 October 2013, and
follow-up was completed on 31 May 2018 at a single university hospital in Tokyo, Japan.
Written, informed consent was obtained from the parents of all the enrolled infants. The
trial protocol was approved by the ethics committee of Jikei University School of Medicine
and the institutional review board of Jikei University Hospital (25-057(7192)). The trial was
registered with the UMIN Clinical Trials Registry (UMIN000011577). This cross-sectional
study used information from a maternal dietary questionnaire and serum fatty acid levels
in blood samples from infants aged 5 months that were specifically collected for this trial in
order to analyze their association at this single time point.

2.2. Study Population

The ABC trial included infants at risk of atopy due to at least one of their parents or
siblings having current and/or past atopic diseases (e.g., asthma). Infants whose parents
intended to exclusively provide breastfeeding or CMF before birth, or infants who were
born at less than 36 weeks’ gestational age, had a birth weight of less than 2000 g, or had
serious congenital anomalies (e.g., cleft palate) were excluded.
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2.3. Infant Formula and Intervention

To evaluate sensitization to cow’s milk protein, this trial incorporated both CMF (Meiji
Hohoemi®, Meiji Holdings Co., Ltd., Tokyo, Japan) and EF (Meiji Elemental® formula,
Meiji Holdings Co., Ltd.) alongside breast milk; EF does not contain cow’s milk protein,
but it does contain fundamental nutrients in approximately equivalent proportions to CMF.
The CMF was supplemented with «-linolenic acid (ALA) = 1.6%, DHA = 0.40%, linolenic
acid (LA) = 15.9%, and arachidonic acid (AA) = 0.27% per total fatty acid weight, but
not with eicosapentaenoic acid (EPA). The EF was supplemented with ALA =12.4% and
LA = 60.2%. Details of the fatty acid composition and other nutritional components of the
infant formulas are provided in the Supplementary Materials (Tables S1-S3). Newborns
were centrally assigned in a 1:1 ratio to the BF/EF and BF + CMF groups using permuted
blocks of 4 by computer randomization. Infants in the BF/EF group were to avoid CMF for
at least the first 3 days of life but were allowed to receive EF when mothers believed that
the amount of breast milk was not enough. If they added more than 150 mL/day of EF to
breastfeeding for three consecutive days, the EF was switched to CMF after the fourth day.
Infants in the BF + CMF group were to receive at least 5 mL/day of CMF from the first day
of life and at least 40 mL/day after 1 month of age until the first blood test at 5-6 months
of age or before starting solid foods to supplement breastfeeding.

2.4. Sample Size

The primary outcome of the ABC trial was defined as a CM-IgE level of 0.35 UA/mL or
greater at 24 months of age. For sample size calculation, it was assumed that this outcome
would be achieved in 10% of one group and 25% of the other, with a bilateral type I error
of 5%, 90% power, and an estimated 3% loss to follow-up. Therefore, we calculated that a
sample size of 300 participants in a 1:1 ratio would be required to detect this difference.

2.5. Data Collection

Data on maternal age, maternal body mass index, gestational weeks, birth weight,
and neonatal sex were obtained from the neonatal summary record at birth. Participating
parents were prospectively interviewed regarding their child’s daily amount of CMF intake
during follow-up visits to the outpatient clinic when their child was 5-6 months old. The
feeding patterns were prospectively classified into the following four grades based on
the pre-specified cutoff points of CMF intake: BF with CMF > 100 mL/day, BF with CMF
40-100 mL/day, BF with CMF 5-40 mL/day, and exclusive BE. If the feeding patterns were
not recorded at 5-6 months of age, data on their feeding patterns at 3 months of age were
used instead. Moreover, during a previous visit, mothers were given a self-administered
questionnaire regarding their diet, which included 38 food items. The completed answers
were to be brought to the visit when the child was 5-6 months old. In the questionnaire,
mothers were asked to check the most applicable box on a 6-point scale, ranging from
“rarely” to “three times a day”, for the frequency of consumption of each listed food item
over the previous month.

2.6. Serum Fatty Acid Measurements and Primary/Secondary Outcomes

Blood was collected from the infants at 5-6 months of age, prior to the introduction of
solid foods. In the ABC trial, 25-hydroxyvitamin D, total IgE, and antigen-specific IgE levels
were measured. If sufficient residual serum samples were available, they were utilized
to measure the composition of 24 serum fatty acids. The serum samples were stored at
—80 °C and sent to Standard Reference Laboratory Inc. (Tokyo, Japan) for analysis. The
concentration of each fatty acid was measured by gas chromatography-mass spectrometry
using a calibration curve method and expressed as the weight percentage of total fatty
acids [28]. The primary outcome was set as the infant serum DHA level. The secondary
outcomes were infant serum EPA, AA, ALA, and LA levels. Moreover, n-3 LCPUFA, which
includes the sum of ALA, EPA, docosapentaenoic acid (DPA), and DHA, as well as n-6
LCPUFA, which includes the sum of LA, y-linolenic acid, eicosadienoic acid, dihomo-
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v-linolenic acid (DGLA), AA, and docosatetraenoic acid (DTA), were also evaluated as
secondary outcomes.

2.7. Statistical Analysis

Spearman’s rank correlation (tho) was employed to assess the associations between
the frequency of maternal food intake of the 38 listed items or grades of feeding patterns
and seven outcomes, and among n-3 LCPUFAs and n-6 LCPUFAs to quantify the strength
of correlations a rho value of >0.9 was considered a very strong correlation, 0.9 > rho > 0.7
was strong, 0.7 > rho > 0.4 was moderate, 0.4 > rho > 0.1 was weak, and rho < 0.1 was
a negligible correlation [29]. Univariate and multivariate regression analyses were also
conducted to explore factors associated with serum DHA levels in infants. The Bonferroni
correction was applied to account for multiple comparisons (e.g., 300 times), and a two-
sided p value of <0.00016 was considered statistically significant. All data were analyzed
using Stata, version 17.0 (StataCorp, College Station, TX, USA).

3. Results
3.1. Study Population

The ABC trial included 312 pregnant women who were randomly assigned to either
the BF/EF group or the BF + CMF group from the first day of their infant’s life in a 1:1
ratio (Figure 1); there was no loss to follow-up until 5-6 months of age. Blood samples
were collected from 309 out of 312 infants at 5-6 months of age. A total of 268 residual
serum samples from the infants were available for measurement of the 24 different types of
fatty acids (Cohort I). In addition, food intake frequency questionnaires were prospectively
collected from 254 participants (Cohort II), and 223 participants were prospectively inter-
viewed regarding their infant’s feeding patterns (Cohort III). The number of participants in
each grade of feeding patterns was as follows: (1) CMF >100 mL/day (n = 121); (2) CMF
40-100 mL/ day (n = 10); (3) CMF 5-40 mL/day (n = 23); and (4) exclusive BF (n = 69).
None of the infants were receiving EF at the time of blood sampling. The participants’
characteristics are shown in Table 1.

Enroliment [ Randomized (n = 312)

Allocation
Allocated to BF/EF (n = 156) ‘ of newborns Allocated to BF+CMF (n = 156)

. i & J ‘

Serum fatty acids not

Follow-up at 5-6 measured (n = 21)

months of age |
e

measured (n = 23)

Serum fatty acids not ._]

Allocated to BF/EF (n = 133) 1 Allocated to BF/EF (n = 135)

Cohort I

Fatty acids measured
(Total, n = 268)

r
Cohort I : Cohort I':
Food intake frequency Feeding patterns
(Total, n = 254) (Total, n = 223)
) _A
BF + CMF, BF + CMF, BF + CMF, Exclusive BF
CMF: 100 mL < (n = 121) CMF: 40-100 mL (n = 10) CMF: 5-40 mL (n=23) CMF: 0 mL (n=69)

Figure 1. Participant flow through the ABC trial. BF + CMF, breastfeeding, and cow’s milk formula;
BF/EF, breastfeeding and/or elemental formula; CMF, cow’s milk formula.
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Table 1. Participants’ characteristics.

Fatty Acid Measured Fatty Acid Unmeasured
n =268 n=42

Maternal age, mean (SD)—years 35.1 (4.3) 35.4 (4.8)
Maternal body mass index, mean

(SD)—kg/m> 20.6 (4.3) 20.9 (2.8)

Gestational weeks, median (IQR)—weeks 39 (38-39) 39 (38-39)

Birth weight, mean (SD)—g 2993 (314) 2983 (309)

Female, no. (%) 69 (53.9)

3.2. Serum Fatty Acid Compositions at 5-6 Months of Age

The present study first investigated fatty acid compositions in 268 infants (Cohort
I), analyzing 24 different types of fatty acids (Table 2). For n-3 LCPUFA, strong positive
associations were observed between serum levels of EPA, DPA, and DHA, while a moderate
negative association was found between ALA and DHA (Figure 2A). Additionally, moderate
associations were found between DGLA, AA, and DTA levels among the n-6 LCPUFAs, but
negligible associations were found between LA and other fatty acids (Figure 2B). Interestingly,
strong negative associations were observed between monounsaturated fatty acids (MUFA)
and n-6 LCPUFA, and moderate negative associations were found between saturated fatty
acids (SFA) and n-6 LCPUFA, as well as between MUFA and n-3 LCPUFA. Conversely,

negligible associations were observed between n-3 and n-6 LCPUFA (Figure 2C).

Table 2. Values of 24 types of serum fatty acids measured at 5-6 months of age (1 = 268).

No. Fatty Acids ug/mL Weight %
Measured Value Measured Value

Median (IQR) Median (IQR)

Min-Max Min-Max
1 Lauric acid 12:0 25.52%?2063 9 0.78.(1053._916.11)
2 Myristic acid 14:0 45‘%_33)1_‘;27'4) 1'3?)_(517'(_)2;1()'75)
3 Myristoleic acid 14:1n-5 1'61. 3((1]_01_0220) 0.04(1),5)01'93_&05)
4 Palmitic acid 16:0 7223?—5515893 K 22.?9(.251—.26(:%2.9)
5 Palmitoleic acid 16:1n-7 43%5;;?;25.4) 1.24(1).(717.};._516'43)
; Steaic acd 150 300 264349 567 (623914
7 Oleic acid 18:1n-9 7132(75_9;7_5982 Y 21.14(.169—.;;283.1)
8 Linoleic acid 18:2n-6 931531?;1%72) 26’? 8(224_5;%88)
9 v-linolenic acid 18:3n-6 4'7(1).(5%25;%80) 0'13805'}(1)._5%16)
10 a-linolenic acid 18:3n-3 22'5992507_21'4) 0.63.201.55,;1%77)
11 Arachidic acid 20:0 12’2.(9101_‘;144'6) 0'38_(207'233()5'40)
12 Eicosenoic acid 20:1n-9 6'68.(5%'9gg%15) 0'13.(1%1821%23)
13 Eicosadienoic acid 20:2n-6 8'92.(970?3;.212'1) 0'28.(1%33._3%27)
14 5,8,11-eiacz)isce11trienoic 20:3n-9 2.10.(;._76—?.6) 0.0(? 5850_50—(1)707)
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Table 2. Cont.

No. Fatty Acids ug/mL Weight %
Measured Value Measured Value
Median (IQR) Median (IQR)
Min-Max Min-Max
Dihomo-vy-linolenic A 30.4 (24.3-37.1) 0.84 (0.72-1.01)
15 acid 20:3n-6 14.0-79.0 0.30-1.82
. . . ) 221 (191-257) 6.22 (5.41-7.15)
16 Arachidonic acid 20:4n-6 103-437 245103
. . = 24.3 (17.2-39.5) 0.66 (0.51-1.07)
17 Eicosapentaenoic acid 20:5n-3 3.9-165 0.15-4.58
. . ) 23.1 (20.6-25.6) 0.66 (0.57-0.75)
18 Behenic acid 22:0 13.4-41.0 0.35-0.99
. . ) 1.6 (1.2-2.0) 0.05 (0.04-0.05)
19 Erucic acid 22:1n-9 0542 0.005-0.09
. . Ao 6.5 (5.7-7.6) 0.19 (0.16-0.21)
20 Docosatetraenoic acid 22:4n-6 28142 0.10-0.30
. . . 16.0 (12.6-19.0) 0.44 (0.36-0.53)
21 Docosapentaenoic acid 22:5n-3 46-46.1 0.22-0.76
. . . ) 19.5 (17.4-22.0) 0.56 (0.48-0.65)
22 Lignoceric acid 24:0 103-32.6 0.26-0.91
. . o 150.0 (127.4-178.3) 4.17 (3.69-4.90)
23 Docosahexaenoic acid 22:6n-3 42 8-368.6 1.63-7.75
. . A 41.7 (35.0-46.8) 1.19 (0.96-1.41)
24 Nervonic acid 24:1n-9 24.2-85.0 0.52-1.98
IQR, interquartile range.
A B C
0 5 2 4 6 8 0 1 2 ) 20 25 30 35 20 30 40
5. . e ¢ s i [ s ;J- Ve | e 40
. 3 ~ "% .. - - - % o
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5 . = - 21 = 35 Iy E
.2 o 30 .
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Figure 2. Associations between different fatty acids (%), including (A) n-3 LCPUFA, (B) n-6 LCPUFA,
and (C) the relationship between SFA, MUFA, n-3 LCPUFA, and n-6 LCPUFA. DGLA, dihomo-y-
linolenic acid; DTA, docosatetraenoic acid; LCPUFA, long-chain polyunsaturated fatty acid. Numbers
in squares represent Spearman’s rho. Blue dots represent the corresponding fatty acid levels (%).

3.3. Frequency of Maternal Intake of the Listed Items and Serum DHA Levels in Infants

This study next examined the association between the frequency of consumption of
38 food items by lactating mothers and serum DHA levels in their infants (Table 3). Of the
38 food items, only two types of fish, “Blue-back fish” (rho = 0.24, p = 0.0001) (Figure 3A)
and “White fish” (tho = 0.25, p = 0.0001) (Figure 3B), were found to have significant positive
associations with serum DHA levels in infants. In contrast, other types of fish, such as
salmon, tuna, and swordfish, as well as food categories such as nuts, dairy products, eggs,
vegetable oil, fried foods, meat, and beans, did not have any significant associations with
DHA levels. A new variable, “Blue-White fish”, created by combining the frequency of
consumption of these two fish types, was found to be significantly associated with higher
levels of serum DHA in infants (rho = 0.29, p < 0.0001) (Figure 3C). When stratified by
infant sex, the relationship between frequency of “Blue-White fish” intake and serum DHA
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levels persisted in both males (rho = 0.40, p < 0.0001) and females (rho = 0.39, p < 0.0001),

showing no evident interaction of sex (p for interaction = 0.112) (Figure S1A,B).

Table 3. Associations between frequency of maternal intake of specific foods and infant serum DHA

levels.
No. Food Item n rho p Value
Fish
1 Blue-back fish: ll/ieilcrk;l('iei,c ngi;l:ge,c :r(:;seed I)nackerel, Pacific 252 0.24 0.0001
5 White fish (sea bream, snae}zfir, flounder, eel, cod, trout, 249 025 0.0001
3 Salmon (including canned salmon) 250 0.03 0.64
Tuna (canned tuna, sashimi, etc.) 252 —0.02 0.78
5 Swordfish 249 0.01 0.82
Nuts
6 Peanuts (including peanut butter) 249 —0.06 0.36
7 Walnuts 250 —0.01 0.92
8 Almonds 251 0.04 0.49
9 Cashew nuts 250 0.06 0.32
10 Macadamia nuts 251 0.04 0.50
11 Hazelnuts 249 —0.00 0.98
12 Coconut (including that in processed foods) 244 —0.02 0.78
Dairy products
13 Cow’s milk 254 0.11 0.07
14 Cheese 252 —0.05 0.45
15 Cream (including cream for coffee) 254 —0.11 0.07
16 Ice cream 253 0.05 0.44
17 Butter 249 0.01 0.90
Egg
18 Heated eggs 252 —0.03 0.62
19 Raw eggs 221 0.02 0.79
20 Mayonnaise 251 —0.06 0.33
2 Fish eggs (salmc;in1 :ﬁi,t frlc))rgcgaf‘is:r,rzfc,jea urchin, dried 250 —0.02 0.81
Vegetable oil
22 Unspecified vegetable oil 247 —0.04 0.55
23 Olive oil 250 0.03 0.61
24 Rapeseed oil 268 —0.05 0.45
25 Sesame oil 268 —0.08 0.21
26 Safflower oil 268 —0.09 0.16
27 Other 268 —0.01 0.92
28 Margarine 248 -0.07 0.25
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Table 3. Cont.

No. Food Item n rho p Value
Fried food
29 Junk food (potato chips, etc.) 253 —0.11 0.08
30 Instant noodles 250 —-0.12 0.06
31 Fried food at home (tempura, fried chicken, fried 954 0.03 059
potatoes, etc.)
30 Fried food from outside (tempura, fried chicken, fried 254 _o11 0.09
potatoes, etc.)
Meat
33 Beef 246 0.05 0.43
34 Pork 252 0.05 0.46
35 Chicken 251 0.08 0.23
36 Processed meat (sausage, salami, hotdogs, bacon, etc.) 253 —0.05 0.40
37 Hamburger at fast-food restaurant 248 —0.08 0.22
Beans
38 Soybean (natto, tofu, miso, green §oybeans, soy milk) 252 0.14 0.02
and sweet red (adzuki) beans
A p value of <0.00016 was considered statistically significant. “n” denotes the number of respondents to the
questionnaire.
Blue-back fish (mackerel, sardine, White fish (sea bream, snapper, c Blue-White fish
horse mackerel, Pacific saury, etc.) flounder, eel, cod, trout, etc.)
P =0.0001 P =0.0001 P < 0.0001
o Spearman's rho = 0.24 - Spearman's rho = 0.25 - Spearman's rho = 0.29
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Rarely Once/wk. 2-6/wk. Once/day 2/day Rarely Once/wk. 2-6/wk. Once/day 2/day Rarely Once/wk. 2-6/wk. Once/day>Once/day
(n=86) (n=113) (n=50) (n=2) (n=1) (n=122) (n=101) (n=24) (n=1) (n=1) (n=59) (n=68) (n=86) (n=14) (n=22)

Figure 3. Frequency of (A) Blue-back fish, (B) White fish, and (C) Blue-White fish consumption by
lactating mothers and the levels of serum DHA (%) in their infants. Number of non-respondents:
(A) 2, (B) 5, (C) 5. Box presents interquartile range (IQR) from 25% to 75%. Middle line of the box
means the median. The upper and lower whiskers represent minimum within 25% — 1.5*IQR and
maximum within 75% + 1.5*IQR. Outliers that differ significantly from the rest of the dataset are
plotted as individual points outside of the whiskers on the box-plot. A p value of <0.00016 was
considered statistically significant.

3.4. Frequency of Maternal Intake of the Listed Items and Serum EPA and Other LCPUFA Levels
in Infants

The study also examined the associations between the frequency of maternal intake of
certain foods and the levels of serum EPA and other LCPUFAs in their infants. “Blue-back
fish” and “White fish”, which were found to be associated with DHA levels, also showed
significant positive associations with EPA levels in the infants (rho = 0.32, p < 0.0001 for
both) (Figure 4A,B). The combined intake of “Blue-White fish” was also significantly and
positively associated with EPA levels (rho = 0.40, p < 0.0001) (Figure 4C). Weak negative
and positive trends were observed between “Junk food” (rho = —0.19, p = 0.003) (Figure 4D)
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and “Beans” (rho = 0.17, p = 0.008) (Figure 4E), respectively, and EPA levels, although their
p values did not reach statistical significance using the cutoff point of p = 0.00016.
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Figure 4. Frequency of (A) Blue-back fish, (B) White fish, (C) Blue-White fish, (D) Junk food, and
(E) Bean consumption by lactating mothers and levels of serum EPA (%) in their infants. Number of
non-respondents: (A) 2, (B) 5, (C) 5, (D) 1, (E) 2. Box presents interquartile range (IQR) from 25% to
75%. Middle line of the box means the median. The upper and lower whiskers represent minimum
within 25% — 1.5*IQR and maximum within 75% + 1.5*IQR. Outliers that differ significantly from the
rest of the dataset are plotted as individual points outside of the whiskers on the box-plot. A p value

of <0.00016 was considered statistically significant.
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Similarly, the intake of ‘Blue-back fish” (rho = 0.29, p < 0.0001) (Figure 5A), “White
fish” (rho = 0.31, p < 0.0001) (Figure 5B), and the combined intake of “Blue-White fish”
(rho = 0.37, p < 0.0001) (Figure 5C) were significantly and positively associated with n-3
LCPUFA levels. Weak positive and negative trends were also observed between “Junk
food” (rtho = —0.16, p = 0.009) (Figure 5D) and “Beans” (rho = 0.18, p = 0.004) (Figure 5E)
and n-3 LCPUFA levels, respectively. However, none of the 38 food items analyzed showed
significant associations with serum levels of AA, LA, ALA, or n-6 LCPUFA.

A Blue-back fish (mackerel, sardine, B White fish (sea bream, snapper,
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Figure 5. Frequency of (A) Blue-back fish, (B) White fish, (C) Blue-White fish, (D) Beans, and (E) Junk
food consumption by lactating mothers and levels of serum n-3 LCPUFA (%) in their infants. LCPUFA,
long-chain polyunsaturated fatty acid. Number of non-respondents: (A) 2, (B) 5, (C) 5, (D) 2, (E) 5.
Box presents interquartile range (IQR) from 25% to 75%. Middle line of the box means the median.
The upper and lower whiskers represent minimum within 25% — 1.5*IQR and maximum within
75% + 1.5*IQR. Outliers that differ significantly from the rest of the dataset are plotted as individual
points outside of the whiskers on the box-plot. A p value of <0.00016 was considered statistically

significant.
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3.5. Feeding Patterns and Serum DHA and Other n-3 LCPUFA Levels in Infants

Examination of the association between the infants’ feeding patterns and their serum
n-3 LCPUFA levels revealed that infants who were predominantly breastfed had signifi-
cantly higher levels of serum DHA (rho = 0.32, p < 0.0001) (Figure 6A), EPA (rho = 0.35,
p < 0.0001) (Figure 6B), AA (rho = 0.30, p < 0.0001) (Figure 6C), and n-3 LCPUFA (rho = 0.36,
p < 0.0001) (Figure 6D) compared to those who received larger amounts of CMF to supple-
ment breastfeeding. Conversely, infants who were fed less CMF had significantly lower
levels of serum LA (rho = —0.33, p < 0.0001) (Figure 6E) compared to those who were
predominantly breastfed. No significant associations were found between feeding patterns
and serum ALA (Figure 6F) or n-6 LCPUFA levels (Figure 6G).
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Figure 6. Correlations between feeding pattern grades and serum levels (%) of (A) DHA, (B) EPA,
(C) AA, (D) n-3 LCPUFA, (E) LA, (F) ALA, and (G) n-6 LCPUFA in infants. LCPUFA, long-chain
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polyunsaturated fatty acid. Box presents interquartile range (IQR) from 25% to 75%. Middle line of
the box means the median. The upper and lower whiskers represent minimum within 25% — 1.5*IQR
and maximum within 75% + 1.5*IQR. Outliers that differ significantly from the rest of the dataset
are plotted as individual points outside of the whiskers on the box-plot A p value of <0.00016 was
considered statistically significant.

3.6. Factors Associated with Serum DHA Levels in Infants: Univariate and Multivariate
Regression Analyses

We assessed the infants” serum DHA levels in relation to six variables: “Blue-White
fish” consumption, feeding patterns, group allocation in the ABC trial, maternal age, mater-
nal body mass index, gestational weeks, birth weight, and infant sex (Table 4). Univariate
analysis revealed that both “Blue-White fish” consumption and “feeding patterns” were
significantly associated with serum DHA levels, while there was no significant association
for the other factors (Model I). In the subsequent multivariate analysis (Model II), including
the two significant factors identified in univariate analyses, “Blue-White fish” consumption
and “feeding patterns” remained significant variables. After adjusting for all six variables,
both “Blue-White fish” consumption and “feeding patterns” remained significant variables
(Model III). Notably, when infant sex was included in the univariate analysis for “Blue-
White fish” and serum DHA levels, the coefficient for “Blue-White fish” remained virtually
unchanged (coefficient = 0.29 for both), showing no evidence of a confounding effect of sex.

Table 4. Univariate and multivariate regression analysis of factors associated with serum DHA levels

in infants.
Univariate Analysis Multivariate Analysis
Model I Model II Model III
CE 95% CI p Value CE 95% CI p Value CE 95% CI p Value

Blue-White fish 0.29 0.19-0.39 <0.001 0.29 0.18-0.41 <0.001 0.24 0.11-0.38 0.001
Feeding patterns 0.25 0.15-0.35 <0.001 0.18 0.09-0.28 <0.001 0.17 0.05-0.29 0.006

Allocated group in
ABC trial 0.18 —0.07-0.44 0.15 0.07 —0.23-0.37 0.64
Maternal age —0.02 —0.05-0.01 0.27 0.01 —0.02-0.04 0.54
Maternal body 0.01 ~0.03-0.04 0.74 0.00 ~0.03-0.03 0.94

mass index

Gestational weeks 0.05 —0.01-0.11 0.13 0.05 —0.10-0.19 0.54
Birth weight 0.00 —0.00-0.00 0.20 0.31 —0.00-0.00 0.72
Female 0.19 —0.06-0.44 0.13 0.31 0.00-0.63 0.05

CE, coefficient; 95% CI, 95% confidence interval. Model I presents the results of univariate regression analysis
evaluating the association of infant serum DHA levels with six variables: “Blue-White fish” intake, feeding
pattern, allocation group in the ABC trial, maternal age, maternal body mass index, gestational age in weeks,
birth weight, and infant sex; Model II presents the results of multivariate regression analysis, including the factors
of “Blue-White fish” consumption and feeding pattern, both of which showed significant associations in Model
I; and Model III presents the results of multivariate regression analysis including all six variables. A p value of
<0.00016 was considered statistically significant.

4. Discussion

To the best of our knowledge, this is the first study to explore the association between
maternal diet and serum LCPUFA levels in infants who have not yet started solid foods. The
results indicated that the infants of lactating mothers who frequently consumed “Blue-back
fish” and/or “White fish” from the list of 38 food items had higher levels of serum DHA
than infants whose mothers did not consume these fish regularly. The study also found
that infants who were predominantly breastfed had higher levels of serum DHA compared
to those who were formula-fed. Even following multivariate analysis, frequent intake of
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“Blue-White fish” by lactating mothers and “feeding patterns” remained significant factors
related to infant DHA levels, indicating that both factors were independently associated
with higher serum DHA levels in infants. These results suggest that higher serum DHA
levels might be more effectively achieved by frequent maternal consumption of “Blue-back
fish” and/or “White fish”, or by prioritizing breastfeeding rather than relying on CMF
supplemented with DHA.

A previous meta-analysis revealed that the concentration of DHA in breast milk varies
considerably by country and is generally higher in coastal populations with a higher
consumption of seafood [30]. A large Canadian birth cohort study showed that maternal
intake of fish oil supplements and cold-water fish (such as salmon, mackerel, and bluefish)
was positively associated with DHA and n-3 LCPUFA levels in breast milk but not with
AA and n-6 LCPUFA levels [31]. Similarly, the Japanese Human Milk Study reported
that maternal consumption of grilled fish was associated with increased DHA levels in
breast milk [32]. These previous reports support the finding of this study that serum DHA
levels are higher in infants fed by mothers who frequently consume “Blue-White fish” as
compared to those who only infrequently consume such fish. Hence, our findings imply
that mothers can potentially enhance their infants” DHA levels by frequently consuming
“Blue-back fish” and /or “White fish,” even when breastfeeding is limited due to milk supply
or maternal lifestyle. In Japan, these types of fish are affordable and readily available, often
as convenient, ready-to-eat options, such as canned or convenience store offerings. This
accessibility makes it feasible for even busy mothers to incorporate these fish into their
daily diets. It should be cautioned, however, that causality was not determined in this
study due to the nature of the study design. Additionally, the study did not assess LCPUFA
levels in breast milk or maternal serum, necessitating further longitudinal investigations to
comprehensively evaluate the relationship between maternal dietary intake of these fish,
LCPUFA levels in maternal serum and breast milk, and infant DHA levels.

No interaction of sex was evident in the association between maternal “Blue-White
fish” intake frequency and infant serum DHA levels in this study. As demonstrated in
a systematic review predominantly involving adults, females have higher plasma DHA
levels (%) compared to males. This could be attributed to differences in n-3 LCPUFA
synthesis from ALA, dietary patterns, and age [33]. However, only limited data on children
are available, with studies showing no sex differences in plasma or erythrocyte membrane
LCPUFA composition among individuals from infancy to young adulthood [34]. These
previous findings are consistent with our observations. On the other hand, DHA levels
in breast milk are suggested to be higher when the infant is female [35]. Thus, further
studies are warranted to elucidate the effects of sex on the association between maternal
diet, LCPUFA levels in breast milk, and the levels in infant serum.

The present study also revealed that serum DHA levels were higher in breastfed infants
compared to those fed CMF, even when it was supplemented with DHA. Contrary to our
findings, most studies from Western countries indicated similar [22-25] or lower [36,37]
blood DHA levels in 3-9-month-old, full-term, breastfed infants compared to those fed
LCPUFA-supplemented formula. This discrepancy might be due to the comparable or
lower DHA levels observed in breast milk versus formula in these studies. Conversely,
Japanese mothers in previous studies exhibited higher DHA levels in breast milk (ranging
from 0.53% to 1.10%) [38—40], exceeding the 0.4% DHA supplementation in CMF used
in our study. Indeed, a previous Japanese study involving 6-month-old infants showed
a similar trend in mean erythrocyte membrane DHA as that in our present findings [41].
Data from our Japanese study thus offer insights into the potential influence of relative
DHA levels in breast milk and infant formula on the relationship between feeding patterns
and infant blood DHA levels.

In addition to DHA, AA is also crucial for infant growth, brain development, and
overall health [42]. Thus, 0.27% AA was added to the CMF used in this study. However,
contrary to expectations, the results showed that breastfed infants had higher serum AA
levels compared to those fed CMEF, even when it was supplemented with AA. Interestingly,
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unlike DHA, maternal consumption of specific foods, such as fish, did not appear to affect
serum AA levels in infants. AA is found in small amounts in a variety of animal-derived
foods, such as meat, poultry, eggs, fish, and dairy products [43]. This contrasts with
DHA and EPA, which are primarily found in seafood. As such, EPA and DHA were
associated with the consumption of “Blue-back fish” and/or “White fish”, while AA was
not associated with the consumption of any specific food items. It is noteworthy that
AA is exclusively found in animal-derived foods because plants cannot synthesize C-20
LCPUFAs, including AA. In fact, compared with omnivorous women, vegetarian women
had lower blood concentrations of AA during pregnancy [44]. Several decades ago, the
Japanese diet consisted mainly of rice, fish, beans, and vegetables. However, recent dietary
changes towards a more westernized diet, which includes more animal-derived foods,
might have resulted in higher serum AA levels in breastfed infants compared to those fed
CMEF, even when it was supplemented with LCPUFA, including AA.

Infants predominantly fed CMF had significantly higher levels of LA in their serum
than breastfed infants. Moreover, the levels of ALA did not appear to be affected by feeding
patterns. The CMF used in this study was supplemented with a higher percentage of LA
(15.9%) than ALA (1.6%), both of which are found in high percentages in Japanese breast
milk [40]. The findings indicate that the LA content in CMF was sufficient to increase serum
LA levels in infants, but the ALA content was insufficient. Since infants’ bodies can convert
ALA and LA into DHA and AA, respectively [45], it was expected that infants fed CMF
supplemented with ALA and LA would have higher serum DHA and AA levels. However,
infants predominantly fed CMF supplemented with higher ALA and LA levels than breast
milk had significantly lower levels of DHA and AA in their serum than breastfed infants.
In addition, a previous RCT showed that blood DHA and AA levels were higher in infants
fed CMF supplemented with higher amounts of DHA and AA than those supplemented
with more ALA and LA [46]. These findings suggest that directly supplementing CMF
with DHA and AA might more effectively increase their levels in infants, as compared to
supplementing CMF with their precursors, ALA and LA.

One of the strengths of this study is that it used blood samples collected from
268 infants to measure 24 different types of fatty acids, despite the challenge of performing
venous blood sampling in infants aged 5 to 6 months. This unique approach sets this
study apart from most other studies on LCPUFA, which have relied on measuring their
concentrations in breast milk.

The results of this study should be considered in light of several limitations. First,
due to a lack of information on the amount of breast milk intake, evaluation of the ratio of
CMF to breast milk could not be accurately assessed despite the study being prospective.
Infants exclusively fed with CMF were grouped together with those fed a mixture of breast
milk and CMF in the CMF >100 mL/day category. Second, the exposure to CMF might not
have been adequately classified, as the exact amount of CMF and the frequency of intake
were not recorded, and data on the feeding patterns for 15% (31/207) of the participants
had to be substituted with their feeding patterns at 3 months of age. Further, the amount
of breast milk consumed could not usually be measured. Third, there might have been
residual confounding as CMF doses were not randomized. For example, mothers who
exclusively breastfeed their infants might be more likely to have a healthy lifestyle, exercise
habits, and high socioeconomic status. Fourth, the questionnaire survey on food intake
only considered the frequency of the consumption of specific foods and did not record the
amount or cooking method, both of which would affect the results. Moreover, the question-
naires utilized in this study have not undergone validation and reliability assessments for
evaluating dietary intake. Fifth, the results of the interview and questionnaire survey on
food patterns might have been affected by a recall bias. Sixth, the levels of DHA in infant
serum might be different from those in plasma, red blood cells, or in the brain. Seventh,
the study population consisted of infants at risk of atopy, and hence, generalization of our
findings to healthy infants might not be appropriate. Eighth, the sample size was calculated
for the ABC trial and might not be adequate for the objectives of this cross-sectional study.
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Therefore, associations with food items other than “Blue-White fish” might have remained
undetected. Lastly, the study was conducted in the center of Tokyo, and hence, the results
might not be generalizable to populations in rural areas of Japan or to the populations of
other countries.

5. Conclusions

The present results suggest that the infants of lactating mothers who frequently
consume “Blue-back fish” and/or “White fish” and are predominantly breastfed might
experience a more effective increase in serum DHA levels compared to the infants of
mothers who rely on DHA-supplemented CMF alone.
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Abstract: Parental feeding practices can be crucial to preventing childhood obesity. This study aimed
to validate a self-applicable instrument for evaluating the diverse parental feeding behaviors of
Mexican caregivers based on the theoretical constructs of coercive control, structure, and autonomy
support. The scale’s content validity achieved significant values when assessed by expert judges, with
moderate intensity in congruence (Kendall’'s W = 0.462; p = 0.000) and clarity (Kendall’'s W = 0.369;
p = 0.001). The participants were 1185 Mexican adults (32.7 £ 7.6 years of age, 97% women, and
90% mothers) responsible for the main meal of at least one child (4.8 =+ 3 years old). The data were
subdivided randomly for an exploratory factor analysis (n = 581) and a confirmatory factorial analysis
(n = 604). The first analysis grouped the items into 11 factors, with an accumulated variance of
63.9%. In the confirmatory analysis, a 10-factor model showed a better fit (CMIN = 1531.5, p < 0.001,
CMIN/df =2.20, RSEA = 0.045, CFI = 0.92, TLI, 0.91, and NFI = 0.87). The factors in this model were
(1) the disposition of non-recommended foods, (2) nutritional education, (3) pressure to eat, (4) praise
for healthy eating, (5) monitoring of consumption, (6) structured offer of fruits and vegetables,
(7) consumption conditioning, (8) overt restriction, (9) guided choices, and (10) covert restriction. The
Cronbach’s alpha value was 0.816. Therefore, this scale presents good psychometric properties with
which to evaluate the frequency of child caregivers’ feeding behaviors in the context of ten different
feeding practices in Mexico’s urban areas and contributes to the knowledge of current practices in
the Mexican population. It also evaluates changes resulting from future interventions that promote
eating practices that favor the formation of healthy eating habits.

Keywords: parental feeding behaviors; healthy feeding; prevention; childhood obesity; upbringing

1. Introduction

Globally, at least one in three children under the age of five is malnourished or
overweight [1]. In Mexico, both problems are present. However, childhood obesity has
the most significant impact, as Mexico is considered a country with one of the highest
worldwide rates of obesity [2], which has aroused a growing interest in the study of obesity.
It has been noted that a fundamental step in the search for a means of preventing childhood
obesity is the analysis of parental feeding practices [3,4], which are a set of behaviors and
actions that parents carry out to influence the eating behavior of their children [5]. This
definition can be applied to many behaviors carried out by parents, but there needs to be
more clarity about its operationalization and its consequences on child eating behavior [6].

The results of some studies suggest practices that can be beneficial for the development
of healthy eating habits by promoting autonomy, stimulating self-regulation and self-
control, such as providing nutritional education, involving children in the selection of foods,
diet, motivation, modeling, reasoning, and negotiation, among others [5-7]. However, it
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has been found that parents receive little guidance on how to contribute to the development
of their children’s feeding autonomy from an early age and how to manage the problems
of feeding children, for example, knowing how to face a refusal to consume food [8].

The family context determines lifestyle development, including activity and eating
patterns [3]. Recently, an observational study of Mexican caregiver—child interactions in a
natural feeding context, in which parental feeding behaviors were operationalized from
previous theoretical proposals [5,6], revealed that the adults offered low proportions of
fruits and vegetables to the children during their meals, and that eating together with the
child, praising the child’s intake, and highlighting the properties of foods were highly prob-
able behaviors to appear with the acceptance of food. Still, these behaviors were infrequent
in the caregivers [9]. However, this observational study evaluated a few parents (n = 10),
and evaluating a larger sample would be very costly. A questionnaire for assessing family
eating practices is a valuable research tool for nutritionists, psychologists, nurses, and other
specialists seeking to understand and promote healthy eating habits in children [10].

Current measures only assess select parental feeding practices and conceptualize
these practices differently [10], and fewer culturally appropriate instruments exist for
the Latina population. In Mexico, two instruments have been adapted for the study of
parental feeding practices, both with good psychometric properties. The Child Feeding
Questionnaire [11], adapted and validated for Mexico [12], presents a Cronbach’s alpha of
0.858, which was validated in a sample of mothers of children between 5 and 12 years of
age, and the Comprehensive Feeding Practices Questionnaire [13], adapted for Mexico [14],
obtained a Cronbach’s alpha > 0.60; its validation process also occurred in a sample of
mothers, but they had preschool-age children. In addition, these adaptations only consider
one of each child’s caregivers: the mother. These questionnaires have not been applied
to other caregivers such as grandmothers, parents, or other individuals responsible for
feeding children.

Although there are instruments for measuring parental feeding practices that have
been validated in the Mexican population, these include items that do not directly reference
behaviors but rather attitudes and beliefs about infant feeding. For example, the Child
Feeding Questionnaire [11,12] presents item 30, which says, “If I did not guide or regulate
their feeding, my child would eat less than he/she should”, and item 28, “I have to
be especially careful to make sure my daughter eats enough”, both of which refer to
beliefs and not necessarily to actions. Similarly, the Comprehensive Feeding Practices
Questionnaire [13,14] presents items such as item 46, which indicates, “I try to eat healthy
foods in front of my child even though I will not be my favorites”, and item 47, “I try
to show enthusiasm about healthy foods”, which refer to behaviors, but lack precision
when evaluating the attempt and not the performance of the behavior. In the study of
parental eating practices, it is imperative to establish which behaviors are carried out and
at what frequency.

For its part, the HomeSTEAD survey [10], which consists of three subscales and
86 items, assesses 24 parental feeding practices based on the authors” proposed theoretical
classification [5], i.e., coercive control, structure, and autonomy support practices; the
latter two represent positive constructs that promote healthy eating behaviors in children.
Each of the subscales of the instrument proposed by the authors shows an acceptable
internal consistency (Cronbach’s alpha > 0.62). However, the sample with which this
instrument was validated comprised inhabitants of the United States of America. Recently,
a Portuguese version of the HomeSTEAD family food practices survey was validated in
a sample of parents of children aged 3-12 years old and proved an acceptable level of
internal consistency (Cronbach’s alpha > 0.61) [15]. At present, the survey has undergone
no validation in the Spanish-speaking population.

In addition, several items in this survey have the same lack of precision with respect
to specific behaviors; for instance, “My child learns to eat healthy snacks from me” is an
affirmation that does not describe how the parent achieves the result. The following is
another example: “How often do you plan your family’s meals to provide a variety of food
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groups?” This question does not specifical ask how often the participant includes a variety
of food groups in their family’s meals.

Therefore, this work aimed to develop and validate a self-applicable instrument
that evaluates the frequency with which caregivers of children between the ages of 1
and 11 perform parental eating behaviors that can describe parental feeding practices
according to the classification in Table 1 [5]. The items developed in this instrument are not
a translation of the HomeSTEAD survey, since they were written with a focus on defining
the constructs based on Mexican culture, and care was taken to ensure that each item refers
to specific, observable behaviors.

Table 1. The theoretical basis of the instrument.

Category

Construct

Items

Coercive control: parental pressure and
the domination of the child’s feelings,
thoughts, and behaviors.

Restriction: the caregiver places strict limitations on
access to food, usually to control the consumption of
unhealthy foods.

7,16,17, 40, 51, 66, 71, 78, 80

Pressure to eat: the caregiver insists, verbally or
through physical force, that the child consume
more food.

6,23,25,26,35,59,73

Determinants of consumption: the caregiver offers

food that the child likes to encourage consumption

or promises to carry out an activity in exchange for
consuming a specific food.

13,21, 33,58, 69, 77

Structure in feeding: how the parents
organize the environment to facilitate the
development of skills in the child.

Food availability: the variety of foods the caregiver
offers and has available for the child’s consumption.

2,15,38,42,45,47,50, 54, 67,
69, 76,79

Modeling: the caregiver purposely shows their
eating habits to encourage similar behaviors in the
child or involuntarily displays unhealthy food
consumption in front of the child.

8,18,19, 30,37, 61, 65,72

Eating habits: the caregiver creates a consistent
routine that is implemented during feeding time,
considering the location, time, and presence of
family members.

3,9,14,39,43,44,75

Unstructured practices: the caregiver allows the
child to have complete control during the feeding
period, including the timing, frequency, and type

of food.

10, 20, 34, 48, 52

Guided choices: the caregiver allows the child to
choose what to consume among options proposed
by the caregiver.

12,27,36, 55

Monitoring feeding: the caregiver actively tracks
what and how much the child is eating, ensuring
that the child eats enough healthy food and avoids
unhealthy food.

22,24, 46,56, 57

Support and autonomy: allowing the
child, according to their age, to make
choices, allowing them to self-regulate in
the future without their parents.

Motivation for food consumption and interaction:
the caregiver praises the child for consuming new or
healthy food.

5,11,32,70

Nutritional education and reasoning: the caregiver
explains the nutritional qualities of food, the benefits
of eating healthy foods, and the consequences of
eating unhealthy foods.

28,62, 64,74
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Table 1. Cont.

Category Construct Items

The involvement of the child in eating: the caregiver
actively includes the child in the choice of food
when buying and preparing food, allows them to
interact with the food, and is interested in knowing
the child’s perception of the food. Food
for consumption.

1,31, 49, 53, 63, 68

Negotiation: the caregiver engages the child in
reaching an acceptable compromise about what and 4,29,41
how much the child will eat.

Note: operational definitions were based on Vaughn and colleagues, 2016 [5] and translated into Spanish in
Mexico in 2018 [6].
2. Materials and Methods

The scale construction and validation process followed the steps shown in the diagram
in Figure 1.

Content validation by expert
judges (four judges reviewed
the initial version, and three Application of the version
more reviewed and approved approved by judges (n=1185)
the version derived from the

first judging)

Preparation and inclusion of
items by theoretical construct
based on Vaughn et al. 2016

Random subdivision of the

The final version of the Reliability analysis with sample and performance of
Feeding Parental Behaviors Cronbach's alpha of the final Exploratory Factor Analysis
Scale validated version of the scale (n=1185) (n=581) and Confirmatory

Factor Analysis (n=604)

Figure 1. Diagram of the process of validating the Scale of Parental Feeding Behaviors.

2.1. The Development of the Scale on Parental Feeding Behavior

The objective of this instrument is to evaluate the weekly frequency with which
caregivers utilize behavioral strategies when feeding children between 1 and 11 years of
age. The items were developed by three experts (bilingual psychologists), considering the
constructs [5] shown in Table 1. The operational definitions allowed the constructs to be
included as instrument dimensions.

2.2. Content Validation by Expert Judges

The content validation method [16] provided an instrument for measuring the judges’
verdicts on the items and the stages in the content validation process.

The experts were selected according to their knowledge and experience concerning
parental feeding practices (two psychologists), psychometry (one psychologist), or both
(two psychologists and one nurse). All are postgraduates in their fields (five Ph.D. degrees
and one Master’s degree). The six expert judges are from different states in the country’s
north, center, and south (Aguascalientes, Guanajuato, Jalisco, Nuevo Ledn, and Veracruz).

In the first stage, four judges evaluated each item of the first version of the instrument
in terms of its congruence (whether the item has a logical relationship with the dimen-
sion or indicator that measures) and clarity (whether the item is easily understood; if its
syntax and semantics are adequate) on a scale from 1 to 4, according to a widely used
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instrument [16]. The mode and median of each item were obtained for the judges’ evalua-
tions, and the agreement between judges was calculated via Kendall’'s W to validate the
content of the congruence criteria (Kendall’s W = 0.462, X2= 118.24, and p = 0.000) and
clarity (Kendall’s W = 0.369, X2 = 94.518, and p = 0.008. Likewise, the judges were asked
to provide comments, observations, or suggestions for each item’s correction. Items that
obtained a median score equal to or less than 3.5 were corrected, considering all of the
judges’ observations. In the second stage, the updated version was sent to three final expert
judges (psychologist researchers with Ph.D. degrees in parental feeding practices and with
experience in psychometry) who agreed to approve the final version, which contained
80 items.

The cultural adequacy of the instrument was assessed in a field test, as recommended
by the literature [17], with 13 Mexican mothers of children 1-5 years of age. These partici-
pants indicated that the items were clear and understandable.

2.3. The Application and Validation of the Instrument
2.3.1. Participants

The participants comprised 1185 Mexican adults responsible for the main meal of
at least one child in Mexico’s urban zone. The participants were identified through non-
probabilistic sampling via the initial dissemination of the publication in an essential ed-
ucational institution, in addition to its promotion on social networks in November 2022,
taking into account the following considerations about the public to which it was directed:
men and women between 18 and 65 years of age from Mexico’s urban areas, with chil-
dren between 1 and 12 years of age, with interests in parenting, paternity, maternity, and
fitness. In total, 1210 caregivers provided answers to the scale via a digital form, but we
eliminated data from 25 caregivers with children whose ages fell outside of the age range.
The final sample was subdivided into two random subsamples for the EFA (n = 581) and
CFA (n = 604).

2.3.2. Materials and Instruments

Each participating caregiver provided their digital informed consent. The scale, which
comprised 80 items regarding the frequency of parental behaviors exhibited while feeding
a child in the last week, was distributed via Google Forms. The participants’ response
options were never (1), a few times (2), sometimes (3), many times (4), and always (5).

2.3.3. Data Analysis

Skewness and kurtosis values were used to analyze the normality assumption for each
item’s distribution. We excluded items with high skewness values and kurtosis > [1.51.
We confirmed the adequacy of the sampling using the Kaiser-Meyer—Olkin (KMO) measure
(>0.6), and the factorability of the data was confirmed using Bartlett’s test of sphericity
(p < 0.05). We performed an exploratory factor analysis (EFA), according to recommen-
dations [18,19], using the maximum likelihood extraction method and Kaiser’s Oblimin
rotation to study the scale’s psychometric properties via SPSS v. 29. Modeling was carried
out by eliminating the items with a factorial weight of less than 0.350 or those with a weight
greater than 0.300 for more than one factor. A confirmatory factorial analysis (CFA) was
then performed using AMOS v.29. For reliability, Cronbach’s alpha value was calculated
for the final version of the scale (40 items), and McDonald’s omega value was calculated
for each dimension.

3. Results
3.1. Participants

The caregivers were 32.7 (7.6) years old, with a mean BMI of 26.9 (9.3). Among the
participants, 52.7% reported answering the scale while thinking about their behaviors when
feeding a girl, while the rest did so while thinking about feeding a boy. The child’s age
was 4.8 (3) years. According to the regionalization reported in the Encuesta Nacional de
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Salud y Nutricién, 35.4% of participants lived in the urban areas of the western region,
30.9% lived in the northern part, 24.5% lived in the central region, and 9.2% lived in the
southern region [20]. Finally, 97% of the participants were women, 2.4% were men, and
0.6% preferred not to indicate their gender; 89.9% were mothers, 2.6% were fathers, 2.5%
were aunts, 1.9% were grandparents, 0.6% were cousins, and 2.2% were unrelated to the
child. Table 2 presents the economic income ranges and academic levels of the participants.

Table 2. Economic income ranges and academic levels of the participants.

Elementary High School College Postgraduate
f f f f
MXN 4999 or less 36 (36%) 49 (17%) 29 (5%) 5 (3%)
MXN 5000 to . . . .

MXN 9999 35 (35%) 109 (37%) 158 (27%) 10 (5%)

MXN 10,000 to . . . .
MXN 14,999 10 (10%) 64 (22%) 132 (22%) 32 (16%)

MXN 15,000 to o o o o
MXN 19,999 3 (3%) 29 (10%) 77 (13%) 26 (13%)

MXN 20,000 to . . . .
MXN 24999 2 (2%) 11 (4%) 55 (9%) 34 (17%)

MXN 25,000 to . . . .
MXN 29,999 2 (2%) 2 (1%) 31 (5%) 29 (15%)
MXN 30,000 or more 1(1%) 7 (7%) 42 (22%) 43 (22%)
[ prefer not 10 (10%) 24 (8%) 68 (11%) 20 (10%)

to answer

Note: Incomes are provided by month in Mexican pesos. n = 1185, f = Frecuencia.

3.2. Exploratory Factorial Analysis

The KMO (0.892) value and Bartlett’s test of sphericity (X2 = 13,141.025, df = 1176,
p = 0.000) indicated an adequate sample and the utility of the factorial analysis. The items
were grouped into 11 factors in the EFA, which explained 63.9% of the accumulated variance.

As shown in Table 3, the eleven factors obtained from the rotation, given its coincidence
with the theoretical construct, were named as follows: (1) disposition of non-recommended
foods (DNR), (2) nutritional education (EN), (3) pressure to eat (P), (4) praise for healthy
eating (El), (5) meal times (MT), (6) monitoring of consumption (Mn), (7) structured offer of
fruits and vegetables (OFV), (8) consumption conditioning (Co), (9) overt restriction (RO),
(10) guided choices (EG), and (11) covert restriction (RC). This version of the instrument
comprised 49 items.
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3.3. Confirmatory Factor Analysis

Different models were used for the CFA, as indicated in Table 4. The proposal with
ten factors and 40 items showed the best properties and fit (CMIN = 1531.5, p < 0.001,
CMIN/df =2.20, RSEA = 0.045, CFI = 0.92, TLIL, 0.91, and NFI = 0.87). Among the eleven
items that showed a weight of less than 0.490 were those belonging to the meal time (MT)
factor, so this factor was eliminated in the final version of the instrument.

Table 4. Comparison of values of each confirmatory factor analysis model.

Root Mean Non- Parsimonious Akaike’s
. Chi- Square Error ~ Comparative . Normalized . Parsimonious .
Chi- . . Normalized . Comparative X Information
Models s P Normed of Approxi- Fit Index . Fit Index . Normed Fit e
quare Square mation (CFD) Index of Fit (NFD) Fit (PNFI) Criterion
(RMSEA) (NNFI o TLD (PCFI) (AIC)
Expected >0.05 <3/5 <0.05/0.08 0.9-1 0.9-1 0.9-1 0.9-1 Close to 1 Close to 0
Ifactorsand — pe70 7 249 0.05 0.871 0.862 0815 0769 0713 2897.89
49 items
W0factorsand 455 5 2204 0.045 0924 0915 0.871 0.824 0.776 1861.53

40 items

Regarding the correlations between the ten factors, as shown in Figure 2, correlations
were high among the factors of coercive control, specifically the correlation of the practice
disposition of non-recommended foods (DNR) with overt (RO, —0.736) and covert restric-
tion (RC, —0.791), as well as pressure to eat (P, 0.402) and the consumption conditioning
(Co, 0.49). P correlated with Co (0.65). Factors of RC were correlated with RO (0.795) and
negatively correlated with Co (—0.32). There were also correlations between the positive
practices of autonomy or structure, specifically monitoring (Mn) with the structured offer
of fruits and vegetables (OFV, 0.56), as well as with nutritional education (EN, 0.43) and
guided choices (EG, 0.41). The EG correlated with OFV (0.48) and EN (0.33). The EN
correlated with OFV (0.36) and praise behaviors (EL 0.41). In addition, positive correlations
were observed between the practice of CR with OFV (0.61), with Mn (0.49), and with EG
(0.32). The behaviors of RA correlated with Mn (0.41), OFV (0.44), and with EG (0.3). The
practice of Co correlated with El (0.36). The practice of DNR was negatively correlated with
Mn (—0.31), with OFV (—0.45), and with CR (—0.79).

3.4. Consistency Analysis

The final version with 40 items obtained a Cronbach’s alpha value of 0.816, and a
single-item consistency analysis showed a Cronbach’s alpha greater than 0.8 in all cases
(Table 5), indicating a reliable instrument. In addition, McDonald’s omega was acceptable
for each dimension (>0.7) (see Table 3).

Table 5. Consistency analysis, subtracting the unique elements.

Mean Scale If the  Scale Variance If Total Item Cronbach’s Alpha
Element Has the Element Has Correlation If the Item Has

Been Suppressed  Been Suppressed Corrected Been Deleted
item_76 114.5620 257.111 0.294 0.812
item_66 114.6616 257.923 0.214 0.815
item_16 114.7806 258.856 0.198 0.815
item_7 114.8633 257.064 0.249 0.814
item_2 114.7865 256.700 0.255 0.813
item_27 115.9544 256.564 0.277 0.813
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Table 5. Cont.

Mean Scale If the  Scale Variance If Total Item Cronbach’s Alpha
Element Has the Element Has Correlation If the Item Has
Been Suppressed  Been Suppressed Corrected Been Deleted
item_12 115.4869 253.568 0.340 0.811
item_36 115.6481 255.541 0.309 0.812
item_55 115.6422 255.103 0.352 0.811
item_60 116.2844 255.580 0.329 0.811
item_23 116.1688 255.830 0.272 0.813
item_33 116.1426 257.658 0.227 0.814
item_58 116.3131 254.046 0.341 0.811
item_51 115.2641 258.632 0.199 0.815
item_17 115.2751 257.642 0.246 0.814
item_50 114.5308 254.835 0.351 0.811
item_78 115.5249 258.905 0.184 0.816
item_9 114.6101 257.103 0.265 0.813
item_43 114.4464 256.806 0.308 0.812
item_46 115.1139 247.142 0.406 0.808
item_57 114.9468 245.550 0.469 0.806
item_56 114.7511 245.739 0.431 0.807
item_24 114.7013 249.301 0.333 0.811
item_32 114.5316 248.908 0.424 0.808
item_5 114.6034 249.701 0.375 0.809
item_70 114.5080 246.946 0.470 0.806
item_73 115.9004 255.007 0.261 0.813
item_22 116.5595 263.691 0.093 0.817
item_25 116.5063 259.929 0.216 0.814
item_26 115.7418 254.661 0.299 0.812
item_59 115.7932 253.549 0.315 0.812
item_74 114.7806 245.759 0.470 0.806
item_28 115.3823 243.539 0.508 0.804
item_62 114.4481 245.822 0.486 0.806
item_64 115.0093 241.947 0.574 0.802
item_72 115.6810 269.412 —0.089 0.822
item_45 116.0700 270.036 —0.113 0.822
item_39 116.2692 267.771 —0.036 0.820
item_47 116.0219 270.445 —0.135 0.822
item_40 115.9443 268.786 —0.071 0.821

Note: the global Cronbach’s alpha value is 0.816.
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Figure 2. Confirmatory factor analysis diagram of the final model with ten factors and 40 items.
Note: DNR = disposition of non-recommended foods; RO = overt restriction; RC =covert restriction;
P = pressure to eat; Co = consumption conditioning; Mn = monitoring; OFV = structured offer of
fruits and vegetables; EN = nutritional education; EG = guided choices; El = praise for healthy eating.
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4. Discussion

The present work provides evidence of the construct validity and internal consistency
of the self-applicable Scale on Parental Feeding Behaviors (ECOPAL). For this reason, it is
considered suitable for evaluating the frequency with which caregivers or adults respon-
sible for feeding children between 1 and 12 years of age perform positive and negative
parental eating behaviors to promote healthy eating. The scale’s internal consistency was
analyzed, and evidence of its construct validity was provided. Similarly, the scale provides
empirical evidence of the theoretical basis [6] with respect to the classification of parental
feeding practices. The results were compared with the results of two other instruments with
the same theoretical basis, the HomeSTEAD family food practices survey [10,15], which
does not have a Spanish version, and the Comprehensive Feeding Practices Questionnaire
in Spanish to Mexican Mothers [14], which changes the original construct of parental
feeding practices to include attitudes and beliefs towards food.

The dimensions of the ECOPAL scale showed adequate consistency (>0.68); some
were better than the original version of the HomeSTEAD survey (>0.62) and its Portuguese
version (>0.61). Although the ECOPAL questionnaire evaluates fewer practices than the
three subscales of the HomeSTEAD survey, it can determine them globally and comprehen-
sively on the same scale. It can account for the frequency of behaviors of each practice and
provide information regarding their relative frequency to other practices.

Compared with the Comprehensive Feeding Practices Questionnaire for Mexican
Mothers (CIPA) [14], ECOPAL presented better consistency of global scale (o = 0.64 vs.
o = 0.816, respectively). The CIPA remained the modeling’s dimension with high consis-
tency (x = 0.965) but with items that evaluate beliefs on modeling more than actions.

The instrument resulting from the psychometric validation process shows adequate
construct validity, since it presents nine of the thirteen theoretical constructs, namely
restriction (overt and covert); pressure to eat; the consumption conditioning; food disposal
(not recommended and fruits and vegetables); guided choices; unstructured practices (meal
times); intake monitoring; nutritional education; and motivation for healthy eating (praise).
In addition, some components were grouped by the type of food they offer, such as the
structured offer of fruits and vegetables (OFV) and the disposition of non-recommended
foods (DNR). This finding is particularly relevant because it accounts for the practice of
food availability and is part of the structure construct [5].

The MT factor, which refers to a lack of structure at meal times, is obtained via the
EFA. These items can account for unstructured eating practices. However, the MT factor
was not maintained in the CFA; it is considered theoretically relevant, since meal times and
accompanying the child and sharing food are indicated as part of the modeling climate for
children’s eating behaviors [21].

The constructs not maintained in the instrument from the EFA were modeling, eating
habits, the involvement of the child in eating, and negotiation. It should be noted that
these practices belong to categories of structure and autonomy support. Five items that
presented significant biases were lost from the beginning, as evidenced by high kurtosis and
asymmetry values (>1.5); these were structure practices such as modeling and eating habits.
The values could have occurred since caregivers reported having performed these behaviors
with extreme scores, such as never or always. The negotiation construct disappeared due
to the low communality (<0.3) presented by the items from the extraction method and was
affected by having only included three items in this factor since its creation. Reviewing
the wording and including more items in future applications to evaluate this parental
practice would be convenient. Although a minimum of three or four items per factor is
recommended [22], if there is a minimum of 200 cases, which this study fulfills, having
581 cases for the EFA, current recommendations indicate that the more items there are
that accurately measure a factor, the more determined this factor will be and the more
stable the factorial solution will be [19]. Finally, the items regarding the child’s involvement
in feeding were lost for two reasons: two items had saturations lower than 0.3, and
the rest presented saturations > 0.3 with more than one factor, which was shared with
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the nutritional education factor and with consumption motivation. After considering
the reviewed literature regarding recommendations for conducting an exploratory factor
analysis [19,22], these items were eliminated, and a detailed assessment is required to
determine whether their modification is recommended for their inclusion in a new version
of the scale [19], or if it is necessary to add new items with similar content to adequately
sample the content of the factor [18].

Of the factors resulting from the EFA and CFA, four of these report parental feeding
practices associated with the formation of unhealthy eating habits; these are the disposal
of non-recommended foods (DNR), the pressure to eat (P), consumption conditioning
(Co), and overt restriction (RO), which are considered coercive control practices. On the
other hand, the factors associated with the promotion of healthy eating habits are those
practices that support autonomy, in this case, nutritional education (EN), praise for healthy
eating (El), guided choices (EG), and those relating to structure, namely the structured offer
of fruits and vegetables (OFV), monitoring of consumption(Mn), and covert restriction
(CR). This classification is based on the reviewed literature [5,9,21] and is supported by the
correlations found in the CFA.

The correlations shown by the CFA strengthen the categorization of the practices of
open or manifest restriction, the conditioning of consumption, and the pressure to eat as
coercive control, since they had positive and high correlations between them but negative
correlations with other practices, while the practices of monitoring, the structured offer of
fruits and vegetables, nutritional education, praising healthy eating, and guided choices
had positive correlations between them and negative correlations with the practices of
coercive control, thus strengthening their categorization as practices of autonomy support
and structure that, unlike the coercive practices, have been associated in the literature
with the formation of healthy eating habits. The disposition of non-recommended foods
practice had negative correlations with the structure practices; likewise,: monitoring and
the offering of fruits and vegetables had correlations with the practices of overt and covert
restriction, but did not correlate with behaviors supporting autonomy, inferring the confus-
ing role that caregivers bringing these foods home can play in promoting healthy eating
in children. Regarding covert restriction, positive correlations were obtained with struc-
ture practices, such as monitoring and offering fruits and vegetables, and with autonomy
support practices, such as guided choices, in addition to a negative correlation with the
practice of the disposition of non-recommended food. The preceding result could suggest
that this practice, when related to the limited availability of foods not recommended for
daily consumption, is considered a practice of structure rather than coercive control, an
aspect already discussed in the literature [5,9].

The limitations of this study are the same as those linked to the self-report question-
naires, such as the effects of memory bias or social desire [23], which were taken care of
with a frequency scale made explicit in the instructions to consider the events of the last
week. Regarding social desirability, care was taken to present the items randomly and to
use some reversible ones. However, in the factorial analysis, some of these elements were
eliminated. Some authors recently indicated that inverse items could contribute more to
confusion than to verifying answers, evidencing that these items required adjustments to
the method [24].

Some limitations of this study may be related to the process of selecting samples from
social networks, because we considered filters such as having an interest in paternity issues,
which represents a bias in the representation of Mexican caregivers, since there may be a
significant number of them who do not search for parenting issues on social networks; this
might explain the high academic level or low economic level of the sample, which are other
possible biases.

Another limitation of this study was the loss of items that evaluated modeling, which
is a practice of great interest; a review of the wording of these items is necessary to reduce
the response bias of never or always, and conducting a future factorial analysis with them
is necessary to be able to include the evaluation of this practice.
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Finally, the application of this scale occurred online. Although it is undeniable that this
has advantages, such as the possibility of reaching a global population, achieving very large
sample sizes, the flexibility of the survey design, the speed and timeliness of administration,
and ability to force response completion [25], it is also true that it presents drawbacks. Some
prominent factors are the inability to provide clear, one-on-one instructions to respondents,
inherent sampling biases, a self-selection bias, variability among respondents in their ability
to access the survey due to device limitations, and connectivity issues, among others (for
reviews, see [25]).

5. Conclusions

Based on the results previously described and discussed, it is concluded that the
instrument presented herein, the Scale on Parental Feeding Behavior (ECOPAL), which
contains 40 items in its final version, has adequate internal consistency indexes and shows
evidence of construct validity. We consider it adequate and useful for evaluating the
frequency of parental eating behaviors, both positive and negative, which factor into the
formation of healthy eating habits in children. The above is very useful when planning
interventions at both the primary and secondary levels to prevent health problems related
to poor nutrition, such as childhood obesity, as well as in the prevention of eating disorders,
and more specifically by guiding caregivers on how to deal with or prevent problems with
feeding behavior, such as food selectivity, neophobia, emotional eating, or over-eating,
more effectively.
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Abstract: Food neophobia is an aversion to eating or a reluctance to try unfamiliar or new foods.
From an evolutionary perspective, this behaviour may minimise the risk of consuming foods that are
harmful to health. However, such aversion causes food monotony, which may result in nutritional
deficiencies. This study aimed to assess the prevalence of feeding problems among Polish children
aged 2-7 years using the Montreal Children’s Hospital Feeding Scale and to investigate the correla-
tion between age, gender, mode of feeding in infancy, including complementary feeding, and the
prevalence of feeding difficulties in the study group of children. Material and method: The study
group consisted of 585 children: 299 boys (51.11%) and 286 girls (48.89%). The study was conducted
using a questionnaire-based method, with an indirect survey technique using a web-based form
(CAWI). The research tool used was the Montreal Children’s Hospital-Pediatric Feeding Program.
Results: Groups with the lowest risk feeding problems, risk 0, comprised 445 children (76.06%); group
1, middle difficulties, 59 children (10.08%); group 2, moderate difficulties, 40 children (6.84%); and
group 3, most difficulties, 40 children (7.01%). The mean MCH-FS score for the entire study group
was calculated and was 37.29 points & 12.02; for 2 year olds, 35.69 points; for 3 year olds, 37.41 points;
for 4 year olds, 38.31 points; for 5 year olds, 38.46 points; for 6 year olds, 37.95 points; and for 7 year
olds, 36.06 points. The mean value of the MCH-FS scale for girls was 37.44 points, and for boys,
37.32 points. None of the above parameters correlated with the risk of feeding problems, including
age, except with a non-significative tendency to be higher in the youngest age. Conclusion: Breast
milk feeding and the time of complementary feeding (CF) in the study group did not influence the
risk of feeding problems. Using the full BLW method during CF can protect the child against the
occurrence of feeding problems such a food selectivity or picky eating in the future. In our study,
children with difficulties during CF, mainly the vomiting reflex, were more likely to develop feeding
problems such as food neophobia. Based on our study, we did not observe a correlation between age,
gender, and the occurrence of feeding problems, and there was only a non-significant tendency to be
higher in the youngest age. However, further research needs to be undertaken to assess how such
behaviour affects subsequent feeding difficulties.

Keywords: neophobia; feeding difficulties; children; complementary feeding; baby-led weaning; BLW

1. Introduction

Food neophobia is an aversion to eating or a reluctance to try unfamiliar or new
foods [1,2]. From an evolutionary perspective, this behaviour may minimise the risk of
consuming foods that are harmful to health. However, such aversion causes food monotony,
which may result in nutritional deficiencies [1,3].

One theory of the prevalence of food neophobia is that in early human history, it was
beneficial because it helped children avoid potential food hazards, including poisonous

Nutrients 2023, 15, 3185. https:/ /doi.org/10.3390/nu15143185 95 https://www.mdpi.com/journal /nutrients



Nutrients 2023, 15, 3185

foods such as berries or spoiled meat. The ability to detect and avoid unfamiliar foods
ensured that children only consumed safe, familiar foods they could trust. This innate pref-
erence for familiar foods was significant in the evolutionary pathway because it benefited
the species’ survival [1,4].

However, the exact aetiology of food neophobia still needs to be determined, and its
expression varies with age [5]. During the first period, infants consume one food: breast
milk or infant formula. After 4 months of age, solid foods are gradually introduced into
the infant’s diet, which may provide an opportunity for aversion to unfamiliar foods [6,7].
However, infants under 18-20 months of age readily accept new foods and do not show
neophobic behaviour until 20-24 months [5,8]. Food neophobia can be observed in all age
groups, but it increases rapidly during the complementary feeding period and peaks at
2-6 years of age [9].

In addition to evolutionary factors, environmental factors may also influence food neo-
phobia in children. Parents and caregivers may inadvertently reinforce a child’s reluctance
to try new foods by offering only familiar foods or expressing negative attitudes towards
unfamiliar foods. This can lead to a vicious circle in which children become increasingly
reluctant to try new foods, which can further limit the variety of foods they eat [10-13].

In addition, taste and texture preferences may play a role in food neophobia. Children
may be more sensitive to bitter tastes or prefer sweet foods [14-16], making it difficult to
savour new or unfamiliar foods. Therefore, it is important to introduce different flavours
into the child’s diet to shape future food preferences [17]. Some studies suggest that breast-
fed children accept new foods more readily and have lower levels of food neophobia [18,19].

Babies fed with modified milk tend to become accustomed to the constant and specific
taste of milk formula, consequently showing less tolerance or even aversion to new foods
and tastes [15,16,20-22]. Studies have also shown that the more authoritarian the parents
are during mealtimes, the more often the child rejects the foods offered [23-26].

Food neophobia is a complex phenomenon influenced by many factors, including
evolutionary and environmental factors, taste preferences, and cultural norms. Under-
standing these factors can help parents and carers encourage children to try new foods and
develop a more varied and balanced diet. Most studies of food neophobia have examined
the prevalence of neophobia in different age groups rather than each year. This has led
to broad peak estimates, and whether food neophobia differs between children aged 2 to
7 years remains unclear. Therefore, this study aimed to assess the prevalence of feeding
problems among Polish children aged 2-7 years using the Montreal Children’s Hospital
Feeding Scale and to investigate the correlation between age, gender, mode of feeding in
infancy, including complementary feeding, and the prevalence of feeding difficulties in the
study group of children.

2. Materials and Methods
2.1. Course of the Study

The study was conducted using a questionnaire-based method, with an indirect
survey technique using a web-based form (CAWI). The questionnaire was made available
to mothers of children in randomly selected nurseries and kindergartens in Poland through
closed groups on instant messaging systems designed for communication between parents
and educational institutions and on parent association groups in individual cities and
regions in Poland. All survey participants were informed about the purpose of the study,
the voluntary nature of their participation, and the preservation of their anonymity, and
were asked to accept the data-sharing rules. Adults (mothers of preschool and nursery-
aged children) took part in the study. The study period covered the months of January to
March 2023.

2.2. Selection of the Study Group

In verifying the study group of parents, it was observed that only one father completed
the survey questionnaire; mothers completed the other questionnaires. Therefore, only
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mothers qualified for the study of feeding children during the period of dietary expansion
and feeding during the nursery and preschool period, as they are the ones who are most
often at home with their children during the complementary feeding period or in contact
with an educational institution such as a nursery/preschool and are responsible for feeding
children during this period. The survey was conducted using the CAWI method, so the
sample selection was utterly random (according to the adopted inclusion and exclusion
criteria of the survey).

2.3. Inclusion and Exclusion Criteria

Mothers taking part in the study gave their informed consent to participate, and the
questionnaire was only made available when approval to participate in this study was
obtained. The criteria for group selection included the fact that respondents were of legal
age, had at least one child of nursery or preschool age, and had no formal knowledge of
the behavioural determinants of nutrition (education or profession related to the topics of
nutrition, treatment, and upbringing of children and adolescents). Inclusion criteria for
the study proper were: being the mother/legal guardian of a child aged between 2 and
7 years, consent to participate in the study, and correct and complete completion of the
questionnaire. The criteria for exclusion from the study were: lack of consent to participate
in the study; incorrectly completed questionnaire, including non-response to questions;
child’s age below 2 years and above 7 years; and the presence of a disease determining
the method of feeding, e.g., food allergies and intolerances, autism spectrum disorders.
After consideration of the inclusion and exclusion criteria, 585 pairs of mothers and their
children were included in the final analysis.

The study was conducted according to the Declaration of Helsinki and the Act on
the Profession of Physicians and Dentists. A positive opinion of the Bioethics Committee
operating at the Medical University of Silesia in Katowice was obtained to conduct the
research “Dietary neophobia among infants and children” (BNW/NWN/0052/KB/34/23).

2.4. Research Tool

The research tool was an anonymous survey questionnaire consisting of 5 parts. The
first part concerned the parent/guardian and their child; it included data such as age and
sex of the parent/guardian, place of residence, education of the parent/guardian, sex of
the child, information on delivery, current weight and height, and food intolerances and
allergies. Based on the child’s current age, weight, length/height using centile grids, and 3
SD BMI for girls and boys aged 0-3 years, the WHO standard body weight of children in
terms of underweight, average weight, overweight, and obesity was assessed; for children
aged 3-7 years, the developmental norms for girls/boys aged 3-18 years according to
OLAF and OLAF studies [27,28] were used. The study asked for information entered in
the “Child Health Booklet” such as the week of pregnancy in which the child was born,
birth weight, birth length, and mode of delivery (natural, planned caesarean, unplanned
caesarean) [29].

According to the Polish law issued by the Polish Ministry of Health, the child health
booklet contains standardised information on the child, including the prenatal period;
birth; health status after birth; patronage visits; preventive examinations, including dental
examinations; history of infectious diseases, allergies, and anaphylactic reactions; radio-
logical procedures; provision of medical devices; exemption from sports activities; and
other information relevant to the assessment of the child’s normal development from birth,
including measurements of weight, length/growth up to adult. All entries in the above
document are made by medical staff, including a doctor, midwife, nurse, or other medical
professional. This information is entered into the health booklet after providing the health
service. If this is not possible, it is completed at the next visit based on the individual’s
internal records [29].

The next part of the questionnaire focused on the mode of feeding during infancy,
taking into account breast milk feeding, exclusive breastfeeding, length of breastfeeding,
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and the timing and method of CF (when the introduction of CF started; consistency of
meals during CF—puree, pureed meals, meals ready to be eaten by the child with fingers;
products given to the child as CF; and the method of expanding the infant’s diet including
the use of the BLW method). In our study, we used the application of the baby-led weaning
(BLW) method during complementary feeding. According to the definition of the BLW
method, we considered that the child ate completely or mostly independently, so they ate
using the BLW method; or the child was occasionally spoon-fed by an adult—approximately
10% feeding, 90% on their own, and also ate using the BLW method.

The third part concerned the child’s current diet, including the use of cutlery, food
preferences, taste senses, feeding behaviour, and occurrence of food selectivity. The ques-
tionnaire was developed based on current dietary recommendations for the group of the
youngest children and the method of diet expansion developed by PTGHiZD [6] based on
ESPHGAN recommendations [7], as well as information on diet expansion, including the
BLW method and food selectivity occurring in this period of a child’s life [4,6,7,10,30,31].

The last part of the questionnaire concerned the prevalence of feeding problems. The
research tool used was The Montreal Children’s Hospital-Pediatric Feeding Program [32,33].
The Polish version of the Montreal Children’s Hospital Feeding Scale (MCH-FS), which
was appropriately translated and validated [33], was used in our study.

The Montreal Children’s Hospital-Pediatric Feeding Program (MCH-ES) is related
to feeding a child from 6 months (receiving a pureed diet) to 6 years of age. It includes
questions such as: How would you rate your child’s meal pattern? How concerned are
you about your child’s meal pattern? How do you assess your child’s appetite (feeling of
hunger)? At what point during a meal does your child start refusing to eat? How long do
your child’s meals last (in minutes)? How do you assess your child’s behaviour during
mealtimes? Does your child choke, gag, spit, or vomit at certain foods? Does your child
hold food in the mouth without swallowing? Do you have to walk behind your child or
distract him/her (toys, TV) to get him/her to eat? Do you have to force your child to eat or
drink? How do you assess your child’s chewing (or sucking) skills? How do you assess
your child’s growth (weight, height)? How does feeding your child affect your relationship
with your child? How does feeding your child affect your family relationships? [32,33].

The MCH-FS consists of 14 items covering the following feeding characteristics: oral
motility, sensory, and appetite. Other items address mothers’ concerns about feeding, meal-
time behaviour, strategies mothers use, and the family’s reaction to the child’s feeding [32].
A 7-point Likert scale was included for each question. The meaning of the answers to the
questions varied depending on the question [32,33]. Seven items from the MCH-FS scale
are scored from a negative to a positive direction, and the remaining seven from a positive
to negative direction (reversed scores). The final MCH-FS scale score is obtained by adding
the scores for each question and reversing the scores of the seven items from negative to
positive. The MCH-FS scale required an appropriate recalculation of the selected responses
before adding up each respondent’s answers. Questions 1, 3, 4, 8, 10, 12, and 13 had to
be reversed in order so that answer 1 had 7 points, answer 2 had 6 points, answer 3 had
5 points, etc. The remaining questions had to be kept in their original order; then, all
the points obtained added together. The interpretation of the results was based on the
study “The Montreal Children’s Hospital Feeding Scale: A brief bilingual screening tool
for identifying feeding problems” by Maria Ramsay et al. from 2011 and the study “The
Polish version of the Montreal Children’s Hospital Feeding Scale (MCH-FS): translation,
cross-cultural adaptation, and validation)” by Katarzyna Babik et al. from 2019. The
interpretation (MCH-FS) is that a score in the range of 14—45 points indicates no feeding
difficulties; 46-52 points, middle difficulties; 53-58 points, moderate difficulties; above
59 points, most difficulties. We used the RAVE SCORE MCH-FS in the study, where the
maximum score was 98 points [27,32,33].
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2.5. Statistical Analysis

The programs used to analyse the collected data were Microsoft Office Word and
Microsoft Office Excel. Statistical analysis was performed using Statistica v. 13.3 software
(StatSoft Inc., Tulsa, OK, USA). The measured data were characterised by mean and stan-
dard deviation (X = SD), and the range of minimum and maximum values obtained in the
study group of children was determined. Statistical tests were used to analyse the variables
for statistical inference. The study group of children was divided into 4 subgroups based on
the calculation of the MCH-FS scale score: group 0, no risk; group 1, moderate difficulties;
group 2, moderate difficulties; and group 3, most difficulties. Bivariate tables were used
to compare the group of children in the four groups: 0, no risk; 1, middle difficulties; 2,
moderate difficulties; 3, most difficulties, for r non-parametric characteristics Pearson’s
chi-squared test was used.

The level of statistical significance adopted in the study was set at p < 0.05.

3. Results

Characteristics of the Study Group

The study group consisted of 585 children: 299 boys (51.11%) and 286 girls (48.89%).
Most of the children in the study came from cities with more than 100,000 inhabitants,
i.e., 212 children (36.24). In terms of body weight, 404 children (69.06%) were of average
weight, 139 children (23.76%) were underweight, 31 children (5.30%) were overweight,
and 11 (1.88%) were obese. The study included children aged between 2 and 7 years
of age, including 130 two year olds (22.22%), 134 three year olds (22.91%), 91 four year
olds (15.56%), 80 five year olds (13.68%), 82 six year olds (14.02%), and 68 seven year
olds (11.62%) (Table 1). Throughout the study, the grouping variable was allocated to the
group at risk of feeding problems. Groups with the lowest risk of feeding problems (risk 0)
comprised 445 children (76.06%); group 1, middle difficulties, 59 children (10.08%); group
2, moderate difficulties, 40 children (6.84%); and group 3, most difficulties, 40 children
(7.01%). The correlation of feeding problem risk with gender (p = 0.988), place of residence
(p = 0.755), weight (p = 0.755), and age (p = 0.764) was analysed. None of the above
parameters correlated with the risk of feeding problems, including age, except for a non-
significative tendency to be higher in the youngest age.

Table 1. Characteristics of the study group of children with a breakdown according to the MCH-FS
scale (0—no risk, 1—middle difficulties, 2—moderate difficulties, 3—most difficulties).

0—Not at Risk 1—Middle Difficulties 2—Moderate Difficulties 3—Most Difficult Total

n % n % n % n % N %
The entire group of = 4\ ¢ ¢ 59 10.08 40 6.84 41 7.01 585 100
children surveyed
Gender:
Boy 228 76.25 29 9.69 21 7.02 21 7.02 299 100 p =0.988
Girl 217 75.87 30 10.48 19 6.64 20 6.69 286 100
Body weight:
underweight 98 70.50 16 11.51 13 9.35 12 9.63 139 23.76
normal weight 314 77.72 36 8.91 25 6.18 29 7.17 404 69.06 p=0.755
overweight 25 80.64 5 16.12 1 3.23 0 0.00 31 5.30
obesity 8 72.72 2 18.18 1 9.09 0 0.00 11 1.88
Age:
2 years 110 84.61 12 9.23 4 3.07 4 3.07 130 22.22
3 years 100 74.62 13 9.70 11 8.20 10 7.46 134 2291
4 years 66 72.52 9 9.89 8 8.79 8 8.79 91 1556 p=0.764
5 years 59 73.75 9 11.25 5 6.25 7 8.75 80 13.68
6 years 62 75.06 7 8.53 6 7.31 7 8.53 82 14.02
7 years 48 70.58 9 13.23 6 8.82 5 7.35 68 11.62

However, it can be seen in the results that the prevalence of feeding problems is lowest

in 2 year olds (84.61%), and the level then increases in children aged 7 years.
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The mean MCH-FS score for the entire study group was calculated and was
37.29 points & 12.02; for 2 year olds, it was 35.69 points; for 3 year olds, 37.41 points;
for 4 year olds, 38.31 points; for 5 year olds, 38.46 points; for 6 year olds, 37.95 points; and
for 7 year olds, 36.06 points. The mean value of the MCH-FS scale for girls was 37.44 points,
and for boys, 37.32 points. Age and gender differences were not statistically significant.

By definition, “exclusive breastfeeding” means not giving modified milk to the baby;
the baby consumes only breast milk. Both the length of breast milk feeding (p = 0.242), the
length of exclusive breast milk feeding (p = 0.296), and the time of initiation of complemen-
tary feeding (p = 0.899) did not correlate with the risk of feeding problems.

The mode of complementary feeding in the children studied was also assessed. Chil-
dren given puree during CF were more likely to have a higher risk of feeding problems
(p = 0.010). The administration of puree with lumps did not correlate with the risk of
feeding problems (p = 0.240). The study also included the baby-led weaning (BLW) method,
which involves child-controlled feeding. It is based on the omission of the spoon-feeding
stage by the parents/carers and the feeding of pulpy foods (purees). When the baby can sit
up unaided (approx. 6-7 months of age), various solid foods are given in such a form that
they can be easily grasped with the hand (e.g., cucumber strips, carrots, pieces of apple,
peatr, various shapes of pasta, and strips of meat) [6,7]. Children in whom the BLW method
was used in dietary expansion did not show a risk of feeding problems (p = 0.026), in
contrast to children fed traditionally with a spoon. The study also assessed the difficulties
in introducing new foods into the child’s diet. Children who experienced difficulties during
CF were more likely to be at risk of feeding problems (p < 0.001) (Table 2).

Table 2. Mode of complementary feeding in study children with respect to the MCH-FS scale and
interpretation of the MCH-FS scale.

. 1—Middle 2—Moderate 3—Most
Method of . 0—Not at Risk Difficulties Difficulties Difficult Total
Complementary Feeding

n % n % n % n % N %
puree 369 82.92 57 96.61 38 95.00 39 95.12 503 8598 p=0.010
puree with lumps 316 71.01 44 74.58 30 75.00 28 6829 4187145 p=0.240
Feeding/spoon fed:
The child ate completely or
mostly independently (BLW) 69 88.46 3 3.85 2 2.56 4 5.13 78 13.33
Child occasionally spoon-fed by an
adult (approximately 10% feeding, 11 100.00 0.00 0,00 0.00 11 1.88
90% on their own) (BLW) p=0.026
Baby fully or mostly spoon-fed by 1 17 11.04 1 44 1 1 154 26.32
an adult 06 68.83 .0 3 8. 8 .69 54 26.3
The child was half fed by an adult
with a spoon. half ate 259 75.73 39 11.40 25 7.31 19 5.56 342 58.46
independently

Difficulties in introducing new

foods in the child: 19 57.58 6 18.18 3 9.09 5 1515 33 5.64
I don’t remember

No, there were no problems in
expanding the baby’s diet

Yes, there were problems in
expanding the child’s diet

349 8450 36 8.72 16 3.87 12 201 4137060 P <0001

77 55.40 17 12.23 21 15.11 24 17.27 139 23.76

Table 3 shows the results for the occurrence of problems during CE. Children who
had a vomiting reflex during CF were more likely to have feeding problems (p = 0.001). In
contrast, spitting food out of the mouth (p = 0.085), gagging (p = 0.244), choking (p = 0.590),
and choking and needing medical attention (p = 0.121) did not correlate with the risk of
feeding problems.
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Table 3. Incidence of problems during complementary feeding in the study group of children with
respect to the MCH-FS scale and interpretation.

0—Not 1—Middle 2—Moderate 3—Most

Problems during CF at Risk Difficulties Difficulties Difficult Total

n % n % n % n % N %
Vomiting reflex  yes 113 25.39 14 23.73 16 40.00 21 51.22 164  28.03 p=0.001
spatfoodoutof .o o7y 60.67 38 64.41 29 7250 32 7805 369 6308 p=0085
its mouth
Gagging yes 142 31.91 12 20.34 14 35.00 15 36.59 183 31.28 p=0.244
Choking yes 33 742 4 6.78 4 10.00 1 2.44 42 718  p=0.590
Choked and
needed medical  yes 1 0.22 0 0.00 0 0.00 1 2.44 2 034 p=0.121
attention

Tables 4 and 5 show the mothers’ subjective assessment of their child’s food intake
and appetite and of the fact that their child was a picky eater. In both cases, the majority
of mothers correctly assessed their child’s appetite and the fact of being a picky eater
(p <0.001) and (p < 0.001).

Table 4. Mothers’ subjective assessment towards her child’s food intake and appetite score (p < 0.001).

0—Not at Risk 1—Middle Difficulties 2—Moderate Difficulties 3—Most Difficult Total
n % n % n % n % N %

The child often does not
want to eat and [have to 36 28.80 33 26.40 28 22.40 28 240 125 2137
encourage/force him
to do so
The child has an appetite
and eats almost everything 297 98.67 3 1.00 0 0.00 1 0.33 301  51.45
he is given.
The child has an appetite but
eats a severely limited 8 6154 1 7.69 3 23.08 1 7.69 13 222

amount of food (up to
20 dishes)

The child has an appetite,
but eats a limited 23 85.19 2 7.41 2 7.41 0 0.00 27 4.62
amount of food

The child doesn’t want to

eat, but I don’t force him to. 63 64.95 19 19.59 6 6.19 9 9.28 97  16.58

Child has no appetite, but
eats because he is very
hungry (eats only a limited
amount of food)

1 50.00 0 0.00 0 0.00 1 50.00 2 0.34

Baby has no appetite, but
eats because he is very 0 0.00 0 0.00 1 100.00 0 0.00 1 0.17
hungry (eats everything)

I didn’t pay attention to it. 17 89.47 1 5.26 0.00 1 5.26 19 3.25

Table 5. Mother’s subjective assessment of their child being a picky eater (p < 0.001).

The Fact of Being a 0—Not at Risk 1—Middle Difficulties = 2—Moderate Difficulties 3—Most Difficult Total
Picky Eater n % n % n % n % N %
no 372 92.08 23 5.69 9 2.23 0.00 404 69.06
I don’t know 31 62.00 10 20.00 4 8.00 5 10.00 50 8.55
yes 42 32.06 26 19.85 27 20.61 36 27.48 131 22.39
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Among the children surveyed, the consumption of foods with specific tastes was assessed.
In the surveyed group, most children consume products with different flavours (90.43%). A
total of 4.44% of the children surveyed consume products with selected flavours (Table 6).

Table 6. Consumption of flavoured meals in the study group of children (p < 0.001).

0—Not at Risk 1—Middle Difficulties = 2—Moderate Difficulties 3—Most Difficulties

Final Total

n % n % n % n % n %
1don’t know / 13 46.43 5 17.86 6 21.43 4 1429 28 479
difficult to say
No, he consumes
products from 419 79.21 51 9.64 30 5.67 29 5.48 529 90.43
different taste groups.
_ Yes, he eats only 0 0.00 0 0.00 1 100.00 0 0.00 1 017
bitter-tasting products
Yes, he eats only 0 0.00 0 0.00 0 0.00 1 100.00 1 017
sweet-tasting products
Yes, he only consumes
products with the 13 50.00 3 11.54 3 11.54 7 26.92 26 4.44
flavour of his choice.
The study assessed current problems related to children’s eating patterns. Both the
vomiting reflex (p < 0.001, V Cramer = 0.274), spitting food out of the mouth (p < 0.001, V
Cramer = 0.289), playing with food (p = 0.004, V Cramer = 0.149), and burying cutlery in food
(p=0.001, V Cramer = 0.186) correlated positively with the occurrence of feeding problem risk.
Choking did not correlate with feeding problems (p = 0.278, V Cramer = 0.0810) (Table 7).
Table 7. Current problems related to the child’s eating patterns.
. 1—Middle 2—Moderate o
Problems Related to Eating 0—Not at Risk Difficulties Difficulties 3—Most Difficult Total
n % n % n % n % n %
vomiting reflex yes 6 1.35 3 5.08 5 12.50 19.51 22 376 p<0.001
spitting food out o 31 6.97 13 22.03 11 27.50 15 3659 70 1197 p<0.001
of mouth
playing with food yes 131 29.44 23 38.98 17 42.50 22 53.66 193 3299 p=0.004
ﬂ‘gg{‘f cutlery yes 129 28.99 27 45.76 23 57.50 18 4390 197 33.68 p=0.001
whooping yes 2 0.45 1 1.69 1 250 1 2.44 5 085 p=0278

Table 8 analyses the principal components of the Montreal Children’s Hospital Feeding
Scale (MCH-FS) for the entire sample of children. The mean, along with the standard
deviation obtained for each question, and the median, were assessed. The higher the
mean and median, the more frequent the behaviour. In the study group, the most frequent
behaviour occurred in the aspect of walking behind the child or distracting the child (toys,
TV) in order for the child to eat a meal (mean 5.67 £ 1.80, median = 7). Frequent behaviours
were as follows: the child refusing to eat a meal (mean 3.19 £ 1.91, median = 3), extending
the meal time (mean 3.13 + 1.41, median = 3), and forcing the child to eat and drink
(mean 3.16 + 2.48, median = 3).
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Table 8. Principal component analysis of the Montreal Children’s Hospital Feeding Scale (MCH-FS)

for the whole children sample.

Factors and Items Construct Mean Median
1. how do you find mealtimes with your child? Parental concern 2.93 +1.52 3
2. how worried are you about your child’s eating? Parental concern 2.67 = 1.83 2
12. how do you find your child’s growth? Parental concern 1.86 =143 1
3. how much appetite (hunger) does your child have? Appetite 2.70 £ 1.61 2
4. when does your child start refusing to eat during mealtimes? Appetite 3194+ 191 3
9. Do you have to follow }1;)1;1: }C,Eﬂf;gﬁgr;fi ﬁrel;f?e distractions (toys, TV) so Compensatory strategies 567 + 1.80 7
10. Do you have to force your child to eat or drink? Compensatory strategies 3.16 +2.48 1
6. how does your child behave during mealtimes? Mealtime behaviour 2.79 £1.07 1
13. How does your child’s feeding influence your relationship with him/her? Family relations 2.07 +1.47 1
14. How does your child’s feeding influence your family relationships? Family relations 226 £1.72 1
5. how long do mealtimes take for your child (in minutes)? Compensatory strategies 3.13 +1.41 3
7. does your child gag or spit or vomit with certain types of food? Oral sensors 1.55 £1.07 1
11. how are your child’s chewing (or sucking) abilities? Oral motor 1.46 £1.15 1
8. Does your child hold food in his/her mouth without swallowing it? Oral sensory, oral motor, 1.83 +1.38 1

mealtime behaviour

4. Discussion

There is no precise formal definition of picky eating, although it is generally accepted
that it includes the rejection or restriction of familiar and unfamiliar foods, and thus
includes an element of neophobia; these factors are associated with feeding problems in
children [9,31]. The most common definition offered by Dovey et al. is that picky/fussy
eaters are children “who consume an inappropriate variety of foods, rejecting a significant
amount of foods that are familiar (as well as unfamiliar) to them”. They see food neophobia
(food aversion or avoidance of new foods) as a somewhat distinct construct, while observing
that the two factors of food aversion and avoidance of new foods are interrelated and both
contribute to food rejection or acceptance, especially of fruit and vegetables [9]. Hence,
the terms feeding neophobia (used according to Dovey’s definition), feeding problems,
and picky eating will appear frequently in our study and in this discussion. One would
consider food neophobia to be a fear of new, unfamiliar foods, but many of the authors of
the studies cited below consider children with food neophobia to be children who have
an aversion to eating or who avoid new foods (according to Dovey’s definition). Food
aversion and avoidance of new foods, in turn, lead to a variety of feeding problems such as
refusal to eat particular foods because of their texture, taste, colour, or shape, reflexes such
as the vomiting reflex, or spitting out food or closing the mouth.

A high prevalence of food neophobia and pickiness has been reported previously
among children aged 3 to 7 years in a study by Hafsrad G. et al. [34]. An exceptionally
high prevalence of picky eating and food neophobia has been reported previously in China
(59%) and the United States (60%) [35]. In contrast, a study in the Netherlands showed
a very low prevalence of picky eating (5.6%) among 4 year old children [36]. A Polish
study by Koziet-Kozakowska et al. conducted among children aged 2.5-7 years showed
low neophobia in 12.3% and high neophobia in 10.8% of the children studied [14]. In the
meta-analysis by Torres et al. [2], the prevalence of food neophobia was present in 10 (53%)
of the studies analysed and ranged from 12.8% to 100%.

In diagnosing feeding difficulties, including pickiness and feeding neophobia, the
Montreal Children’s Hospital Feeding Scale (MCH-FS) may be applicable [33,37]. The
Children’s Feeding Related Scale (MCH-FS Scale) is used to screen children with feeding
difficulties adding challenges for preventive and diagnostic purposes. It can be used as a
perfect tool to identify possible feeding difficulties in children aged 6 months to 6 years.
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The MCH consists of 14 questions addressing issues related to the course of the meal,
assessment of appetite evaluation, meal duration, problems within the orofacial sphere, or
the parent’s perception of the child’s average weight and height. Each question is answered
on a 7-point Likert-type scale [33]. The MCH-FS can be used in the nutritional interview
and can be extended to include questions about the child’s diet.

Feeding problem, selective eating, and food neophobia can lead to deficiencies in some
essential nutrients, especially vitamins and minerals [1]. Children with high levels of food
neophobia and other different feeding problems showed reduced adherence to standard
eating patterns, which can negatively affect dietary diversity and lead to imbalanced
nutrient intake [38]. This is supported by studies by Yong [39], Schmidt [40], Bell [41], and
Kaar [13] Falciglia [3].

The results of the Di Nucci study showed a low intake of foods typical of the Mediter-
ranean model, such as fruit, vegetables, and legumes, and conversely, a high intake of foods
typical of the Western dietary model, such as sweets, sugary drinks, and red meat [42].

Food neophobia tends to occur with highly recommended and health-promoting foods
such as fruit, vegetables, and legumes, which taste bitter or sour. Lower intake also occurs
in the group of animal products, such as fish [43]. Children with high food neophobia were
more likely to consume ultra-processed, sugar-rich foods (snacks, filled and unfilled cakes
and sweets), as well as protein-rich foods (white meat, cheese and yoghurt) [38].

Some studies indicate that neophobic children are less likely to meet the recommended
intake standards, especially the need for vitamin E [3]. In addition, children who only eat
selected foods may not acquire specific eating skills, especially if they only eat soft-textured
or pureed foods [1]. The negative health consequences of food neophobia should be seen
in the context of the lost potential health benefits of a poor or poorly varied diet and, above
all, the consumption of too few vegetables and fruits compared to recommendations [3,44].
A review of publications shows that neophobic children have a deficient intake of fruit and
vegetables, which are health-promoting. This is supported by most epidemiological studies
that demonstrate the health-promoting effects of fruit and vegetable consumption [45].

Nutritional neophobia is highly relevant to the concept of metabolic programming,
especially in the nutritional aspect, which is understood as the long-term or lifelong effect
of a stimulus or signal affecting the structures or functions of the organism during a
critical period of development. It has been shown that the occurrence of factors such
as malnutrition, or nutrient deficiency or excess, during so-called critical periods can
reprogram the metabolism, leading to irreversible consequences. The first 1000 days of a
child’s life is when the metabolism is programmed, and many of the physiological processes
responsible for appetite control and energy regulation are fixed. During the first three
years of a child’s life, there is less activity of enzymes produced in the liver, which is
responsible for the metabolism of harmful compounds. The immature kidneys do not
yet excrete toxins efficiently. The child’s diet should include, above all, products rich in
vitamins A, D, C, and B. Micronutrients such as zinc, selenium, iron, and copper should
also be present. Polyunsaturated fatty acids, including DHA, cod liver oil, probiotics, and
prebiotics, are also essential to the diet [46—49]. Therefore, it seems essential to minimise the
occurrence of nutritional neophobia in the youngest children. The above study aimed to
answer questions on how feeding neophobia can be minimised through early modification
of feeding behaviour from birth through CF.

The origin of food neophobia can be traced back to evolution when a neophobic
attitude protected children from eating potentially contaminated food [14]. Humans, as an
omnivorous species, had to distinguish between safe and poisonous food to survive [50].
Although this skill has now lost its value, it can still be observed in children around and
after the age of 2 years, when unfamiliar foods or foods given in a different way than before
cause anxiety in the child and a relative preference for familiar foods is apparent [51].

Although food neophobia is genetically determined, environmental factors that under-
lie individual differences in taste preferences can also influence its occurrence [50]. Genetic
factors influencing food choice are related to taste receptors, which can differentiate the
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perception of sweet, umami, or bitter tastes depending on individual gene differences [51].
Thus, some children tolerate bitter-tasting green vegetables such as broccoli or cabbage
better, others will not care for them, and some will reject these foods at the mere sight of
them [51]. In our study, regardless of the level of risk of feeding problems, the majority of
the children (90.43%) consumed products from different taste groups, 4.44% of the children
only consumed products with selected tastes, and only one child out of the entire group
consumed products with a sweet or bitter taste.

Food preferences are highly variable, resulting in a reluctance to eat new foods, and
those less accepted may be reduced in the child. This is influenced by several factors,
including the diet during pregnancy and lactation [52] or the mode of exposure and its
repetition [51]. These are essential factors that may indirectly influence feeding difficulties
and the course of food neophobia, which, depending on individual characteristics, may
go unnoticed.

In our study, the length of breast milk feeding (p = 0.242), the length of exclusive breast
milk feeding (p = 0.296), and the time of initiation of complementary feeding (p = 0.899)
did not correlate with the risk of feeding problems. The @verby study found no significant
association between feeding problems and any breastfeeding nor a significant correlation
between exclusive breastfeeding [53]. Maier’s study compared the acceptance of new foods
by milk-formula-fed and breastfed infants when they received different foods at different
frequencies. They found that breastfeeding and milk formula feeding and giving a variety
of foods during the early weaning period, rather than giving a specific food, often resulted
in better acceptance of new foods, as measured several weeks after the intervention [18].

There are not many studies linking the method of dietary expansion and the occur-
rence of feeding problems. In our study, we verified the use of the BLW method by assessing
the estimated percentage of spoon-feeding during CE. The children we included in the
group of children who were fully fed using the BLW method were labelled as entirely or
mostly independent eaters, and children who were occasionally spoon-fed by an adult (ap-
proximately 10% adult feeding 90% independent) (full-BLW). Children using the complete
BLW method in CF did not show a risk of feeding problems (p = 0.026), unlike children
fed traditionally with a spoon. It should be emphasised that we assessed the full use of
the BLW method in the present analysis. The mixed BLW method (50% adult feeding and
50% self-feeding) already indicated a higher risk of feeding problems. Since our study was
not aimed at verifying the BLW method as a superior method, we believe that the study
should be extended in this respect to fully assess in which aspect the BLW method helps
avoid the occurrence of feeding problems.

Other factors also influenced the course of feeding problems. In a study by An M.
et al., the main factors were urging the child to eat with a firm refusal on the child’s part,
unpleasant emotions during mealtimes (e.g., parent’s nervousness, stress, child’s crying),
and high levels of neophobia in the mother [54]. Similar conclusions were reached by de
Oliveira Torres et al. [2] in a systematic review of the literature, stating that the level of
neophobia in children is influenced by, among other things, the eating habits of the parents,
children’s innate preference for sweet and salty tastes, the mismatch between texture and
the child’s psychomotor skills, pressure during meals, failure to read hunger and satiety
signals, and monotony in child feeding. In our study, children who experienced a vomiting
reflex during complementary feeding were at higher risk of developing food neophobia
(p = 0.001), whereas spitting food out of the mouth (p = 0.085), gagging (p = 0.244), choking
(p = 0.590), and choking and needing medical intervention (p = 0.121) did not directly affect
the risk of developing feeding problems at a later stage of development.

The high prevalence of feeding problems between the ages of 2 and 6 years may also
be because children tend to behave assertively and try to become independent from their
parents. Therefore, refusing certain foods is a way of asserting their authority and presence.
Another reason for this higher figure may be that older children are influenced by their
peers and family, making them more likely to accept new foods [55,56].
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The factors influencing food neophobia and feeding problems vary widely. On the one
hand, it is a natural developmental stage; on the other hand, some factors may influence
the perpetuation of inappropriate behaviour [54]. Therefore, appropriate intervention
should be undertaken if neophobic behaviours do not subside but intensify. As in the case
of eating disorders, the patient should be managed by a team of specialists, including a
paediatrician/gastroenterologist, a clinical dietician, a neurologist, a psychologist, a sensory
integration therapist, and a feeding therapist [2,37].

5. Conclusions
The following conclusions can be drawn from this study:

1. Breast milk feeding and the time of CF in the study group did not influence the risk
of feeding problems.

2. Using the full BLW method during CF can protect the child against the occurrence of
feeding problems, such a food selectivity or picky eating, in the future.

3. Inour study, children with difficulties during CF, mainly the vomiting reflex, were
more likely to develop feeding problem such as food neophobia.

4. Inour study, we did not observe a correlation between age, gender, and the occurrence
of feeding problems; there was only a non-significant tendency to be higher in the
youngest age.

5.  However, further research needs to be undertaken to assess how such behaviour
affects subsequent feeding difficulties.

6. Strengths and Limitations of the Study

The results of our study should be interpreted with its limitations in mind. The study
should expect some risk of error due to the greater interest of study participants in their
children’s diets.

Our study was a retrospective study, which may influence the occurrence of the false
memory effect, especially in the group of mothers of older children, particularly 4-7 year olds,
regarding the details of CF and infancy.

Additionally, the survey was conducted using the CAWI method, which is repeatedly
criticised for lacking insight into the data collection process. However, it is worth noting
that this type of data collection is widely accepted and convenient for collecting large
amounts of information in groups that are often difficult to reach.

The MCH-FS tool was not developed primarily for screening and diagnosing neo-
phobia; however, using the questions in this questionnaire, we believe that many of the
questions and answers provided can be a tool for initial screening of food neophobia.

The advantage of the study is the size of the group; to date, most studies on food
neophobia among children have been conducted on smaller groups of subjects. It is also
worth mentioning that very few studies have been conducted on this topic, especially in
Poland, and the above study is also currently being continued. In addition, to date, no
cross-sectional study has examined the relationship between the use of the BLW method
and difficulties during CF and the CF method, and the occurrence of food neophobia in the
preschool age group.
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Abstract: Human milk represents an optimal source of nutrition during infancy. Milk also serves
as a vehicle for the transfer of growth factors, commensal microbes, and prebiotic compounds to
the immature gastrointestinal tract. These immunomodulatory and prebiotic functions of milk are
increasingly appreciated as critical factors in the development of the infant gut and its associated
microbial community. Advances in infant formula composition have sought to recapitulate some of
the prebiotic and immunomodulatory functions of milk through human milk oligosaccharide (HMO)
fortification, with the aim of promoting healthy development both within the gastrointestinal tract
and systemically. Our objective was to investigate the effects of feeding formulas supplemented
with the HMO 2’-fucosyllactose (2’-FL) on serum metabolite levels relative to breastfed infants.
A prospective, randomized, double-blinded, controlled study of infant formulas (64.3 kcal/dL)
fortified with varying levels of 2/-FL and galactooligosaccharides (GOS) was conducted [0.2 g/L 2/-FL
+22g/L GOS; 1.0 g/L 2/-FL + 1.4 g/L GOS]. Healthy singleton infants age 0-5 days and with
birth weight > 2490 g were enrolled (n = 201). Mothers chose to either exclusively formula-feed
or breastfeed their infant from birth to 4 months of age. Blood samples were drawn from a subset
of infants at 6 weeks of age (n = 3540 per group). Plasma was evaluated by global metabolic
profiling and compared to a breastfed reference group (HM) and a control formula (2.4 g/L GOS).
Fortification of control infant formula with the HMO 2'-FL resulted in significant increases in serum
metabolites derived from microbial activity in the gastrointestinal tract. Most notably, secondary bile
acid production was broadly increased in a dose-dependent manner among infants receiving 2'-FL
supplemented formula relative to the control formula. 2/-FL supplementation increased secondary
bile acid production to levels associated with breastfeeding. Our data indicate that supplementation
of infant formula with 2/-FL supports the production of secondary microbial metabolites at levels
comparable to breastfed infants. Thus, dietary supplementation of HMO may have broad implications
for the function of the gut microbiome in systemic metabolism. This trial was registered at with the
U.S. National library of Medicine as NCT01808105.

Keywords: breastfeeding; human milk oligosaccharide; pediatric nutrition; metabolomics

1. Introduction

Medical consensus has long held that exclusive breastfeeding is the best source
of nutrition and immune protection during early life. Exclusive breastfeeding through
12 months of age is strongly encouraged by prominent medical advisory groups including
the American Academy of Pediatrics [1] and the World Health Organization [2]. However,
access to healthcare, cultural expectations, and employment outside the home can present
significant challenges to exclusive and prolonged breastfeeding [3]. In addition, there are
uncommon but compelling instances in which breastfeeding may be contraindicated, such
as in infants with significant metabolic disorders, in mothers undergoing radiotherapy, or
taking certain pharmacologic agents that may be transferred through milk, the presence
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of some transmissible infectious disease, or in following mastectomy [1]. Therefore, the
provision of nutritionally complete infant formula to support the developing immune
system remains an essential goal for pediatric nutrition research.

Significant progress has been made in recent years regarding the fortification of some
infant formulas with Human Milk Oligosaccharides (HMOs). HMOs are the 3rd largest
solid component of human milk with a broad range of potential benefits, including prebiotic
effects and enhanced gut maturation, gut motility, immunity, and cognition [4]. More than
150 unique HMO structures have been identified [5]. Although the individual composition is
highly variable, 2-FL is among the most abundant naturally occurring HMOs with levels
ranging from 0.06—4.65 g/L in human milk [6]. Pioneering in vitro experiments indicated
that 2’-FL inhibits the binding of gastrointestinal and respiratory pathogens [7-9] and further
work in animal models has demonstrated that 2/-FL feeding also attenuates pro-inflammatory
signaling within the gastrointestinal tract [10,11]. Epidemiologic studies have demonstrated
that the presence of certain HMOs, including 2'-FL, in breastmilk is associated with protection
from infectious disease [12] and that premature infants who carry the non-secretor trait have
a greater risk of morbidity and mortality due to necrotizing enterocolitis [13].

Recent improvements in the efficiency of HMO synthesis have allowed for the pro-
duction of HMOs on an industrial scale, making supplementation of infant formula with
oligosaccharides that are chemically and structurally identical to those found in human milk
more feasible [14,15]. Clinical studies have demonstrated that supplementation of infant
formula with 2’-FL is well tolerated [16] and promotes systemic reduction in inflammatory
cytokine levels relative to control formula and comparable to breastfed infants [17]. Addi-
tional data from the same patient cohort indicated that infants fed formula fortified with
2/-FL experienced fewer respiratory infections relative to infants fed control formula [18].
A similar study suggests that fortification of infant formula with 2’-FL and LNnT may be
associated with lower rates of antibiotic use in young children [19].

HMOs, including 2'-FL, readily cross the epithelium of the gastrointestinal tract [20]
and have been measured in both plasma and urine from breastfed infants [21-23]. HMOs
and their secondary metabolites circulate systemically, affecting multiple organ systems
and processes [24]. Given the known role of 2/-FL as a prebiotic capable of influencing
the composition and metabolic function of the gut microbiome [25-28], we hypothesized
that supplementation of 2'-FL may have substantial effects on the metabolic output of the
intestinal microbiome, which contributes significantly to the systemic benefits associated
with breastfeeding [29]. We conducted a prospective, randomized, and double-blinded
study in a previously studied cohort [16,17] to examine circulating metabolite composition
in infants fed one of several formula matrices differing only in their oligosaccharide content
and relative to age-matched infants who were exclusively breastfed. We found differences
in circulating metabolite composition between breastfed infants and those who were fed
a control infant formula. Fortification of infant formula with 2'-FL was associated with
an increase in the abundance of microbial fermentation products. We also observed that
2-FL fortification resulted in a dose-dependent increase in the circulation of microbe-
derived secondary bile acids. Secondary bile acids in circulation were associated with
changes in circulating cytokine concentrations, suggesting changes to the systemic immune
environment. Taken together, these results suggest that 2’-FL fortification of infant formula
may support aspects of microbial metabolism typically associated with breastfeeding.

2. Materials and Methods
2.1. Study Design and Population

The present report is a new component of a previously described clinical study [16,17].
Blood samples were collected from a subset of healthy, full-term infants who participated
in a prospective growth study, conducted at 28 sites throughout the United States from
April 2013 through January 2014. Prior to enrollment, a parent or legally authorized repre-
sentative of each enrolled infant gave written informed consent. The protocol, informed
consent, and all study procedures were reviewed and approved by Schulman Institutional
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Review Board, Cincinnati, OH under the ethical approval code 201300836. This trial was
registered at clinicaltrials.gov as NCT01808105.

The inclusion criteria were as follows:

singleton birth;

gestational age 37 to 42 weeks;

birth weight 2490 g;

0 and 5 days of age at enrollment;

exclusive formula or breastfeeding since birth;

overall good health in the infant’s medical history and parental report;
A resident of a smoke-free home.

Exclusion criteria were the medical history of either the mother or child that might be
considered to have potential developmental or growth effects including potential maternal
substance abuse. Gestational diabetes was not considered exclusion criteria in cases where
infant weight was within the 95th percentile [30]. The use of antibiotics was also considered
a cause for exclusion, with the exception of routine antibiotic eye drops used at birth.

Infants whose parents intended to exclusively feed their infants formula were ran-
domized to receive one of three formulas, all containing a total amount of 2.4 g/L of
oligosaccharides, according to randomization schedules stratified by site and sex. A non-
randomized breastfed (BF) group was also enrolled. A flow diagram illustrating the study
group assignments is given in Figure 1. The control formula (CF) contained galactooligosac-
charides (GOS; Vivinal® GOS, FrieslandCampina, Amersfoort, The Netherlands) only [CF:
0g/L2'-FL + 2.4 g/L GOS]J; the experimental formulas (EFs) were fortified with varying
levels of 2'-FL and GOS [EF1: 0.2 g/L 2/-FL + 2.2 g/L GOS; EF2: 1 g/L 2’-FL + 1.4 g/L
GOS]. The three formulas contained 64.3 kcal/dL (19 kcal/fl oz) (Table 1).

Healthy infants (n=201)
0-5 days of age, > 2.4 kg
Gestational age at birth 37-42 weeks

/

Breast Milk (n=51) Formula (n=150)

Control (n=48) Low dose 2-FL (n=54) High dose 2-FL (n=48)
0.0 g/L 2-FL 0.2 g/L 2-FL 1.0 g/L 2-FL
2.4 g/L GOS 2.2 g/lL GOS 1.2 g/L GOS

Figure 1. Flow diagram of participants recruited in this substudy. 2'-FL, 2’-fucosyllactose. GOS,
galactooligosaccharides.

Table 1. Composition of study formulas. GOS, galactooligosaccharides.

Ingredient Control Formula Low Dose 2/-FL High Dose 2/-FL
Energy, kcal/dL 64.3 64.3 64.3
Protein, g/L 13.3 13.3 13.3
Fat, g/L 34.7 34.7 34.7
Total carbohydrate, g/L 69.0 69.0 69.0
GOS, g/L 24 22 14
2/-FL, g/L 0.0 0.2 1.0

"Exclusively fed” was defined as the sole use of breast milk or assigned formula, and
no other liquids or solids. An exception was made for the use of non-antibiotic prescriptions,
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mineral supplements, and vitamins. Occasional use of alternative feedings, defined as less
than 5 times during the study period, was considered consistent with exclusive feeding.
Participant selection for the substudy. Selection for the substudy was determined on
the sole basis of parental or legal guardian authorization for the collection of blood samples.
Participation in blood sample collection was entirely optional for all study participants

2.2. Anthropometric, Demographic Data, and Blood Sample Collection

At the enrollment visit, pre-study feeding regimens, birth anthropometric measure-
ments, gestational age, and demographic data were collected, including race, number,
and ages of siblings in the home, and mode of delivery. At 6 weeks (43 days) of age par-
ents were questioned to determine eligibility for optional blood sampling. The following
exclusion criteria were applied:

e  >240 mL per week of an alternate feeding other than the assigned study formula or
>2 breastfeedings;

e  Use of any alternate feeding in the preceding 48 h;

e  Maternal or infant use of any oral anti-inflammatory medication.

2.3. Assays
2.3.1. Metabolic Profiling

Sample Storage and Preparation. 2-3 mL of non-fasting venous blood was drawn
into sodium heparin vacutainer tubes, shipped at ambient temperature to the laboratory,
and received within 24 h of collection. Plasma was obtained by standard centrifugation
procedure, dispensed into small plastic vials, and stored at —80 °C until analysis. Plasma
samples were shipped frozen for analysis to Metabolon, Inc. (Durham, NC, USA). A total
of 201 plasma samples were analyzed belonging to the treatment groups listed in Figure 1.
Sample collection and analysis were both completed at the conclusion of the clinical study
in 2014.

Metabolomic profiling was performed as described previously [31-33]. Metabolites
were extracted from 100 pL plasma by the addition of cold methanol. The precipitated
extract was split into five aliquots and dried under n;. The samples were re-suspended in
platform-specific solutions before they were applied to the instruments. The untargeted
metabolomic profiling platform employed for this analysis was based on a combination
of four independent platforms: ultrahigh performance liquid chromatography/tandem
mass spectrometry (UHPLC/MS/MS) optimized for basic species, UHPLC/MS/MS op-
timized for acidic species, UHPLC/MS/MS optimized for polar species and gas chro-
matography/mass spectrometry (GC/MS) [31-33]. LC-MS was performed on a Waters
ACQUITY ultra-performance liquid chromatography (UPLC) and a Thermo Scientific Q-
Exactive high resolution/accurate mass spectrometer interfaced with a heated electrospray
ionization (HESI-II) source and Orbitrap mass analyzer operated at 35,000 mass resolu-
tion [31,32]. Samples destined for GC/MS analysis were derivatized under dried nitrogen
using bistrimethyl-silyl-trifluoroacetamide (BSTFA). Samples were analyzed on a Thermo-
Finnigan Trace DSQ fast-scanning single-quadrupole mass spectrometer using electron
impact ionization at a unit mass resolution [33]. Metabolites were identified by matching
the ions” chromatographic retention index and mass spectral fragmentation signatures with
reference library entries created from authentic standard metabolites. For ions that were
not covered by the standards, additional library entries were added based on their unique
retention time and ion signatures. Peak ion counts for each compound in each sample were
used for statistical analysis, resulting in the comparisons of relative concentrations. A given
compound was reported from only one of the four platforms.

2.3.2. Targeted Assay of 2'-Fucosyllactose

2'-Fucosyllactose (2'-FL) was quantitated by LC-MS/MS. Human heparinized plasma
was spiked with the internal standard, melezitose, and subjected to protein precipitation
with methanol. After centrifugation, the organic supernatant was removed, evaporated,
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and reconstituted in Methanol/Water (75:25). An aliquot of the reconstituted extract was
injected into Agilent 1290/ AB Sciex QTrap 5500 LC-MS/MS system equipped with a BEH
Amide normal phase UHPLC column. The peak area of the m/z 487—205 product ion of
2'-Fucosyllactose was measured against the peak area of the Internal Standard (Melezitose)
production of m/z 503—323. Quantitation was performed using a weighted linear least
squares regression analysis generated from freshly prepared calibration standards.

2.3.3. Plasma Cytokine Measurements

Plasma cytokine levels were measured according to the methods previously
published [17]. Among qualifying research subjects, 2-3 mL of non-fasting venous blood
was drawn into sodium heparin tubes. Blood samples were shipped overnight to Lovelace
Biomedical. Samples were transferred to frozen storage within 24 h of collection. Cytokine
concentrations were measured in thawed plasma samples using a multiplex kit according to
the manufacturer’s protocol (HCYTOMAG-60K-10, custom 10 analyte kit; EMD Millipore).

2.4. Statistical Analysis

Demographic characteristics were analyzed using GraphPad Prism 6.02. Continuous
values were compared by 1-factor ANOVA or Kruskal-Wallis test. Categorical variables
were compared by x? and adjusted for multiple comparisons). All metabolomics analysis
was conducted in R [34] using GNU Emacs v26.2 [35] on Windows 10. Plots were con-
structed using the R package ggplot2 [36]. Data analysis scripts documenting the complete
statistical analysis are available by request from the authors.

3. Results

There were no significant differences among feeding groups for age at enrollment,
gender, weight, length, incidence of Cesarian section, or head circumference at birth. There
was a significant difference between the high dose 2'-FL and exclusive breastfeeding groups
with respect to race, with the breastfed group having more infants that were white and the
high dose 2’-FL formula fed having more infants that were black (Table 2). In the original
study, 9 of the total 424 participants violated the criteria of “exclusively fed” (1 control
formula, 3 low dose 2’-FL, 1 high dose 2/-FL, 4 breastfed) [16]. These numbers did not
impact the mean birth weight of any of the groups.

3.1. Breastfeeding Is Associated with Significant Differences in Circulating Metabolites Relative to
Control Formula

Although previous studies have examined the metabolic profiles of breastfed infants
compared to formula-fed infants [37], improvements in HPLC/MS methodologies have
expanded the range of measured metabolites. Thus we set out to broadly characterize
the systemic metabolite profile of breastfed infants relative to formula-fed infants. Blood
plasma was collected from all study participants at 6 weeks postpartum and blood metabo-
lites were extracted for parallel analysis via GC/MS, LC/MS/MS, and Polar LC to ensure
a broad range of metabolite identification. These measurements were matched to a library
of metabolite standards for identification, and 743 out of 1113 metabolites were assigned
chemical identities with a high degree of precision.

To better understand the differences in systemic metabolites between breastfed and
infants fed control formula, we computed the log,-transformed fold change in the relative
abundance of 1113 metabolites among all breastfed infants relative to all infants fed control
formula at 6 weeks postpartum and utilized a two-tailed Wald test [38] to evaluate the
statistical significance of the observed differences (p < 0.05). This analysis resulted in
178 metabolites that were significantly higher among breastfed infants and 238 metabo-
lites that were significantly lower relative to infants fed the control formula (Figure 2,
Supplemental Table S1). These analyses revealed differences in systemic metabolites be-
tween breastfed infants and infants who were exclusively fed control infant formula.
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Table 2. Baseline characteristics of infants enrolled in this sub-study. Values are means 4+ SEM or
mean with percentages of the total in parentheses. 2/-FL, 2'-fucosyllactose. Weight, length, and head
circumference were measured at birth. Data on Weight, Length, and head circumference are stratified
by gender. Continuous variables were compared between study groups by ANOVA. Categorical
variables were compared by Chi-squared test according to the methods described above.

Control Formula Breastfed Low Dose 2’-FL High Dose 2’-FL
(n =48) (n =51) (n = 54) (n =48)
Age at enrollment, days 38.1 £0.1 35+02 34402 3.8+0.2 0.30
Males, 1 (%) 27 (56) 31 (61) 24 (44) 23 (48) 0.32
Gestational age, weeks 39.3+0.2 39.4 +0.1 39.2 +£0.1 394 +0.2 0.51
Weight, g
Male 3338 + 70 3498 + 92 3248 +75 3322 + 86 0.17
Female 3269 + 94 3354 +78 3188 + 83 3191 £ 69 0.27
Male 50.5 + 0.3 51.2 +£0.4 50.5 + 0.4 51.2 £ 0.5 0.32
Female 50.6 + 0.3 50.9 4+ 0.6 49.7 £ 04 50.1 + 0.4 0.26
Head circumference, cm
Male 34.8 +£0.5 3524+ 04 345+ 0.4 344405 0.49
Female 341 4+04 33.9 £ 0.5 33.24+04 3354+ 04 0.44
0.02
White 30 (63) 35 (69) 29 (54) 20 (42)
Black 12 (25) 7 (14) 12 (22) 21 (44)
Other 6 (13) 9 (18) 13 (24) 7 (15)
Mode of delivery, n (%) 0.58
Vaginal 30 (63) 38 (75) 38 (70) 35 (73)
C-Section 18 (38) 13 (25) 16 (30) 12 (27)
Siblings in home 1.34+0.2 1.2+0.2 1.5+02 1.24+0.2 0.55

3.2. Fortification of Formula with 2'-FL Increases Levels of Circulating Microbiota-Derived Metabolites

Given that our data demonstrated significant differences in systemic metabolites in
breastfed infants relative to infants who were exclusively formula fed, we asked whether
targeted fortification of infant formula could be utilized to support a metabolic profile that
more closely resembled that seen among breastfed infants. HMOs, and 2'-FL in particular,
have been established as potent prebiotic compounds both in vitro [24-26] and in vivo [19].
We hypothesized that fortification of infant formula with prebiotic 2’-FL might result in
emergent effects on systemic metabolites due to its influence on the composition of the
developing microbiota, and the subsequent influence of those microorganisms on the
metabolic activity of the gut.

We examined plasma metabolite composition among infants fed formula fortified
with 2/-FL at 0.2 g/L (n = 36) or 1.0 g/L (n = 35) relative to matched infants who were
fed control formula without 2/-FL (n = 37) or who were exclusively breastfed (n = 40) at
6 weeks postpartum. Analysis of plasma 2'-FL levels revealed a linear correlation with the
level of 2'-FL fortification among formula-fed infants (Figure 2A, =04, p=27X 10713),
indicating that 2’-FL was absorbed into the circulation in proportion with the dietary
intake. Similarly, plasma fucose levels were correlated with 2/-FL supplementation in a
dose-dependent manner among formula-fed infants (Figure 2A, > = 0.15, p = 2.743 x 107°).
2/-FL fortification was not associated with any change in plasma lactose concentrations in
formula-fed infants.

However, the potential impact of 2’-FL fortification on plasma metabolites extends
well beyond the increase in 2’-FL and its immediate catabolic products, fucose, and lactose.
We examined the fold change in plasma metabolites in infants fed formula containing
0.2-1.0 g/L 2'-FL relative to infants fed control formula (Figure 2B). In comparison to the
metabolic changes associated with breastfeeding relative to the control formula, the impact
of 2/-FL fortification alone is substantial and accounts for 48 differentially abundant plasma
metabolites. Gene Set Enrichment Analysis (GSEA) [39] revealed that these differences
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in plasma metabolites were consistent with a general increase in markers of benzoate
metabolism, a process associated with many dairy products [40], and bile acid metabolism
(Figure 2C). Markers of dipeptide metabolism, purine metabolism, and lysophospholipid
metabolism were somewhat lower among infants fed 2-FL-containing formula relative to
breastfed infants fed control formula.
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Figure 2. (A) Plasma 2'-FL levels are elevated in a dose-dependent manner among infants fed formula
containing 0.2-1.0 g/L 2-FL relative to infants fed formula without 2/-FL. Linear regression analysis
demonstrated a strong correlation between formula 2’-FL concentration and relative abundance of
2'-FL (2 = 0.4, p=27x 10~13) and fucose (2 = 0.15, p=43x 10~%) in the plasma but was not
correlated with plasma lactose concentration. (B) Differentially expressed plasma metabolites in
infants fed formula containing 0.2-1 g/L 2'-FL or breastfed infants relative to infants fed control
formula that did not contain 2/-FL. Red indicates metabolites that are significantly increased relative
to infants fed control infant formula. Blue indicates metabolites that are significantly lower relative to
infants fed control infant formula. (C) GSEA analysis was conducted using a list of all significantly
different metabolites ranked according to the average log2-transformed fold change in 2/-FL fed
infants relative to infants fed control formula. This ranked list was evaluated for the enrichment of
metabolites in known KEGG metabolic pathways and a NES was computed to evaluate the relative
enrichment of metabolites in 2’-FL fed infants relative to infants fed control formula. NES > 0 indicates
relative enrichment in infants fed formula containing any amount of 2’-FL and NES < 0 indicates
relative enrichment among infants fed control formula relative to 2'-FL enriched formula. The number
of metabolites in each pathway is indicated in the bubble. Only pathways with statistically significant
(p < 0.05) NES are shown.

Given prior data establishing 2'-FL as a potent and selective prebiotic oligosaccha-
ride [24-26], we examined broad changes in bacterial fermentation products in infants fed
formula containing 2'-FL, infants fed control formula, and infants who were exclusively
breastfed (Figure 3). This analysis revealed increases in microbial fermentation products
such as dicarboxylic acids, and both medium- and short-chain fatty acids (SCFA) that were
associated with the level of 2’-FL fortification (Figure 3). Remarkably, some SCFAs were
present in 2’-FL fed infants at levels comparable to the levels in breastfed infants. We also
noted an apparent trend towards dose-dependent increases in microbial fermentation prod-
ucts, with 1 g/L 2'-FL fortification supporting higher levels of some microbial metabolites
relative to infants fed formula containing 0.2 g/L of 2'-FL.
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Figure 3. Relative levels of key microbial metabolites dicarboxylic acids, medium- and short-chain
fatty acids in each study group. Statistical results represent a one-tailed Wilcoxon ranked-sum test
for the comparisons indicated by black bars.

3.3. Levels of Circulating Secondary Bile Acids Differ Significantly in Breastfed Infants Compared
to Infants Fed Control Formula

Significant metabolic differences associated with the 2/-FL fortification of infant for-
mula occur in processes associated with or dependent upon the intestinal microbiota
(Figures 2 and 3). The most notable among these differences are the changes we observed
in secondary bile acid metabolism. Secondary bile acids are exclusively generated by the
intestinal microbiota through the action of bile salt hydrolases that convert a limited pool
of primary bile acids produced in the liver into a highly heterogeneous mix of derivative
structures [41,42]. In the gut, secondary bile acids emulsify dietary lipids [42], suppress
the growth of pathogenic microbes [43,44], and promote epithelial cell renewal [45]. The
majority of bile acids are reabsorbed by the small intestine and circulate systemically, where
they regulate immune homeostasis [46]. Given the importance of secondary bile acids to
human health, we first wanted to understand how the bile acid profile of breastfed infants
might differ from the bile acids circulating within infants fed control infant formula. We
found that many secondary bile acids differed between breastfed infants and infants fed
control formula, including 12-dehydrocholate, hyocholate, tau- rolithocholate 3-sulfate,
taurocholenate sulfate, and glycolithocholate sulfate which were higher in the plasma of
breastfed infants relative to infants fed control formula (Figure 4A). Other secondary bile
acids, such as glycoursodeoxycholate, hyodeoxycholate, and ursodeoxycholate were more
abundant in control formula-fed infants in comparison to breastfed infants.

3.4. 2'-FL Fortification Is Associated with Dose-Dependent Increase in Circulating Secondary
Bile Acids

We next examined the dose-dependent influence of 2/-FL fortification on plasma
secondary bile acid levels relative to control formula feeding or breastfeeding (Figure 4B,C).
Here it became apparent that 2’-FL fortification of infant formula changes the levels of
many secondary bile acids in plasma to levels similar to those seen among breastfed infants,
as shown in Figure 4B. The concentration of secondary bile acids in plasma was clearly
dependent upon the level of 2'-FL fortification in infant formula (Figure 4C). Thus, 2/-FL
fortification impacts aspects of microbial metabolism in the gut compared to control infant
formula and increases the production of key bile acid metabolites that may be involved in
systemic immune homeostasis.
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Figure 4. (A) Mean log2-transformed fold change in secondary bile acids detected in breastfed infants
relative to infants fed control formula that did not contain 2’-FL. Red indicates bile acids that are
higher relative to infants fed control formula. Blue indicates metabolites that are lower relative to
infants fed control infant formula. (B) Heat map showing normalized Z-scores for plasma secondary
bile acids among infants fed control formula, formula containing 0.2-1.0 g/L 2'-FL, or infants who
were exclusively breastfed. (C) Box-plot showing relative abundance of key secondary bile acids in
plasma among formula fed infants at two levels of 2’-FL fortification and in the plasma of breastfed
infants. Statistical results represent a one-tailed Student’s t-test for the comparisons indicated by
black bars.

3.5. Elevated Secondary Bile Acids Are Correlated with Immunoregulatory Cytokine Levels
in Plasma

Given the potential significance of changes in secondary bile acid metabolism for sys-
temic immunity, we hypothesized that secondary bile acid metabolism might be associated
with changes in immune mediators in our study participants. The study design included
the measurement of plasma cytokine levels in a portion of the blood drawn at 6 weeks
post-partum. Notably, these were the same blood samples used to measure plasma metabo-
lites for our other analyses. The following cytokines were measured in plasma via ELISA
in all study participants: interferon-a2, interferon-v, Interleukin 10 (IL-10), Interleukin-1
receptor antagonist (IL-1ra), Interleukin-1a (IL-1«), Interleukin-18 (IL-1B), Interleukin-6
(IL-6), C-X-C motif chemokine ligand 10 (CXCL10, i.e., IP-10), RANTES i.e., CCL5, and
tumor necrosis factor « (TNF-«). We then applied a linear regression analysis to examine
the potential correlation between secondary bile acid levels in plasma and plasma cytokine
levels across all study participants (Figure 5). We found that plasma levels of the secondary
bile acid glychocholenate sulfate were significantly and positively correlated with con-
centrations of the cytokines interferon-a2, IL-10, RANTES, and the chemokine CXCL10.
Other secondary bile acid structures, including glycohyocholate, taurocholenate sulfate,
and taurolithocholenate 3-sulfate exhibited significant and positive statistical correlations
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with plasma concentrations of CXCL10 and interferon-a2. These observations suggest
that increased circulation of secondary bile acids may promote certain aspects of systemic
immune signaling involved in antigen recognition and immune cell trafficking.
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Figure 5. Linear regression analysis comparing plasma secondary bile acid levels and plasma
cytokine concentrations among all study participants at 6 weeks postpartum. A p-value is given for
combinations that meet the level of statistical significance (p < 0.05). Additional cytokines evaluated
but not found to have any statistically significant correlation to plasma secondary bile acids include:
interferon-vy, IL-1ra, IL-1a, IL-15, and TNF-a.

4. Discussion

In the present study, we characterized circulating plasma metabolites in breastfed
infants relative to infants who were fed one of multiple formula preparations that dif-
fered only in their oligosaccharide content. Our data demonstrate that there are multiple
differences in circulating metabolites between breastfed infants and infants who were
exclusively fed control infant formula (Figure 2). Fortification of infant formula with
2'-FL was associated with an increase in the production of circulating metabolites derived
from gut microbial metabolism (Figures 2-5). In particular, 2’-FL fortification resulted in a
dose-dependent increase in circulating levels of secondary bile acids relative to the control
formula and reaching concentrations comparable to our observations in breastfed infants
(Figure 4). Previous reports have demonstrated that secondary bile acid metabolism regu-
lates systemic immunity [46,47] and in the present study, secondary bile acid metabolites
in plasma were correlated with plasma cytokine and chemokine concentrations (Figure 5).
To the best of our knowledge, these findings represent the first report linking human
milk oligosaccharide consumption to the production of secondary bile acids by the gut
microbiota in infants.

Metabolomics is a growing field of research utilizing high throughput liquid and
gas chromatography, mass spectrometry, and nuclear magnetic resonance techniques to
independently quantify and analyze vast numbers of unique metabolites in biological
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samples [48]. Previous studies have compiled broad surveys of the metabolites present
in breastmilk itself [49,50] as well as the differences in circulating metabolites between
breastfed and formula-fed infants [37]. Studies examining the differences between formula-
fed and breastfed infants have utilized a variety of techniques to measure 356 metabolite
composition in stool [51,52], urine [21,52-54], and plasma [21,55,56] samples collected from
infants aged 0-24 months. However, wide variations in methodology, sample collection,
and study populations have limited the generalizability and reproducibility of these stud-
ies [37]. To the best of our knowledge, the present study represents one of the largest
surveys of the infant metabolome with 200 enrolled participants. This dataset also includes
a wider survey of metabolites (743 known metabolites) than any of the previous reports
(<200) [37]. The results are broadly consistent with previous reports associating variation in
amino acid metabolism [37] and lipid metabolism [51] with the mode of feeding (Figure 2).

Importantly, the large study cohort and range of metabolites measured have facil-
itated insights into the metabolic differences between the metabolism of breastfed and
formula-fed infants. Given the large number of differentially expressed metabolites that we
observed, we applied Gene Set Enrichment Analysis (GSEA) [39] to evaluate the potential
for coordinated shifts in metabolites that might be influenced by the mode of feeding. This
analysis confirmed previous reports [37,51,55,57] suggesting that steroid metabolism, lipid
metabolism and biosynthesis, and amino acid metabolism vary somewhat according to the
mode of feeding (Figure 2C). These data characterizing changes in metabolites according to
the mode of feeding provide a basis against which to evaluate the benefits of changes to
infant formula feeding regimens.

The addition of human milk oligosaccharides (HMOs) is perhaps the most significant
recent innovation in infant formula. New methods of production have enabled the cost-
effective fortification of some infant formulas with oligosaccharides that are biochemically
identical to those that occur in nature [14,15]. Fortification of infant formula with 2’-FL
is safe [16,18] and has been shown to confer important benefits to immunity [17] and
gut health [19]. Pre-clinical data suggest additional benefits of 2’-FL, which serves as a
potent prebiotic [24-26,28] and anti-inflammatory immune modulator [10,11,58-61]. We
hypothesized that 2’-FL fortification of control infant formula might alter some systemic
metabolic markers and recapitulate metabolic features associated with the consumption
of HMOs during breastfeeding. Previous reports have demonstrated that 2’-FL is present
in the plasma of breastfed infants at levels that correlate with the concentrations found in
the corresponding breast milk; 2’-FL was not detected in plasma samples from infants fed
control formula [21]. Our results are entirely consistent with those of Goerhing et al. [21]
in that infants fed control formula do not have detectable levels of 2’-FL in the circulation.
However, our results also demonstrate that the fortification of infant formula with 2’-FL
resulted in a highly significant dose-dependent increase in circulating 2’-FL and free fucose
(Figure 2A). This offers additional evidence that dietary 2'-FL is readily absorbed in the GI
tract and circulates systemically where it may exert immunoregulatory benefits [24].

The differences in metabolite profiles between infants fed control formula and those
fed 2/-FL fortified formula extended beyond 2’-FL and its immediate catabolic products
fucose and lactose (Figure 2B). This suggested that the addition of 2’-FL might support
additional metabolic activity. Given the known role of 2’-FL as a potent prebiotic and
substrate for fermentation by the gut microbiota [24-26,28], we examined the levels of
multiple bacterial fermentation products in formula-fed and breastfed infants (Figure 3).
2/-FL fortification was associated with elevated levels of dicarboxylic acids, and medium
and short-chain fatty acids typically associated with bacterial fermentation. In some cases,
2'-FL fortification resulted in the production of these metabolites at levels comparable to
our observations in breastfed infants. This suggested that dietary 2'-FL acts as either a
direct substrate for bacterial fermentation or that it supports the growth of strains that are
participating in the fermentation of other dietary compounds.

Other metabolites associated with microbial activity were elevated in infants fed 2/-FL
fortified formula. We applied GSEA to analyze the coordinated regulation of metabolites
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within known metabolic pathways and found that 2-FL fortification was associated with a
significant increase in bile acid metabolism (Figure 2C). Primary bile acids are synthesized
from cholesterol in the liver and released into the duodenum via the gallbladder. They play
an essential role in the emulsification of dietary lipids, allowing for the efficient absorption
of fats in the proximal bowel [62]. At least 95% of bile acids released into the intestinal
lumen are reabsorbed by the intestinal epithelium and enter the circulation where they can
be reduced to cholesterol and recycled by hepatocytes [63]. This includes a diverse pool of
structures known as secondary bile acids. These are generated through a two-step process
that involves first the deconjugation of glycine or taurine by intestinal microbes expressing
bile salt hydrolases followed by a wide variety of dihydroxylation reactions that result
in structural heterogeneity [41,42]. Mode of feeding in infancy has been associated with
changes in lipid metabolism [37] and there is some preclinical evidence to suggest that at
least one bile acid, cholic acid, is altered in formula-fed primates [64].

We conducted an extensive characterization of differentially expressed secondary bile
acids in breastfed infants relative to infants fed the control formula (Figure 4A). Several
secondary bile acids, notably 12-dehydrocholate, hyocholate, taurolithocholate 3-sulfate,
taurocholenate sulfate, and glycolithocholate sulfate were significantly higher in the cir-
culation of breastfed infants relative to control formula-fed infants. A smaller subset of
deoxycholate structures were elevated in control formula-fed infants relative to breastfed
infants (Figure 4A). These results indicate that the composition of the circulating pool
of secondary bile acids is dependent upon the mode of feeding in infants, a finding that
has recently been independently observed in stool samples by Sillner et al. [65]. Upon
further examination, it became clear that fortification of infant formula with 2’-FL resulted
in the increased abundance in plasma of many of the secondary bile acids associated with
breastfeeding (Figure 5B). In many cases, this relationship was dose-dependent with higher
levels of 2/-FL fortification being correlated with higher levels of circulating secondary bile
acids (Figure 5C). Thus, 2/-FL fortification of infant formula supports the generation of
secondary bile acid metabolites at levels typically associated with breastfed infants.

The absence of data on the composition of the fecal microbiota and fecal secondary
bile acids in these study participants is a significant limitation of this study. Given the
known prebiotic activity of HMOs and 2/-FL in particular [24-26,28], it is possible that the
changes in secondary bile acid levels associated with 2'-FL feeding are caused by changes
in the composition of the microbiota. Alternatively, 2’-FL may activate alternate metabolic
activity by the existing microbiota. Finally, differences in intestinal absorption of secondary
bile acids under different feeding conditions cannot be ruled out as a contributing factor in
the observed differences in plasma secondary bile acids.

The physiologic significance of secondary bile acids has undergone significant reeval-
uation in recent years. Emerging pre-clinical studies have demonstrated that these microbe-
derived metabolites play a key role in regulating systemic immunity [41,42,47,62]. Sec-
ondary bile acids are innate ligands of G protein-coupled bile acid receptor 1 (GPBAR1)
and Farnesoid X-Receptor (FXR), expressed by intestinal epithelial cells, and macrophages,
dendritic cells, and natural killer T-cells found throughout the gastrointestinal-associated
lymphoid tissue (GALT) [66]. Activation of these pathways by secondary bile acids is
broadly anti-inflammatory, inhibiting NF-xB mediated cytokine secretion and NLPR3 In-
flammasome activity [66—-69]. Dysbiosis, or the dysfunctional composition of the intestinal
microbiota, alters the pool of available secondary bile acids [41,42,70] and may result in
increased susceptibility to inflammatory disease and infection [43,71-73]. Recently, sec-
ondary bile acids have been shown to play an essential role in the development of immune
homeostasis through the proliferation of a robust population of anti-inflammatory RORy*
T regulatory cells within the GI tract [46]. We hypothesized that the changes in circulating
secondary bile acids that we observed across our infant feeding cohort might be associ-
ated with systemic changes in immune function. We identified multiple secondary bile
acids that were positively correlated with concentrations of immune modulators in plasma
(Figure 5). In particular, increased plasma levels of glycocholenate sulfate were associated
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with elevated levels of CXCL10, interferon-a, interleukin-10, and RANTES. This profile may
be consistent with a state of gut immune homeostasis associated with robust secondary
bile acid signaling [46,62,66,72]. For example, CXCL10 and IFN-« play an important role
in the formation of long-lived memory T-cell populations which are critical to immune
homeostasis [74,75]. IL-10 is a well-characterized mediator of anti-inflammatory regulatory
T cell function [76,77]. RANTES (CCL5) is a multifunctional chemotactic cytokine that
serves as one of the key signals for regulatory T cell homing [78]. Future studies may inves-
tigate whether the restoration of secondary bile acid metabolites through the fortification of
infant formula with 2/-FL could mitigate the risk of allergy, autoimmunity, or inflammatory
disease among formula-fed infants.

In summary, the present study demonstrates that fortification of infant formula with
the HMO 2'-FL results in the dose-dependent restoration of certain metabolites derived
from microbial activity in the gastrointestinal tract, particularly secondary bile acids. These
secondary bile acids play a putative role in the development and maintenance of immune
homeostasis [41,42,46,47,62] and our data supports a correlation between increased levels
of circulating secondary bile acids and the activation of systemic immune mediators.
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Abstract: Bovine colostrum (BC), the first milk secreted by mammals after birth, is a trending alter-
native source for supplementing infants and children, offering benefits for gut and immune health.
Its rich components, such as proteins, immunoglobulins, lactoferrin, and glycans, are used to fortify
diets and support development. Preterm development is crucial, especially in the maturation of
essential systems, and from 2010 to 2020, approximately 15% of all premature births occurred at
less than 32 weeks of gestation worldwide. This review explores the composition, benefits, and
effects of BC on general infants and children, along with preterm infants who require special care,
and highlights its role in growth and development. BC is also associated with specific pediatric
diseases, including necrotizing enterocolitis (NEC), infectious diarrhea, inflammatory bowel disease
(IBD), short-bowel syndrome (SBS), neonatal sepsis, gastrointestinal and respiratory infections, and
some minor conditions. This review also discusses the clinical trials regarding these specific condi-
tions which are occasionally encountered in preterm infants. The anti-inflammatory, antimicrobial,
immunomodulatory, and antiviral properties of BC are discussed, emphasizing its mechanisms of
action. Clinical trials, particularly in humans, provide evidence supporting the inclusion of BC in
formulas and diets, although precise standards for age, feeding time, and amounts are needed to
ensure safety and efficacy. However, potential adverse effects, such as allergic reactions to caseins
and immunoglobulin E, must be considered. More comprehensive clinical trials are necessary to
expand the evidence on BC in infant feeding, and glycans, important components of BC, should be
further studied for their synergistic effects on pediatric diseases. Ultimately, BC shows promise for
pediatric health and should be incorporated into nutritional supplements with caution.

Keywords: colostrum; dairy foods; pediatric nutrition; disease; glycan; preterm infants; milk;
necrotizing enterocolitis

1. Introduction

Bovine colostrum (BC) is the first milk secreted by the mammary glands of mammalian
species after parturition and has a thicker texture than milk [1]. BC possesses diverse
components, including macro and micronutrients, biological peptides, immunoglobulins,
and growth factors, along with other ingredients that function primarily in antimicrobial
activity [2]. The high nutritional value of BC provides a broad range of food and functional
applications [3]. BC is crucial to neonates because of the presence of key nutrients essential
for energy, development, and growth. If human milk is limited or unavailable, BC is
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often preferred as an alternative source of nutrients, such as glucose, amino acids, lactose,
and proteins, for infants [4]. In addition to providing developmental support, BC offers
constitutional immune protection to newborns, building their innate immunity until the
adaptive immunity of neonates matures to match their specific environment.

The colostrum is essential for neonates and provides the nutrients required for es-
sential vital activities. One of the vital functions of milk and colostrum for newborns is
to prepare the innate immune system for external environmental conditions, resulting in
the onset of adaptive immunity [5]. As an antimicrobial, immunological, and nutritional
conditioner, colostrum transitions the newborn from the mostly sterile conditions of fetal
life to diverse microbial exposures and nutrients from postnatal breast milk intake. In this
context, humans and other mammals share common external environmental conditions
and are exposed to similar microorganisms, such as microbes, fungi, and viruses, through
the external surfaces of the body (such as the gut, skin, or lungs) [6]. The functional devel-
opment of the gastrointestinal tract is driven by colostrum consumption in mammalian
infants. A range of complex glycans are abundantly found in bovine milk and its products.
Glycans are key components of milk glycoproteins and shape microbiota by selectively
promoting the growth of beneficial bacterial strains, based on the results of previous re-
search [7]. BC influences metabolism and the hormonal system in neonatal calves and
infants [8-10]. The muscular and skeletal repair system is also supported by BC because
of its rich composition of bioactive contents [11]. BC consumption prevents injuries and
strengthens muscles, which are results of the positive impact of BC on muscle and bone
development because of its growth factors [12]. In general, BC has been evaluated as a
nutraceutical and has been used in clinical trials to analyze its antiviral and antibacterial
potential, with the finding that the antimicrobial properties of colostrum from one species
may be effective in another species [13-15]. Undoubtedly, colostrum is essential for the
survival of newborns in distinct mammals, such as cows and goats, whereas for human
infants, it is considered important but not vital for survival.

Both BC and human colostrum (HC) and their milk products have highly similar
compositions, but there are considerable nutritional differences in terms of carbohydrate,
lipid, mineral, protein, and vitamin concentrations along with bioactive components (i.e.,
immunoglobulins) [16]. Nonetheless, the precise and functional immunological support
of dairy products in infants and children has not been fully elucidated. In BC applica-
tions, safety and tolerability for age groups, including neonates and infants as well as
children with allergies, is the first emerging concern. Although prominent studies exist,
the mechanisms of bioactive components are still not fully clarified. Current evidence and
standard dosage and administration guidelines remain also insufficient in this regard. After
optimizing milk products in terms of nutrition for infants and children, evidence from
preterm infants in the following years has revealed several serious concerns about these
milk products. According to affiliated studies, processed cow milk formulas cause more
necrotizing enterocolitis (NEC), inflammatory bowel syndrome (IBD), sepsis (late-onset
sepsis, LOS), food intolerance (FI), and allergies compared to either infant-fed formula or a
combination with human milk [6,17-21]. The reason for the observable adverse effects of
formula products in comparison with milk remains unclear, whether due to their bovine
origin, the inclusion of vegetable products, or industrial processing (serial heat treatment
or filtration). Additionally, it is not clear whether the risk conditions for infants vary
between term and preterm infants, between bovine dairy products and those from different
mammalian species (i.e., camels, donkeys, and goats), or between colostrum and milk [6].
New approaches for the production of hypoallergenic infant formulas are important factors
in infant nutrition and are currently being investigated. Commercially available formulas
frequently promote classical symptoms of cow milk allergy (CMA), and one of the most
commonly applied methods to overcome related allergic reactions is the elimination of
these allergens from the infant diet; however, the most crucial allergens of milk products
are milk proteins, and alternative compensation methods must be investigated since the
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isolation of milk proteins severely decreases the benefits of milk products [22]. BC is also
present in these milk products and should be investigated in this regard.

This review covers the significance, applications, and participation of bovine colostrum
(BC) in pediatric conditions and diseases, focusing on its nutritional, preventive, or thera-
peutic properties for supplementation in severe pediatric or immunologic diseases, particu-
larly in premature infants. The review also comprises clinical animal models and specific
human studies. The extent of colostrum in the context of utilization, risk factors, and
specific diseases are discussed in detail. Additionally, glycan, one of the most important
and common components of colostrum and dairy products, is discussed in detail, as have
its applications under several conditions.

2. Components of Colostrum

The composition of BC is close to that of mature bovine milk products; the only
difference is the variable rates of bioactive components, making BC a key component for
biological processes (Figure 1). BC offers a rich compositional similarity which makes BC
a suitable alternative source compared to HC [23]. BC includes higher amounts of IgG
content, growth factors, and protein content, promoting muscle growth, tissue repair, and
adaptive immunity (see later sections). Although BC is less species-specific than HC, its
more abundant contents result in the particularly effective general wellness and recovery
of essential systems. Also, the abundance of BC over HC should be noted in the context of
availability. Since essential developmental progress in preterm infants is often insufficient,
the benefits of BC may aid in their improvements and adjust the insufficient systems when
properly used.

Lysozyme and
° Lactoperoxidase
o
25

: = . Glycans
am E (Oligosaccharides)
C
®
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0]

QANH’ Casein/Whey Proteins
Insulin-like Growth Factors
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Figure 1. The key components of bovine colostrum. The antimicrobial and immune-modulating

properties, growth factors, and nutrients of BC are essential for infants. The relative concentrations
of BC differ daily and transform into milk 7 days after parturition (created with BioRender.com,
accessed on 27 August 2024).

2.1. Macronutrients

Both human and bovine colostrum consist of analogous structures and components in
terms of their nutritional ingredients; the only difference between them is the relative con-
centration of major macronutrients, in which the protein and fat contents of BC are highly
concentrated [23]. At the onset of lactation, the protein and fat concentrations of colostrum
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are relatively higher than those of lactose, but over time, the protein and fat concentrations
decrease as lactose increases [24]. As the lactose content of milk increases over time and as
offspring mature, the immunological and trophic role of colostrum transforms into a more
nutritional role, ultimately becoming milk [25]. As time passes, the contents of colostrum
decrease in favor of nutritional properties other than protective properties. The total car-
bohydrate composition of colostrum and milk also includes oligosaccharides, which have
larger molecular structures than mono- and disaccharides do [6]. As mentioned above,
the protein concentrations of BC and milk are much greater than those of HC and milk.
This difference also leads to key differences in amino acid concentrations and availability
(Figure 2) [6,25].

Total Solid Components in Mature Milk Total Solid Components in Bovine Colostrum
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33.4%
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Figure 2. This chart shows the mean (=£) levels of total solid components present in BC and mature
milk [2]. The difference between BC and mature milk indicates that while BC supports immunity and
growth in newborn infants, mature milk is prevalent in terms of its nutritional ingredients. (Created
with meta-chart.com, accessed on 24 August 2024).

Milk proteins are generally classified as whey or casein proteins, and throughout
mammalian species, their total protein fractions vary [26]. In bovine milk, casein proteins
make up 80% of the total protein, and whey proteins make up 20% [27]. In contrast, overall,
human milk is dominated by whey proteins (60%) rather than caseins (40%) [28]. Further
inspection of milk protein fractions revealed that the milk composition of this species is
highly homologous. Specifically, the most common and studied bioactive components
of colostrum are immunoglobulins (Igs), lactoferrin (LF), lysozyme, «-lactalbumin, and
growth factors [6]. Colostrum contains growth factors such as epidermal growth factor
(EGEF), transforming growth factor 3 (TGF-f3), platelet-derived growth factor (PDGF), and
insulin-like growth factor (IGF), which contribute to wound healing and cell prolifera-
tion [29]. The nutritional value of colostrum stems from both its amino acid content and
how its proteins are digested in the stomach and upper intestine [30]. Casein proteins
create a gel-like structure (or clots) in the upper intestinal compartments, slowing the
release of amino acids for absorption, whereas whey proteins dissolve more rapidly and are
transferred to the small intestine for faster digestion and absorption [6]. Whey proteins are
resistant to protease enzymes, which degrade proteins, and this ability keeps whey proteins
functional throughout the GI tract. The variations in resistance levels depend on the age
of the infant, as preterm infants are not able to produce enough gastric acid and digestive
enzymes. As a result of this lack, preterm infants on breast milk absorb fewer beneficial
proteins in the GI tract. It can be assumed that colostrum proteins are not intended merely
for growth. The unique feature of colostrum also provides essential immune protection [31].
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The diverse components of colostrum affect almost every compartment of the system.
According to the current literature, several studies have investigated the potential benefits
of whole BC and its distinct components in susceptible newborn infants, as well as their
therapeutic effects on pediatric diseases.

2.2. Lactoferrin

Lactoferrin is a glycoprotein that is specifically capable of iron binding and is present
in various biological fluids. The highest concentration of LF is found in milk, which means
that HC is a valuable source of LF at even higher concentrations. Compared with milk,
which has a concentration of 1 mg/mL, HC has an LF concentration ranging from 5 to
6 mg/mL [32]. BC, on the other hand, also includes LF at concentrations ranging from
1.5 to 5 mg/mL, which decreases from 0.02 to 0.35 mg/mL in bovine milk [33]. Some of
the remarkable capabilities of LF are its antimicrobial, antioxidant, antitumor, and antivi-
ral properties [34,35]. According to previous studies, LF performs its cellular functions
via LF receptor (LFR) interactions. These receptors are located mainly in the microvilli
of the intestinal cell membrane, maintaining their presence significantly in the jejunum
during the early months of life, as observed in piglet models for the first time [36]. As
soon as LF binds to the LFR, it is able to translocate into the cell nucleus, where it triggers
gene transcription, resulting in increased cellular proliferation within the intestine [37].
Additionally, LF is capable of binding and sequestering iron (a crucial nutrient for both
commensal and pathogenic bacteria), thereby enhancing its antimicrobial properties [6].
This selective antimicrobial ability allows for the elimination of pathogens and stimulates
the growth of beneficial microorganisms such as Lactobacillus and Bifidobacterium in the
Gl tract [38]. Additionally, in another study, the selective deglycosylation pathway of LF
affected the extent of the antimicrobial activity of LF. Sialylated glycans are responsible
for the antimicrobial activity of LF, whereas neutral glycans do not have any significant
effect [39]. It was also shown that bovine LF (BLF) stimulated the growth of B. infantis and
B. brevis, whereas human LF (HLF) stimulated the growth of B. infantis much more effec-
tively [40]. Both the promoting and hindering mechanisms of LF contribute to beneficial
health effects, especially in the GI tract, and affect the whole organism.

Similarly, BHL and HLF share approximately 69% of their amino acid identity [41].
Owing to this high homology and the costs of BLF being much lower than those of HLF,
BLF has been the most investigated LF species in clinical in vivo trials. Several studies have
explored the potential of BLF in preventing inflammatory diseases in premature infants,
including necrotizing enterocolitis (NEC) and late-onset sepsis (LOS) [42]. Randomized
controlled trials have shown that daily supplementation with BLF in 472 infants or recombi-
nant human LF in 120 infants can protect against NEC and LOS. However, the trial with the
largest scale to date included 2203 infants, and LF failed to exert any protective effect [42,43].
A Cochrane meta-analysis with 12 randomized clinical trials and 5425 participants revealed
low-certainty evidence that LF supplementation in enteral feeds decreases the LOS but
not the NEC in preterm infants [44]. LF also has consistent treatment effects on viruses
such as SARS-CoV-1. In addition, it has a special role in recovery because of its benefits
to the overall immune system [45]. The vulnerability of preterm infants to respiratory
system diseases is also a systemic and severe condition requiring special care, and LF
has elimination and recovery effects, indicating its importance in viral infections. LF may
support protective mechanisms and trigger the onset of immune response repair. LF also
plays a role in dopaminergic cell mechanisms by hindering the Fenton reaction, causing
damage with the help of its relative oxygen species (ROS)-modulating properties [46].

2.3. Lysozyme and w-Lactalbumin

Lysozyme is an enzyme belonging to the glycoside hydrolase family and is abundant
in animal species. Owing to its antimicrobial properties (Figure 3), it plays a role in
innate immune system functions and is found in various body secretions, including tears,
saliva, human milk, and mucus [47,48]. This enzyme is broadly distributed in body
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fluids, as mentioned above, but is found at high concentrations in human breast milk,
ranging from 200 to 400 ug/mL, whereas it is present at much lower concentrations
in bovine milk, ranging from 0.05 to 1.5 pg/mL [6]. Some studies have reported that
lysozyme promotes the protection of the intestinal wall by inhibiting the growth of harmful
microorganisms (primarily bacteria) in the GI tract [49]. It also contributes to maintaining a
healthy balance in the gut microbiota, which is essential for proper digestive functions and
overall gut behaviors.

Enterobacteria ]

Figure 3. The hindering mechanism between Enterobacteriaceae and specific colostrum components.
The figure illustrates the regulation of Enterobacteriaceae species in the infant gut, including pathogenic
bacteria such as E. coli and Salmonella. Its bioactive components, particularly immunoglobulin A
(IgA) and lactoferrin (LF), have strong antimicrobial properties. IgA binds to pathogenic bacteria,
neutralizing them and preventing their attachment to the gut lining, whereas LF inhibits bacterial
growth by sequestering iron, a nutrient essential for these bacteria. (Created with BioRender.com,
access date: 7 September 2024).

a-Lactalbumin is a whey milk protein that plays an important role in lactose synthesis
in the mammary glands and serves as a source of bioactive components and amino acids
that aid in infant development. Many biochemical and nutritional studies have revealed
that a-lactalbumin is an important factor in early infant development [50]. Its concen-
trations vary from 1.2 to 1.5 mg/mL in bovine milk. Owing to its unique amino acid
composition, especially tryptophan, lysine, sulfur-containing amino acids, and branched-
chain amino acids, this protein is also believed to contribute to the infant intestinal system
and brain development [51]. An improvement in the amino acid composition of bovine
milk and its products can be achieved by adjusting the levels of x-lactalbumin and f3-
lactoglobulin in bovine milk to more closely match those in human milk [6]. Studies
investigating the effects of a-lactalbumin also show that this protein has antibacterial
potential [52]. In a study attributed to this property, a-lactalbumin, isolated from camels in
its apo form, exhibited antibacterial effects on a bacterial strain named P. aeruginosa [53].
The isolated form of this protein may not be efficient against most harmful microorganisms,
but a combination with enhancers may increase its effectiveness, and further studies should
be designed to reveal its potential effects [52,54].
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2.4. Immunoglobulins

The immunoglobulin distribution in BC consists of three distinct immunoglobulins,
namely IgG (also divided into two subisotypes, IgG1 and 1gG2), IgA, and IgM, and bovine
milk also contains minor amounts of these immunoglobulins [31] (Table 1). Composi-
tionally, approximately 90% of BC immunoglobulins are IgG, whereas the remaining
immunoglobulins are IgM, IgA, and IgG2 [13,55,56]. The primary function of immunoglob-
ulins is to provide essential immune system compartments for the survival of calves by
hindering harmful microorganisms, including bacteria, microbes, and viruses [31]. These
immunoglobulins are crucial for the survival of calves since without intake, calves are
susceptible to pathogenic infections, leading to a high level of morbidity and mortality.
Interactions among BC components are not unique to calves but may also have effects
on various mammalian species [6]. Immunoglobulin studies indicate that the function
and transport of immunoglobulins are not species-specific when BC effects are consid-
ered [57,58]. Calves and other mammalian species are born without immunoglobulins,
and proper feeding of colostrum is thought to be necessary for the establishment of an im-
munoglobulin supply; the absorption of immunoglobulins is nonspecific in the first 12-36 h
after parturition [59,60]. For preterm infants, the importance of immunoglobulins is much
greater since they are developed insufficiently and need special care. Immunoglobulins are
a major source of immune system functions. Colostrum feeding and absorption are more
important for activating immunity and eliminating disease agents in the first weeks after
birth [61]. The administration of colostrum just after birth helps calves eliminate infections
such as E. coli [62].

Table 1. The mean (+) concentrations of immunoglobulins in BC and bovine milk are shown. After
parturition, the concentration of Igs is at its highest. Consequently, the primary role of milk shifts
from protection to nutrition, with mature milk containing significantly lower concentrations of Igs.

Immunoglobulin (g/L) Bovine Colostrum Bovine Milk
IgG1 60.5 0.355
IgM 49 0.045
IgA 4.7 0.05
IgG2 3.8 0.055

2.5. Milk Fat Globule Membranes

Lipid droplets containing triacylglycerols are secreted by integration with the plasma
membrane of alveolar epithelial cells, where they acquire a bilayer membrane composed of
lipids and proteins, which is referred to as the milk fat globule membrane (MFGM) [6,63].
The bioactive ingredients of these droplets have antimicrobial, anti-inflammatory, and
anticarcinogenic properties [64,65]. MFGM proteins are suggested to have nutritional
and systemic benefits by assisting in the formation of healthy microbiota and exhibiting
anti-infectious and anti-inflammatory properties [66,67]. Environmental factors, maternal
genetics, gestation and lactation periods, body composition, and diet have radical influences
on the composition of the MFGM [63]. The total MFGM content of BC, which is an abundant
source of bioactive proteins, is attributed to the health of neonatal calves, indicating that
it may be beneficial for preterm infants [68]. Bovine and human MFGMs are structurally
and functionally similar; both have polar lipids in comparable amounts in both species.
The lipid groups present in the MFGM are mainly phospholipids and sphingolipids. The
MFGM proteome is also highly homologous, with some proteins being more abundant in
the bovine MFGM [6].

MFGM proteins show very diverse and beneficial effects on human systems. Research
has shown that adding MFGM-enriched protein fractions to milk and formula can aid in
protection against infections [69]. For the prevention of diarrhea, certain MFGM proteins in
whey protein concentrate inhibit pathogens caused by bacterial or viral strains [70]. In the
context of neurobiology, studies involving premature infants indicate that sphingomyelin-
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fortified milk induces neurobehavioral development [71]. Additionally, sphingolipids such
as gangliosides play crucial roles in neurodevelopmental pathways [72,73]. The MEGM
proteome has diverse bioactivities, ranging from the antimicrobial functions of mucins and
xanthine oxidase to the anticancer properties of fatty acid-binding proteins (FABPs) [74,75].
Mucins and xanthine oxidase act as decoys in the GI tract, preventing pathogens from
interacting with epithelial cells. In addition, xanthine oxidase generates ROS and reactive
nitrogen species (RNS) that have bactericidal effects. In the context of antiviral activity, one
of the components of bovine whey protein with a high molecular weight exhibits antiviral
effects on rotavirus in vitro [68]. MFGM glycoproteins are also considered potentially
effective against other viruses, such as HIV [76]. When the composition of MFGM proteins
is considered, butyrophilin is the most abundant protein and plays several roles in immune-
modulation activities, namely, anti-infectious and anti-inflammatory activities [77,78].
Another point to consider is that MFGM supplementation in formula-fed infants has been
shown to reduce the presence of Moraxella catarrhalis, a common pathogen causing ear
infections in young children [79]. Considering the biodiversity of MFGM proteins and their
affiliated properties, infant formulas supplemented with these proteins have great potential,
leading to more complex and complementary feeding. For preterm infants, more precise
and certain studies and trials are essential, yet the potential effects of MGFM proteins
provide a trustworthy potential pool for the supplementation of formulas.

2.6. Glycans (Oligosaccharides)

The carbohydrates present in colostrum are predominantly lactose, and several
oligosaccharides have more than three monosaccharides structurally [80]. The core struc-
ture of oligosaccharides is either lactose or N-acetyl lactosamine [81]. Their classification
is determined by the presence of a sialic acid, and they can be neutral or acidic [82,83].
A variety of oligosaccharides are present in bovine milk and colostrum, and different
types of monosaccharides are bound to the core lactose of N-acetyl lactosamine [84]. Car-
bohydrates exist as free saccharides (such as glucose [Glc], milk oligosaccharides, and
glycosaminoglycans [GAGs]) or as glycoconjugates (such as glycoproteins, proteoglycans,
and glycolipids) [85,86]. Proteoglycans contain conjugated GAGs in their structure. Hep-
arin, heparan sulfate (HS), and chondroitin sulfate are crucial for the immune system. The
most important difference between proteoglycans and glycoproteins is the nature of the
glycan [87]. Additionally, oligosaccharides are not digested in the upper GI tract; instead,
they are fermented by gut microorganisms in the small intestine and colon [83,88]. The
selective prebiotic activity of glycans makes them unique in shaping the composition of
the gut microbiome (Figure 4) [89]. Colostrum has the highest levels of oligosaccharides,
and after delivery, the levels diminish gradually [88]. Oligosaccharides are mostly abun-
dant in human milk, ranging from 7 to 10 g/L, accounting for 10% of the total calories
of milk. In HC, the amount of oligosaccharides increases to 22-24 g/L (1 g/L in BC) but
decreases gradually at 48 h postpartum [80]. In a dedicated study by Karav et al. (2016), BC
whey proteins were also reported to cleave a significant amount of complex milk glycans
that are active biologically, indicating that the variability of glycans is very diverse and
unpredictable [7].

GAGs consist of repeating disaccharide units with hexosamine and with diverse acety-
lation and sulfation activities, along with either uronic acid or galactose (Gal). However,
glycoproteins are proteins with glycans that sequentially consist of one residue at a time,
not repeating units. The glycosylation of proteins involves several kinds of modifications,
including asparagine (N-linked glycans), O-GalNAc (O-linked N-acetylgalactosamine),
or mucin-type glycans, and, finally, smaller glycan modifications, such as O-GlcNAc and
O-fucose. N-glycans play roles particularly in protein folding quality control in the ER,
whereas O-GlcNAc modifications play roles in signaling modulation, which is complemen-
tary, competes with, and acts independently from phosphorylation itself. Most importantly,
O-fucose, or fucose (Fuc), which is located on serine or threonine residues, is crucial for lym-

133



Nutrients 2024, 16, 4305

phocyte development through the Notch pathway [87]. These fucosylated oligosaccharides
provide developmental support for the nervous system and its healthy functions [90].
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Figure 4. The interaction between milk oligosaccharides and Bifidobacteria species. Human milk
oligosaccharides (HMOs), such as those found in human or bovine milk and colostrum, play a
critical role in promoting the growth of Bifidobacterium in the infant gut, acting as selective prebiotics.
Bifidobacterium ferments these oligosaccharides, producing short-chain fatty acids (SCFAs) such as
acetate and butyrate, which help maintain gut health by lowering the pH and inhibiting pathogenic
bacteria. This interaction also enhances the gut barrier, preventing harmful microbes from entering
the bloodstream and supporting immune system development.

The microbiota can also synthesize glycans and glycoconjugates (e.g., peptidogly-
can, lipopolysaccharides, and glycoproteins) [85,86]. As a key example, Campylobacter
jejuni is capable of functioning via a basic N-linked glycosylation pathway, even though
its glycan structure does not share a mammalian structure and composition. Another
microorganism, Mycobacterium tuberculosis, can synthesize various glycan molecules, such
as lipoarabinomannan, in its outer wall, neutralizing oxidizing agents. Fungi, on the other
hand, synthesize B-glucans that target pattern recognition receptors (Dectin-1 and Dectin-2,
which are part of the C-type lectin family (CTLF)). Additionally, viruses are also related to
the production of glycans and are essential for mammals because of their viral life cycle.
Viral proteins and their conjugated molecules are synthesized by the host cell replication
machinery; thus, viral glycan structures generally mimic the glycome of infected cells [87].

Glycans are essential components of anti-inflammatory pathways in which tumor
cells evade immune surveillance to protect themselves. The complexities of these mech-
anisms have been discovered through glycomic studies of autoimmunity disorders such
as rheumatoid arthritis (RA). In a case study conducted in 1985, almost 1400 IgG-derived
oligosaccharides from RA patients indicated that IgG glycans changed with the progression
of autoimmune disease [91]. RA is related to a relative loss of galactose (Gal) and the
exposure of terminal GlcNAc branching points in IgG N-glycans. Interestingly, female RA
patients who were pregnant achieved remission of RA and had normal IgG glycosylation
and sialylation during pregnancy [92]. However, after giving birth, these female subjects
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lost IgG Gal and sialic acid once again [93]. In addition to RA, certain autoimmune diseases
also show significant changes in antibody glycosylation pathways. For example, increased
IgG4 fucosylation has been detected in Hashimoto’s thyroiditis patients [94,95]. Crohn’s
disease displays a correlation between the loss of IgG galactosylation and the severity of
the disease [96]. In IgA nephropathy, on the other hand, the decrease in O-GalNAc glycan
galactosylation within the hinge region of IgA1 heavy chains is closely associated [97].
In a different context, Sjogren syndrome triggers the loss of IgG sialylation, as in RA.
Studies have shown that patients with allergies exhibit increased levels of sialic acid in
total IgE [98]. Research by Shade et al. (2020) revealed that desialylation, the removal of
sialic acid, reduced both effector cell degranulation and anaphylaxis in model organisms.
Notably, the specific effect of sialic acid on IgE is poorly understood [99]. The colostrum,
which is rich in bioactive molecules such as antibodies, immunoglobulins, and immune
factors that can help support the development of the immune system in children, has
potential therapeutic effects on related autoimmune diseases. These mechanisms include
the modulation of immune responses, the improvement of antibody glycosylation, the
promotion of gut health, and a reduction in inflammation. This situation may indicate that
colostrum may be beneficial for managing the immune dysregulation associated with these
diseases. The immunomodulatory and anti-inflammatory properties of colostrum may
restore normal glycosylation patterns and mitigate disease symptoms; however, further
investigation is needed to reveal the clinical benefits and optimal use of colostrum.

It remains uncertain in many situations whether changes in antibody glycosylation
are merely indicators of disease, play a role in disease causation, or influence disease
modulation. In the context of RA, the loss of sialic acid and Gal on IgG is not only
indicative of disease but also that the proinflammatory nature of a galactosylated IgG
actively contributes to the progression of the disease [100]. Notably, high-dose intravenous
immunoglobulin (IVIg) therapy, which delivers sialylated IgG, effectively suppresses
autoimmunity, demonstrating that the mechanism of action for IVIg therapy involves, at
least partially, changes in IgG glycosylation [101,102].

The altered glycan theory is prompted by profound modifications in glycosylation
pathways associated with inflammation, infection, and autoimmunity [103]. According to
this theory, any form of autoimmunity creates a specific and unique glycan fingerprint on
the basis of the relative presence of various glycoforms on tissues, cells, and glycoproteins.
In summary, the altered glycan theory provides a framework for the exploration of gly-
cosylation changes in autoimmune diseases, including those affecting children [104]. By
applying this theory, researchers may identify unique glycan biomarkers for the early detec-
tion, monitoring, and treatment of pediatric autoimmune conditions such as T1D, JIA, pSLE,
and autoimmune hepatitis. These advances might hold promise for improving pediatric
autoimmunity management through targeted therapeutic and diagnostic innovations.

As mentioned, colostrum can colonize beneficial bacterial species in the colon. In a
study by Karav and Mills, B. infantis exhibited significant growth by consuming released
N-glycans as the sole carbon source from milk, although B. lactis did not exhibit any growth
due to the lack of homologous enzymes. Infant-associated Bifidobacterium species, such as
B. infantis, B. breve, and B. bifidum, are able to consume these released N-glycans and vastly
colonize the colon [105,106]. In addition to their symbiotic effects, HC and BC may also be
able to function as competitive inhibitors for pathogenic and harmful bacteria by hindering
their binding to mucosal surfaces of the GI tract, resulting in the protection of neonates
from bacterial infections [6,83]. Human milk oligosaccharides (HMOs) have also been
proven to have anti-infectious effects against a wide range of pathogenic microorganisms,
such as Helicobacter pylori, Neisseria meningitidis, and influenza virus, in a variety of mod-
els [107]. Recent studies have investigated the potential roles of HMOs in the protection of
preterm infants from necrotizing enterocolitis (NEC). In a study using rodent models, the
results indicated that the protective effects of HMOs are highly specific to their molecular
structure [108]. The structural and prosperous specificity of oligosaccharides highlights the
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necessity for versatile and further research on milk oligosaccharide supplementation in
infant formulas, specifically for vulnerable preterm populations.

3. Bovine Colostrum in the Context of Growth, Development, and Immune Function

The nutritional requirements of infants (6 months and above) are fulfilled by designed
and developed follow-up or growing-up formulas. The necessity of the growth, devel-
opment, and establishment of a long-term diet can be provided by the complementary
feeding period, especially when solid foods are introduced into enteral pathways alongside
a milk-based diet. Milk from various species (mostly bovine, buffalo, camel, and goat) is
utilized to produce dairy products such as fermented milk, kefir, cheese, and yogurt. These
products are rich in bioactive components and nutritional benefits and are utilized in infant
diets for different durations [109]. Infants have high vitamin and mineral requirements,
particularly for iron and zinc. In recent decades, numerous modifications have been made
to conventional infant formulas to better match the nutrient content of human milk [6].
These changes reduce overall protein and casein contents, increase x-lactalbumin, and
lead to the use of essential oils instead of bovine milk lipids. The purpose is to mimic
human milk, which is uniquely tailored to the requirements of infants and, in fact, is even
individualized between a mother and her infant. To achieve this goal, novel ingredients
such as lactoferrin, osteopontin, lutein, oligosaccharides, MFGMs, and essential fatty acids
have been added to manufacture humanized formulas [110]. Despite these efforts, the
replication of the exact nutritional and bioactive properties of human milk has proven to be
harsh, primarily because of the instability and heat sensitivity of the bioactive components
of colostrum. However, since breast milk or alternative milk-based formulas provides
most of infants” vital requirements, complementary foods should be nutrient-dense and
diverse, including animal-source foods [6]. At this point, colostrum may be a powerful
formula component, because as colostrum ingredients meet the essential requirements for
infants, there may be a growing trend in the exploitation of colostrum in novel formulations
(Figure 5).

Current studies suggest that BC should be used as a supplement for infants under
certain conditions, such as the optimal age, time, and standardization for efficient and
safe use [111-113]. BC can protect against gastrointestinal diseases, i.e., rotaviral diarrhea,
necrotizing enterocolitis, sepsis, and chemotherapy-induced mucositis (all of these diseases
will be discussed in detail in the next sections), specifically after pasteurization, and can
be used as a supplement to infant formulas [114,115]. Considering the significant promise
of BC, infant formulas can be fortified with BC or its components. The promotion of the
gastrointestinal tract, the enhancement of the absorption of nutrients, and the strengthening
of the defense mechanism of infants may be possible with the fortification of formulas with
BC. It is also crucial to standardize the composition of BC fortifiers and design sufficient
clinical trials to establish their safety and effectiveness before their introduction into preterm
infant nutrition diets. Even if BC is beneficial because of its immunoglobulins and bioactive
factors along with other components, it is not recommended for use as a sole nutritional
source for infants because of nutritional imbalances compared with human or bovine milk.
Adverse effects are minimal in the case of appropriate nutritional guidelines for infants; in
fact, these guidelines may support therapies such as probiotics for immunocompromised
children [6]. However, BC supplementation is recommended only when a mother’s own
milk or donor milk is unavailable or insufficient to feed infants.

Bovine colostrum is extensively utilized as a nutritional and immunological supple-
ment for piglets, specifically in modern pig farming, where sows often produce more
offspring than they have functional teats for feeding [116]. According to clinical trials with
piglets, supplementation with intact BC has been proven to improve piglet survival rates
compared with feeding them only with standard formulas, even though it is not as efficient
as providing a sow’s colostrum from the mother or a foster mother [117]. Like in human
infants, BC enhances immunity in piglets through interactions with gut pathogens and
the mucosa. Moreover, combining BC with porcine plasma can increase GI health and
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even promote development in piglets, demonstrating that BC can act as a partly species-
specific substitute for porcine colostrum and can sometimes exceed the benefits of porcine
colostrum in terms of gut trophic effects and enzyme maturation [6,112]. Humans have
discovered the health benefits of BC in the past and have used BC as an alternative dietary
option. Recent studies have explored its use in infant nutrition. A clinical trial performed
on preterm pigs indicated that the addition of BC to human milk reduced the risk of gut
dysfunction and NEC compared with formula-based fortifiers [118]. In a randomized
controlled pilot trial, BC powder in combination with human milk and donor milk was
proven to be tolerated by preterm infants, increasing protein intake and plasma tyrosine
levels without any significant effects. BC has been suggested as a promising alternative to
infant formula because of its potential for promoting intestinal health, enhancing nutrient
absorption, and supporting immune defense [119]. It is also advised that standardization
of the fortifier composition and the performance of more clinical trials are essential before
general use. In addition, compared with traditional bovine milk fortifiers, BC fortifiers
have been shown to increase antimicrobial activity in vitro and are considered a viable
option for preterm infants [119,120].
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Figure 5. The biological effects of BC and its mechanisms of action. BC supports a healthy epithe-
lium and administers immunoglobulins and growth factors to support immunity and induce cell
proliferation. Milk oligosaccharides strengthen the gut barrier by promoting the development of
the gut lining. The colostrum also contains immunoglobulins that help prime dendritic cells (DCs).
Antibodies can bind to pathogens, making them easier for DCs to recognize, process, and present
as antigens to T cells. This mechanism enhances the ability of the immune system to establish an
effective response to infections in newborn infants. (Created with BioRender.com, accessed on 7
September 2024).

4. The Potential Roles of Bovine Colostrum in the Context of Pediatric Diseases
4.1. Necrotizing Enterocolitis

Necrotizing enterocolitis is a prevalent and severe condition and is the primary cause
of Gl-related infant deaths, affecting approximately 3-10% of hospitalized preterm infants
globally, with a 50% mortality rate [121-123]. The disease is the most common GI disease,
and the primary victims are premature infants who have managed to survive in the early
neonatal periods [124]. NEC was first defined more than a hundred years ago following a set
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of case studies concerning this disease published between the 1940s and 1950s [125,126]. To
date, a sufficient number of clinical and scientific studies have been conducted to elucidate
the pathogenetic pathways of NEC, develop therapeutic applications and interventions
to prevent NEC disease, and advance the management of this disease [127]. Among the
aims of these studies, intervention is the most important factor, and surgical application
is required in 20-40% of NEC patients to achieve lower morbidity rates. With respect to
the triggering factors of NEC, situations such as the prematurity of infants, the presence
of a gut microbiome, and enteral feeding, especially with formulations, are notable. The
occurrence of multiple combinations leads to the increased severity of NEC. The essential
factor that sufficiently reduces the incidence of NEC in preterm infants is feeding with
breast milk, according to current studies. This situation can be explained by the ingredients
of HC and milk, which are rich in immune factors [6]. Bovine colostrum, as a substitute for
HC, may be a promising source for the intervention of NEC incidence. Some remarkable
trials have been conducted to investigate the potential effects of BC in preterm infants.

The results of an open-label randomized controlled trial conducted on 120 preterm
infants randomly chosen from either a BC group (n = 60) or a control group (n = 60) revealed
that preterm infants in the BC group presented a lower level of feeding intolerance, earlier
full enteral intake, a shorter period of parenteral nutrition, and a shorter period of hospital
requirement, resulting in high statistical and remarkable significance. The complete results
indicated a reduction in NEC development among the BC group. None of the preterm
infants in either the BC group or the control group developed severe NEC. Additionally,
this study revealed sufficient differences between the two groups in terms of the mean
hospitalization period. The mean duration of hospitalization was 23.8 days in the BC group
and 31.95 days in the control group. However, the mortality rate between both groups
was insignificant, with two deaths (3.3%) in the BC groups and three deaths (5%) in the
control group. The findings of this study suggest that the use of bovine colostrum in place
of infant formulations during the first week after birth may decrease the incidence of NEC
in preterm infants. The time needed to achieve full enteral intake, the period of parenteral
nutrition, and the period of hospitalization were also reduced [128]. All of the results of
this study may be promising indicators that BC can be exploited and adapted to infant
feeding more comprehensively.

Recent studies on the interaction between colostrum and NEC have revealed persis-
tent and expected results in this disease. However, previous studies have indicated that
colostrum and NEC are either not correlated or that low levels of correlation are observed.
A study by Balachandran et al. (2017) reported no significant differences in the incidence
rates of NEC and other related diseases upon the administration of BC compared with
a placebo. The study was designed as a blinded, parallel-group, block-randomized, and
placebo-controlled trial including infants with a birth weight of 1.5 kg, a gestational age of
32 completed weeks, and a chronological age of 96 h. Notably, there was a limitation in this
study, as its sample size was too small to verify the obtained results [129]. In a complete
set of studies, it was reported that infants who were administered colostrum were able to
establish full enteral feeding earlier than those who were administered a placebo or no
intervention. Although early development stemming from colostrum administration was
proven clinically in preterm infants, the included studies did not show consistent evidence
of an effect on the length of hospitalization [130]. Tao et al. (2020) reviewed related studies
regarding the effects of colostrum on a set of diseases, including NEC, via a meta-analysis
of randomized controlled trials (RCTs). Nine studies, with a total of 689 preterm infants,
compared the incidence of NEC. The NEC incidence rate was determined to be 4.7% in the
colostrum group compared with 7.7% in the control group. The pooled results indicated
no statistically significant difference between the colostrum group and the control group.
The development of NEC in the colostrum group was 41% lower than that in the control
group [131]. Similarly, a meta-analysis by Sadeghirad et al. (2018) revealed that eight
studies (n = 385) were eligible in demonstrating the prevention of NEC. Compared with
a placebo, human or bovine colostrum had no effect on severe NEC infants. The only
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significant difference was in the reduction in the mean days for full enteral feeds (mean
difference: —3.55 days). This analysis revealed that the indirect comparison of BC vs. HC
showed no effect on any outcome [132]. Until the 2020s, trials and meta-analyses have
shown no direct influence of BC on NEC infants. The most common limitation in these
trials was the number of patients, where a modest or insignificant number of subjects
hindered certain indications for the use of BC in NEC incidence. Future clinical trials are
needed to elucidate the effects of BC more clearly.

4.2. Infectious Diarrhea

Diarrhea and related diseases are the main causes of more than half a million deaths
in children under 5 years of age worldwide, especially in developing countries [133,134].
In developed countries such as those within Europe and the USA, this disease rarely causes
death; nevertheless, it is a significant leading cause of hospitalization and emergency
requirements [135]. Acute diarrhea, according to the definition by the World Health
Organization (WHO), is the passage of three or more loose or liquid stools per day for
3 or more days and less than 14 days [136]. “Acute diarrhea” or “diarrheal disease” is
the preferred definition of this disease in developing countries and the current literature;
developed countries define this disease as “acute gastroenteritis”, indicating that the effects
and consequences of diarrhea have an impact on the classification and point of view [137].
The dynamics of diarrhea lead to a certain definition in which diarrhea is a gastrointestinal
infection caused by certain microorganisms, such as rotavirus, norovirus, Salmonella, E. coli,
and Campylobacter [138].

Since the prevalence of acute diarrhea is high worldwide, a sufficient number of
clinical trials and studies have been designed to evaluate the interventions and overall
effects of this disease. In the context of pediatrics, several studies have focused mostly
on BC and other components that are high in immunoglobulins and have positive effects
on the symptoms of diarrhea. In a study performed in Guatemala, the effects of BC on
301 Guatemalan child patients (154 BC and 147 placeboes) aged 6-35 months with acute
non-bloody diarrhea were studied in a randomized, double-blind, and placebo-controlled
trial by using PTM202, a derivative product from BC containing specific immunoglobulins
eliminating rotavirus, enterotoxigenic E. coli, Shiga toxin-producing E. coli, and Salmonella.
The results revealed no significant difference in the duration of diarrhea between the
groups. However, a significant reduction in at least one targeted pathogen in the stool
in the treatment group was observed. As a result, the duration of acute diarrhea among
urban Guatemalan children with specific pathogens in the stool was shortened by PTM202
over a 3-day course. These results suggest that PTM202 may be an additional therapeutic
agent for the intervention of infectious diarrhea in pediatric populations with similar stool
pathogen distributions [139]. In a meta-analysis aimed at investigating the protective effects
of BC against infectious diarrhea in children, a systematic search was performed via the
literature, and among 166 research articles, only 5 were selected for the final analysis. A
total of 324 children were analyzed to investigate the effects of BC (or related byproducts)
on infectious diarrhea in the context of stool frequency, the incidence rate of diarrhea, and
the presence of the pathogen in the stool. Consequently, this systematic review concluded
that BC or its byproducts were indeed effective in diminishing the frequency rate of stool,
the incidence rate at the end of the intervention, and positive detection of rotavirus, in
which approximately 30% of children with diarrhea were rotavirus positive and had E.
coli in stool, in comparison with the placebo [140]. All the data were pooled, and the
collective results demonstrated that BC was associated with a significant reduction in the
frequency of infectious diarrhea in the stool, with a value of approximately 1.42 times per
day. BC intervention was also associated with an incidence rate of disease of 71%. The
final evaluation revealed that BC and its byproducts have a significant positive effect on
reducing the frequency and relieving the symptoms of infectious diarrhea in children [141].

These positive results are promising since children with severe diarrhea generally have
recurring and/or persistent diarrhea symptoms and continuous problems in developing
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countries [142]. The inexpensive and safe conditions of BC make it a superior alternative in
such situations. In Egypt, which is considered a developing country, a clinical trial aiming to
evaluate the efficiency and tolerability of BC administration for the prevention of recurrent
upper respiratory tract infections (URTIs) and diarrhea in 160 children (aged between
1 and 6 years) with previously mentioned diseases was conducted, with BC administered
for 4 weeks. The number of episodes of the mentioned diseases and the frequency of
hospitalization required for diseases during the study were assessed at weeks 8 and 24. The
results indicated that after the administration of BC, the mean (£) SD number of episodes
of diarrhea decreased from 6.1 & 2.0 at baseline to 3.7 & 2.5 at the end of 2 months. It has
also been reported that BC is effective in the prevention of recurrent URTIs and diarrhea,
as it causes a reduction in the number of episodes and hospitalizations. These results
suggest that BC could be a novel therapeutic option for children with recurrent URTIs
and diarrhea [143]. In general, BC is considered an alternative and curative source for
treating GI tract diseases, and diarrhea is one of the most investigated diseases in BC. The
limitations of BC use are affected by several factors, including its inability to target specific
pathogens, the potential for allergic reactions in infants with milk protein sensitivities
(discussed in Section 5), and the lack of a standardized dose for treating diarrhea. Further
studies are advised to understand this more clearly.

4.3. Inflammatory Bowel Disease

Inflammatory bowel disease (IDB) is a chronic, relapsing inflammatory disease affect-
ing the gastrointestinal compartments. There are two main IDB diseases, namely Crohn’s
disease (CD) and ulcerative colitis (UC) [144]. The pathogenesis and causes of IDB are due
primarily to genetic and environmental factors, microbiota alterations, and strong immune
responses [145-147]. The dysregulated immune response in IDB patients is linked to T
helper (Th) 1 cells in CD patients and Th2 cells in UC patients [148]. The main mechanism
of IDB pathogenesis is the activation of Th17 cells, which release IL-17, and the altered
cross-regulation between Th17 and regulatory T cells in the GI tract of IDB patients [149].
If the intestinal epithelium, covered by the mucosal layer and in contact with extrinsic
factors such as food antigens and bacteria, is damaged, intestinal inflammation may occur,
in which dysfunction of the intestinal epithelium is also associated with nutrient malab-
sorption [150]. The treatment options for IDB patients include anti-inflammatory drugs
(aminosalicylates and corticosteroids), immunosuppressive agents (methotrexate and aza-
thioprine), antibiotics, and biological agents (infliximab and vedolizumab) [147,151,152].
Alternative therapeutic applications, such as a healthy lifestyle, personalized diets, and
avoiding stress, are also possible for IDB patients [153,154]. Even if these approaches
are used for IDB, they are insufficient, and more effective therapies are essential. In this
regard, BC may be a potential therapeutic approach, and several related investigations
have validated that BC ingredients may have an impact on the clinical course of the GI
tract, including the prevalence of IDB [155].

The ingredients of BC have been investigated for IBD treatment in a few studies. These
studies were conducted mainly in vitro and occasionally in mouse models, along with a
few human clinical trials. One of the studies by Lee et al. (2019) indicated that both whole
and whey BC fractions might suppress lipopolysaccharide-induced NF-«kB activation in
mouse adipocytes. The anti-inflammatory and antioxidative effects of whole BC were much
greater than those of whey BC. In mice with DSS-induced colitis, the administration of BC
aided in epithelial regeneration [156]. In the same mouse model, BC supplementation also
contributed to clinical recovery from colitis [155]. Current studies on BC supplementation
have focused on healthy subjects, primarily athletes and children [157]. Another study
on BC revealed a correlation between BC supplementation and cytokine secretion in
the peripheral blood mononuclear cells (PBMCs) of four male endurance athletes. The
concentration of BC led to the increased secretion of IL-2, IL-10, and IFN-y [158]. Aside
from the indirect studies mentioned, there are currently no direct studies specifically
investigating the effects of BC in patients with IDB. The sole study by Khan et al. (2002)
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was a randomized, double-blind, and controlled trial which examined the efficiency of
colostrum enemas in the treatment of distal colitis. Fourteen patients (eight females) with
a mean age of 45 years (17-75 years range) and mild to moderate severe distal colitis
were administered colostrum enemas (100 mL of a 10% solution) or a placebo (albumin
solution) for 4 weeks. The activity of the disease was monitored at 0, 2, and 4 weeks. The
study concluded that at the end of the fourth week, the colostrum group presented a mean
reduction in symptom scores and disease remission in most patients with active left-sided
colitis, whereas patients administered mesalazine with placebo enemas presented minimal
levels of recurrence [159]. In the context of pediatric and child health, no clinical trials
are currently available, and studies indicate that the activity of IBD has been significantly
reduced. Common limitations such as sufficient evidence and potential allergic reactions
are also present in IBD trials. Further studies regarding child health and pediatry are
necessary to optimize and visualize the potential and proven effects of BC.

4.4. Short Bowel Syndrome

Short bowel syndrome (SBS) is a complication of extensive intestinal resection or
atresia that commonly occurs in infants and children. This disease may occur in two
periods: after birth or in older childhood. In newborns, this complication may arise
most commonly from necrotizing enterocolitis (NEC), midgut volvulus, and gastroschisis
but more commonly from trauma, intestinal thrombosis, and surgical failure in older
children [160]. The progression of the disease can be used to classify SBS patients into
two subgroups. According to the functional capability of the remaining gut, the disease
is categorized as intestinal insufficiency (II) or intestinal failure (IF). II has been defined
as a reduction in the functional gut with preserved ability, resulting in the digestion and
absorption of a sufficient amount of nutrients along with fluids from a conventional diet
to preserve growth. IF has been defined as a reduction in the functional gut without
preserved ability, resulting in the inability to digest and absorb enough nutrients and
fluids in a conventional diet, maintaining growth and preventing parenteral nutrition
(PN) [161-164]. It can be concluded that II patients are non-PN-dependent, whereas IF
patients are PN-dependent [165].

For other GI tract diseases, the effects of BC in SBS have been investigated. Since
the beneficial ingredients and effects of BC are well known, a certain number of animal
trials and studies are present in the current literature. A clinical study was conducted to
examine the effectiveness of BC in improving intestinal function in children with short
bowel syndrome (SBS) through metabolic balance assessments. The study involved nine
children with SBS in a randomized crossover design, where 20% of their enteral fluid intake
was replaced with either BC or a mixed milk diet for four weeks. Energy and wet weight
absorption were measured to evaluate the impact of BC on intestinal function. The results
revealed that, compared with a mixed milk diet, a BC diet did not increase energy or wet
weight absorption. There were also no significant differences in growth or development,
as measured by weight and knemometry, between the two diets. Additionally, less than
150% of enteral energy absorption met the basal metabolic rate, and only 50% of enteral
fluid absorption met the basal fluid requirements, indicating intestinal failure and the
continued necessity for PN. In summary, the study concluded that a diet supplemented
with BC did not improve intestinal functions [165]. Another study, similar to the previous
one, hypothesized that minimal enteral nutrition (MEN) with BC would stimulate the
adaptation of the intestine, rather than formula, and would be sufficiently tolerated in SBS
patients because of the growth factors in BC. In two distinct experiments involving 3-day-
old piglets and five infants, BC was added to the determined diets. In experiment 2, the
tolerance and feasibility of BC supplementation were monitored in a pilot study with five
infants suffering from intestinal resection, and the results were compared with those of five
previously resected infants as controls. After experiment 2, it was concluded that enteral
BC supplementation was well tolerated, as expected, and that no infants experienced
clinical symptoms of cow milk allergy [166]. As mentioned, colostrum was well tolerated
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by newly resected infants. Nevertheless, the clinical outcomes of BC supplementation in
infants subjected to intestinal resection are still unclear and require further study. Even if
the number of infant studies is limited compared with that of animal studies (especially
piglets), further and more comprehensive studies are necessary for preterm infants to
acquire more persistent and certain results and trustworthy data. Some piglet studies have
investigated the effects of BC on short bowel disease [166-169]. To date, all the collected
data imply that the efficiency of BC in developing SBS patients is mostly dependent on
the maturation rate, along with other related factors [6]. It should be considered that
individuals with SBS consult their healthcare providers before administering BC into their
diets to ensure optimization for their specific conditions.

4.5. Neonatal Sepsis

Neonatal sepsis is a systemic disease that originates from bacteria, viruses, or fungi
and is associated with circulatory alterations and other clinical manifestations. Although
various definitions yet no consensus exists for neonatal sepsis, this condition is traditionally
characterized as the isolation of a pathogen from a sterile body fluid such as blood. These
alterations ultimately lead to morbidity and mortality [170]. According to the age of onset
and timing of the sepsis episode, neonatal sepsis can be classified as early-onset sepsis (EOS)
or late-onset sepsis (LOS). Clinical manifestations of early-onset infections generally emerge
within the first 72 h [171]. Early-onset infections usually occur before or during birth and
are due to vertical mother-to-infant transmission. However, late-onset infections occur after
birth (usually between 3 and 7 days) and are linked to harmful organisms present in the
hospital environment or society [170]. Even though the basis for this disease has several
distinct factors, the effects on the body and the systemic consequences of neonatal sepsis
involve common pathways that may be evaluated during investigations.

According to the current literature, few clinical trials or studies have been conducted
on human infants with BC, although some preterm pig studies and related studies are
available. In 2009, Manzoni et al. (2009) and colleagues conducted a trial on 11 tertiary
neonatal intensive care infants by using BLF, where its peak levels were encountered in
day 1 colostrum, to determine whether BLF alone or in combination with LGG reduces the
incidence of LOS in a double-blind, placebo-controlled, and randomized trial. The trial
concluded that the incidence of LOS was lower in both the BLF and BLF with LGG groups
(5.9% and 4.6%, respectively) than in the control group (17.3%). Additionally, bacterial
or fungal-originated sepsis levels decreased [172]. BLF or BLF with LGG could reduce
the incidence of the first episode of LOS. Similarly, Alanwary Abdel et al., 2022 [128],
conducted a series of experiments regarding the beneficial influences of BC on preterm
infants. The results reported that the incidence rates of culture-proven LOS groups and
clinically suspected LOS groups were not significantly different. Moreover, fewer sepsis
episodes were observed in the BC group than in the control group [128]. Undoubtedly,
these trials have elucidated the effects of colostrum on LOS, but it should be remembered
that there is no direct and appropriate application of colostrum for LOS, and further studies
should be designed, performed, and evaluated to extend the collection of data and all
aspects of incidence effects. As previously mentioned, some preterm pig studies exist.
Studies have reported that BC supplementation provides blood bacterial disinfection and
supports hemodynamics, resulting in the prevention of septic shock [173].

4.6. Gastrointestinal and Respiratory Infections

Because of premature birth and inappropriate development, preterm infants are
susceptible to certain diseases related to harmful microorganisms as well as insufficient
systems. One of the most common diseases in these infants is gastrointestinal disease, which
causes several types of disease, such as feeding intolerance and short bowel syndrome.
Feeding intolerance, which is the most common GI disease in preterm infants, causes the
malfunction of the intestines and the inability to digest enteral nutritional intake [174]. For
previously examined diseases, BC is also able to promote the maturation of the intestine
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as well as GI digestion and absorption [175-177]. In a recent study, feeding intolerance
was reduced in the BC group compared with the control group. The results also indicate
that gut maturation involves both intestinal differentiation and proliferation and that
these developments might be attributed to growth factors in BC, such as IGF (which has
improved effects on feeding tolerance) [178]. All of these results suggest that BC can
decrease the incidence of feeding intolerance [174].

In bacterial and pathogenic GI disorders caused by bacterial strains such as E. coli,
Staphylococcus aureus, Enterobacter aerogenes, Salmonella typhi, H. pylori, and Proteus vulgaris,
BC is mostly and commonly used to control and treat all infections caused by exposure
to the preceding strains. Studies investigating various aspects of BC have concluded that
the development of bacterial strains such as E. coli, S. aureus, P. vulgaris, E. aerogenes, and
S. typhi has been hindered by BC, and the adult Wistar rats used in a particular study
presented antimicrobial resistance [114]. Among all these bacteria, the most common
species is H. pylori, which causes the most prevalent bacterial gastrointestinal infections
in humans worldwide. The systemic intake of this bacterium is mostly due to oral en-
try, resulting in GI infections from the stomach to the later compartments. Owing to the
viability of this bacterium in a highly acidic stomach environment, a series of diseases,
namely, chronic gastritis, peptic and duodenal ulcers, and gastric adenocarcinoma, occur in
the stomach [179]. Since the target of H. pylori is the receptor found in the mucosal layer
of the stomach, the interaction between these receptors and bacteria was investigated in
an in vitro study using BC concentrate (BCC) as an intervention agent. The study con-
cluded that BCC was able to hinder the microbial adhesion of H. pylori bacteria to the lipid
receptors of the mucosal layer, namely, gangliotetraosylceramide (Gg4), gangliotriaosylce-
ramide (Gg3), and phosphatidylethanolamine (PE). The study also included Helicobacter
mustelae strains, with similar results [180]. In addition, related studies on animal models
regarding the effects of BC on Helicobacter strains have shown that BC and its components
(i.e., lactoferrin and immunoglobulins) are capable of hindering bacterial viability and
binding to receptors along with their antigens [181-184]. BLF was examined in this respect.
Megahed et al. (2017) designed an experiment in which 50 patients were selected and
divided into two groups; namely, group 1 was treated with traditional therapy (including
clarithromycin, omeprazole, amoxicillin, or metronidazole), and group 2 was treated with
BLF supplemented with traditional therapy for a 1-week period. Finally, they reported that
the elimination of H. pylori infection was greater with BLF-supplemented treatment than
with traditional treatment (92% and 68%, respectively) [185]. These results emphasize the
importance of BC in the treatment of GI diseases caused by bacterial strains and suggest
that the specific components of BC can diminish infections or their downstream effects.
Undoubtedly, BC contributes to the GI tract by providing prebiotic components to the
microbiota [186]. Nevertheless, more specific studies regarding different mechanisms and
their interventions by BC components are necessary to comprehend the extent of BC in
GI diseases.

4.7. Other Conditions

The inclusive and versatile nature of BC results in a rich component pool, and new-
borns are susceptible to various external factors, such as bacterial infections from several
bodily compartments. Owing to the undeveloped systems of the body, specifically digestion
and respiration, BC provides the first shield through its components and prepares the body
for its first encounter against these external factors. In this context, BC supplementation
has been used to recover additional harmful situations for preterm infants. URTIs include
the most common tract infections caused by respiratory viruses. Studies regarding URTI
and its symptoms indicate that BC can be an effective agent because of its incidence and
severity [68]. A clinical study aiming to evaluate the effectiveness and tolerability of BC in
the prevention of URTIs was performed in children. For this purpose, 160 children aged
1-6 years with repetitive URTIs were given BC for 4 weeks. According to the results, the
mean total number of URTIs decreased radically after BC supplementation (p < 0.001). The
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study also concluded that BC is efficient in the prevention of repetitive URTIs by reducing
the number of episodes and the hospitalization time [143]. In URTISs, other studies also
claim the same effects for these episodes [187,188].

BC-supported trials have been conducted in the context of cancer and its complications.
Childhood leukemia, the most prevalent cancer in children, causes gastrointestinal mu-
cositis, which promotes morbidity and mortality through adverse effects due to cytotoxic
anticancer treatment. This effect leads to a disease called chemotherapy-induced mucositis
(CIM), which is defined as an inflammatory effect affecting mucosal surfaces and submu-
cosal layers [6]. In an attributed randomized and placebo-controlled clinical study, newly
diagnosed children were subjected to BC or placebo administration for 4 weeks. The results
indicated that no alterations were observed in fever, infectious morbidity, or inflammatory
responses. However, the results and data might reduce the peak severity levels of oral
mucositis [189]. Since these studies are limited to patients with chemotherapy-induced GI
toxicity, more comprehensive and inclusive studies are needed to verify these data and
make these findings more comparable. BC undoubtedly has favorable effects on certain
complications of acute lymphoblastic leukemia (ALL) induction treatment, but further
trials will ensure the optimization and more accurate effects of BC in CIM.

5. Bovine Colostrum and Pediatric Health: Safety Concerns

BC is commonly used and applied in pediatric studies for its beneficial effects on
several diseases and deficiencies, but dietary supplements for infants and children must
be well examined in terms of short- and long-term safety. The determinants for BC to be
used in pediatrics vary widely in terms of product supply, quality, purity, and microbio-
logical safety; harmful microorganisms may develop in BC, resulting in contamination,
severe child allergy risks, excessive supplies of components such as proteins and growth
factors, a lack of certain BC components, and the inhibition of drug absorption [6]. Un-
fortunately, these factors have not been investigated sufficiently to interpret the risks of
BC in pediatric patients since the current literature only partially mentions the risks of
BC in a study-related manner. Bovine milk is the most preferred infant diet alternative
worldwide [190]. Unfortunately, the major and most common reasons for food allergy reac-
tions during early childhood are also triggered by milk along with bovine milk [191]. The
most studied and defined risk is cow milk allergy, which can be triggered by the presence
of IgE, which adversely affects reactions with milk proteins. The subsequent ingestion
of these altered proteins might cause sensitivity or allergy. This allergic reaction is the
most prevalent condition; therefore, approximately 2-3% of infants suffer from this disease,
even in developed countries, which may indicate that developing countries have a greater
rate of CMA in infants [19]. The current studies do not indicate any direct correlation
between BC and CMA development other than bovine milk or infant formula. However,
various milk products, such as bovine colostrum and yogurt, can induce similar allergic
reactions due to their common ingredients in comparison with milk [192,193]. In addition
to IgG, which is known to be nonallergenic and found only in BC, a-lactalbumin and
-lactoglobulin, which are allergenic factors that trigger allergies in bovine milk, can also
be found in BC [6,193,194]. Because all ruminant mammalian milks share homologous
proteins with the same structural and biological properties, cross-reactivity is likely possible
in individuals and infants with allergies [192]. BC may lead to similar allergic reactions;
thus, the prevalence, diagnosis, and treatment of CMA can be followed by milk approaches
at this point. However, BC can be considered effective against allergic reactions based on
its well-known rich components [29]. More BC-specific studies are essential in the future to
evaluate the potential risk of BC in infant feed.

In a general sense, milk allergy is evaluated as a nontreatable disorder. Therefore, CMA
can also be classified specifically as nontreatable. After diagnosis, patients with allergic
reactions must avoid allergy-inducing food and nutrients to avoid allergic complications.
Most of the time, CMA infants can overcome allergic reactions in adulthood, even though
15% of patients continue to suffer throughout adulthood [193]. In addition to this natural
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tolerance to milk components, there may be a diminishing portion of IgE due to the lack
of milk consumption at the beginning or early stages of life [191]. When this tolerance
and its symptoms are observed, the diagnosis of CMA can be commenced, followed by
in vitro and in vivo tests, and finished with an oral food challenge (OFC) and a double-
blind placebo-controlled food challenge (DBPCFC) by a specialist. The in vitro diagnostic
test involves the detection of milk allergen-specific IgE in blood serum. After the diagnosis,
the results are interpreted, and the OFC test results determine the conclusion. The detailed
diagnostic procedure is described in this section [195]. The only treatment for CMA is a
tolerable diet, but in the case of accidental consumption, medical applications, such as oral
antihistamines for mild reactions or epinephrine for systemic and respiratory reactions,
are possible [191,193,196]. If BC causes CMA, the same approach can be followed for the
prevalence, diagnosis, and therapy of this disease.

BC has critical physiological and protective functions in neonates, such as immune-
boosting, growth-promoting, and antimicrobial properties that aid in tissue development
and the maturation of the digestive system and other essential organs in both neonatal
mammals and humans. The immunoglobulins and lactoferrin in BC are vital for building
natural immunity in neonates, aiding in the reduction in mortality rates in this age group.
Importantly, unlike mature milk, BC has a lower lactose content, which makes it a better
substitute for lactose intolerance in humans [197]. The composition of BC also includes
glycans, which are crucial for immune defense. In the presence of glycans, pathogenic
pathogens such as E. coli, S. aureus, H. pylori, rotavirus, and respiratory viruses are inhibited.
In addition to providing essential nutrients, HC glycans also aid in the prevention of
pathogen adhesion, the modulation of mucosal immune functions, and the support of
healthy gut microbiota [88]. Nonetheless, there is limited information on the safety and
efficacy of using BC for healthy term infants who do not have access to their own mothers’
milk immediately after birth in cases of adverse conditions such as maternal illness or the
inability to breastfeed. In general, such infants are fed infant formula or donor human milk
where available [6]. As a result, while BC offers an enormous level of developmental and
health-related advantages, there is no strong rationality for using BC as a supplement for
healthy-term infants in long-term periods, especially in developed countries.

6. Conclusions

In this review, we extensively reviewed colostrum and its effects on pediatric dis-
eases and infant health. BC is an important nutrient source for infants of mammalian
species and is secreted immediately after birth. Each component of colostrum offers sig-
nificant benefits to health by providing essential elements for critical compartments of
body systems. It possesses anti-inflammatory, antioxidant, antibacterial, prebiotic, and
antiviral effects, which are discussed separately in this review and provide a unique profile
for colostrum. Bovine colostrum, which is the most consumed and prevalent colostrum
worldwide, is frequently used in pediatric studies because of its shared homology with
HC. The results of the composition and clinical studies of human and bovine colostrum
show that BC can be the best alternative source for HC in infant feeding. The richer fat and
protein ingredients of colostrum compared to milk provide essential immune protection.
Remarkable components of colostrum contribute to infant health and regulate their systems.
Lactoferrin promotes cellular proliferation and the growth of mutual bacteria, contributes
to immune protection, and has potential therapeutic features. The multi-diverse nature of
LF has also been investigated solely in dedicated studies. Lysozyme and o-lactalbumin
also have protective effects by inhibiting harmful microorganisms and antibacterial effects,
respectively. Immunoglobulins are essential for immune protection and prevent bacterial
and viral infections as well as the activation of the immune system. The MFGM promotes
healthy microbiota and reduces infections and related inflammation. The MFGM also af-
fects neurodevelopment. Glycans, which are highly variable and versatile oligosaccharides,
play crucial roles in immune functions and cell interactions. The colostrum contains high
levels and variables of these glycans, supporting GI health and immune development in
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infants. Glycans are consumed by probiotics and shape the gut microbiota, resulting in
improvements in the digestive system. However, alterations in glycosylation pathways
are attributed to distinct autoimmune diseases, such as Crohn’s disease, where altered
glycan structures on antibodies correlate with disease severity. The potential therapeutic
benefits of colostrum include the modulation of immune responses and the improvement of
glycosylation pathways, although further research is needed. Additionally, milk oligosac-
charides have shown promise in protecting against infections and NEC in preterm infants,
indicating their importance in infant nutrition and health. All the components of colostrum
have potential and determined benefits. Solely or altogether, studies of these components
are necessary to optimize their dose-dependent use and compensate for their adverse
effects.

These findings indicate that BC has diverse systemic effects in all parts of its life cycle.
Considering the evolutionary mechanisms and timing of BC secretion, the primary role
of BC is evaluated as an onset for immune promotion rather than nutritional support,
since infants possess deficiencies in various systems. Premature birth makes this situation
worse since crucial systems are inappropriately developed. To support preterm infants
precisely, BC can be exploited solely or completely in infant formulas. It should also be
remembered that there is no universally agreed-upon standard dosage for bovine colostrum
in infants. Optimization, dose adjustments, and infant parameters must also be assessed
to minimize adverse effects. BC has been proven to have beneficial effects on certain
infant disorders, such as necrotizing enterocolitis, bowel syndrome, infectious diarrhea,
and gastrointestinal tract (GI tract) disorders, by disrupting severe mechanisms, providing
insufficient elements, and mediating reactions. However, ineffective or adverse effects
of BC have been observed during clinical trials due to its elements, and these elements
should be minimized when clinical experiments are designed. Since BC is a supplement
and not a trustworthy treatment, its use should be guided by a healthcare professional,
particularly in preterm infants or those with medical conditions. Additionally, more clinical
studies with more subjects are needed to gather more data and assess the observed all-scale
effects comprehensively. Future research on bovine colostrum should focus on determining
optimal dosages, formulations, and safety profiles, particularly for allergic reactions in
infants with cow’s milk protein allergies or lactose intolerance. Additionally, studies are
needed to address quality control and ensure product safety. Long-term studies should
investigate the ongoing effects of colostrum supplementation on immune function and gut
health in infants. Comparative studies should also be designed and examined to investigate
the benefits of BC in relation to HC. Versatile and unique patient profiles also need to be
obtained to assess the diversity of BC effects on infant diseases. Ultimately, the use of BC,
often in pediatric conditions and neonatal health, is highly recommended.
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Abstract: Breastfeeding is globally recognized as the optimal method of infant nutrition, offering
health benefits for both the child and the mother, making it a public health priority. However, the
potential advantages of breastfeeding extend well beyond initial months. Breast milk adapts to
the evolving needs of the growing infant, and its immunological, microbiological, and biochemical
properties have been associated with enhanced protection against infections and chronic diseases,
improved growth and development, and lower rates of hospitalization and mortality. This review
explores the evidence supporting the continuation of breastfeeding beyond six months. More
meticulous studies employing consistent methodologies and addressing confounders are essential.
This will enable a more accurate determination of the extent and mechanisms of the positive impact
of prolonged breastfeeding and allow for the implementation of effective public health strategies.

Keywords: prolonged breastfeeding; physiological nutrition; biochemical composition of breast milk;
immune properties; mother-breastmilk-infant triad; health outcomes

1. Introduction

The initial 1000 days of life is the most important period in shaping an individual’s
health trajectory. During this crucial window, various physiological, immunological, and
neurological developments occur, laying the foundation for long-term well-being [1-6].
Among the myriad of factors influencing these developmental processes, nutrition stands
out as a pivotal element. Breastfeeding, in particular, has been extensively studied and
lauded for its profound impact on both immediate and future health outcomes.

Breast milk serves as a critical link between maternal and offspring health, repre-
senting a unique biological system known as the ‘connected triad’. This triad, formed
by the interactions among the mother, breast milk, and infant, creates a dynamic and
interdependent relationship. Each variation within this triad can significantly influence
the trajectory of both infant development and maternal health, highlighting the extensive
impact of breastfeeding on overall well-being [7-9].

Breastfeeding provides a unique blend of nutrients and bioactive components tailored
to meet infants’” developmental needs [10]. Children breastfed for extended periods experi-
ence lower rates of infectious morbidity and mortality. Growing evidence suggests that
longer breastfeeding durations may also protect against overweight, diabetes, allergies, and
other chronic illnesses later in life, and contribute to fewer dental malocclusions and higher
intelligence scores compared to shorter breastfeeding durations or no breastfeeding at all.
These benefits persist into later stages of life [1,11-15]. As previously established, breast-
feeding not only benefits infants but also offers considerable advantages for maternal health.
It can lower the risk of breast, ovarian, and endometrial cancers, and potentially reduce the
risk of diabetes, hypertension, and hyperlipidemia [16-18]. The act of breastfeeding not
only provides essential nutrition but also fosters emotional closeness through intimate skin-
to-skin contact. This physical proximity during breastfeeding has been shown to positively
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influence infants’ vital signs, indicating a calming effect and enhancing the overall bonding
experience between mother and child [19]. Research indicates that mothers who encounter
breastfeeding challenges may experience difficulties in forming strong attachments with
their infants during this period. Conversely, longer durations of breastfeeding have been
found to correlate significantly with higher levels of attachment security [20,21].

In recent years, there has been growing evidence of the substantial health benefits
of prolonged breastfeeding, defined as breastfeeding beyond six months [22]. Despite
recommendations from organizations like the World Health Organization (WHO), the
Association of Women’s Health, Obstetric and Neonatal Nurses, and the US National
Academy of Sciences, which advocate exclusive breastfeeding for the first six months
and continued breastfeeding for at least one year, actual breastfeeding practices often fall
short [19,23,24].

The CDC'’s Breastfeeding Report Card for 2022 indicates that among infants born in
2019 in the territory of the United States, a significant majority (83.2%) began breastfeeding,
with 78.6% still receiving some breast milk at one month. At six months, 55.8% of infants
continued to receive breast milk, while only 24.9% received it exclusively [25]. The data
from Europe present a less encouraging picture. A 2021 study, which included data
from six European countries (Belgium, Bulgaria, Germany, Greece, Poland, and Spain),
revealed that although 85% of children were breastfed at some point, only 6.3% were
exclusively breastfed for the first six months. Factors such as lower maternal education,
smoking during pregnancy, pre-pregnancy overweight, and younger maternal age were
associated with shorter durations of exclusive breastfeeding [26]. If all children were
breastfed within an hour of birth, exclusively fed breast milk for the first six months, and
continued breastfeeding until the age of two, approximately 800,000 child lives could be
saved annually. However, worldwide, less than 40% of infants under six months old are
exclusively breastfed [27].

Human milk continues to provide significant nutritional and immunological value
beyond 6 months. Studies indicate that the macronutrient content of milk changes to
meet the growing child’s energy demands [28,29]. This milk retains high concentrations of
immunoglobulins and other bioactive components, highlighting its continued importance
for infant health. Promoting extended breastfeeding, even after introducing solid foods,
should be a public health priority to prevent infections in infancy [30].

This paper aims to consolidate and present the current evidence on the health benefits
of breastfeeding beyond six months.

2. Changes in Immune Factors in Breast Milk During Prolonged Lactation

Prolonged lactation is associated with significant changes in the concentrations of
various immune factors in breast milk. In the later stages of lactation, especially as com-
plementary foods that provide nutritional value are introduced, breast milk primarily
supplies bioactive factors [10,28,31]. These changes are crucial for maintaining the health
and development of the infant, offering continued immune protection as breastfeeding
extends beyond the initial postpartum months.

2.1. Secretory IgA (sIgA)

The concentration of sIgA in breast milk generally remains stable throughout the first
18 months of lactation, averaging around 1.8 g/L [32-34]. However, Ongprasert et al. [35]
found a positive correlation between the duration of lactation and sIgA concentration. Their
study showed that mean total IgA levels were lowest in the first 6 months (1.11 4 0.14 g/L)
and increased in subsequent periods, reaching up to 1.27 £ 0.15 g/L at 18-24 months.
According to Goldman et al. [36], both total and secretory IgA concentrations show a slight
increase from 0.8 = 0.3 g/L at 12 months to 1.1 £ 0.3 g/L at 13-15 months, maintaining this
level up to 16-24 months (1.1 £ 0.3 g/L for total IgA and 1.1 & 0.2 g/L for secretory IgA).
Additionally, Perrin and colleagues [37] found that sIgA concentrations increase between
11 and 17 months, with a monthly change magnitude of +6.0%. As per the most recent
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analysis [30], the lowest concentration of sIgA was observed in the first year of lactation,
averaging at 2.12 + 0.62 g/L. After the second year, sIgA levels peaked at 7.55 4+ 7.16 g /L.
Over prolonged lactation, sIgA levels also positively correlated with IgG concentrations.
The ratio of sIgA to protein remained stable for the first two years but significantly increased
in the third year [30].

2.2. Lysozyme

The concentration of lysozyme in colostrum starts high at 87 mg/L, drops to its lowest
point of 24 mg/L at 2—4 weeks postpartum, and then rises progressively over the next five
months to reach 245 mg/L [34]. However, from 5 months to 12 months, there is a decrease in
lysozyme levels, which are recorded to be 196 £ 41 mg/L at 12 months [34]. Subsequently,
lysozyme levels increase to 244 4 34 mg/L at 13-15 months [36,38]. Nevertheless, there is a
slight decrease to 187 & 33 mg/L by 16-24 month [36,37]. According to the data collected by
Perrin et al. [37], between 11 and 17 months, lysozyme shows a monthly change magnitude
of +10.2%, indicating a consistent increase during this period. The progressive increase
in lysozyme concentration compensates for the decreasing milk volume, resulting in a
significant rise in the amount of lysozyme ingested by the infant over time [32].

2.3. Lactoferrin

During the first year of lactation, lactoferrin (Lf) concentrations experience a pro-
nounced decrease. Despite this reduction, the infant’s daily intake of Lf remains sub-
stantial. By the end of the first year, lactoferrin levels stabilize, continuing to provide
significant antimicrobial activity [38]. The mean Lf concentration is lowest during the first
12 months, at 3.39 £ 1.43 g/L, and increases significantly to 5.55 + 4.00 g/L during the
13-18-month period (p < 0.006). Concentrations then remain relatively stable, at approxi-
mately 5.02 £ 2.97 g /L for the 19-24-month lactation group and 4.90 + 3.18 g/L for those
lactating beyond 24 months [39]. Lactoferrin concentration in breast milk is positively
correlated with protein concentration over the course of lactation (r = 0.3374; p = 0.0002) [39].
According to Goldman et al. [36], from 12 to 24 months, Lf concentrations in breast milk
increase steadily, starting at 1.0 £ 0.2 g/L at 12 months, rising to 1.1 & 0.1 g/L between
13 and 15 months, and reaching 1.2 £ 0.1 g/L from 16 to 24 months, while Perrin et al. [37]
found that between 11 and 17 months, lactoferrin concentrations rise by 9.7% per month.
In light of the analyzed studies, the differences in Lf concentrations in human milk can be
attributed to the various measurement methods employed by researchers. Methodological
differences, including collection frequency, time of day, and storage conditions, likely
contribute to the variations in reported lactoferrin concentrations.

2.4. Other Immune Factors

IgG concentrations are lowest during the first year of lactation, averaging at
14.71 £ 6.18 mg/L, and increase after the second year to 18.95 £ 6.76 mg/L. The ratio
of IgG to protein decreases progressively from the 1st to the 48th month of lactation [30]. In
contrast, the concentration of IgM remains relatively stable during the first two years of
lactation, averaging at 2.81 & 2.74 mg/L. Unlike sIgA and IgG, the ratio of IgM to protein
does not show significant changes across different lactation periods [30]. Additionally, the
concentrations of other immune proteins, such as C3 and C4, decrease during the first
12 months of lactation [38].

These compositional changes in breast milk ensure that it consistently meets the
evolving nutritional and immunological needs of the infant throughout extended lactation.
This adaptability indicates that as lactation progresses, the immunoprotective properties
of breast milk are not only preserved but may also be enhanced, thereby supporting and
promoting the health of the breastfeeding child. No infant formula can fully replicate the
complex immunological qualities of breast milk. From an economic perspective, prolonged
breastfeeding presents a cost-effective solution, providing ongoing immune protection
without the need for expensive supplements or fortified formulas [11,40,41]. This highlights
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the superiority of extended lactation as a protective measure, ensuring optimal immune
support for children in a way that artificial products cannot match.

3. Materials and Methods

For this narrative review, we conducted comprehensive English-language literature re-
search for original and review articles published until August 2024 in the PUBMED/Scopus
databases. We searched for the following terms, alone or in combination: human milk,
breast milk, breastfeeding, breast-feeding, breast feeding, lactation, nutrition, infant, child-
hood, prolonged, duration, beyond 6 months, 12 months, macronutrients, benefits, advan-
tages, and well-being. We found 486 related articles. The relevant studies were identified
by evaluating the abstracts, and complete articles were obtained in cases where abstracts
were unavailable. Duplicate papers were removed, and the data were screened to exclude
irrelevant works. Case reports, comments, conference papers, commentaries, surveys,
and animal studies were all excluded from the full-text publications. Additional manual
searches were conducted on the indicated bibliographies, taking into consideration the
articles” novelty, quality, and clinical significance. After applying the exclusion criteria,
179 tull-text manuscripts were assessed for eligibility with the consensus of the authors.

4. Limitations and Gaps in the Current Research

The current literature on the benefits of prolonged breastfeeding reveals a nuanced and
sometimes contradictory picture. While numerous studies suggest various positive effects,
the quality and reliability of these findings are often compromised by methodological limi-
tations and insufficient control for confounding variables. A significant issue with existing
research is the lack of adequate control for confounding factors such as socioeconomic
status, maternal education, and pre-existing health conditions. Furthermore, much of the
data available come from studies conducted several years ago, with some articles dating
back over 40 years. These older studies may not reflect current breastfeeding practices
or advancements in research methodologies. As a result, there is a need for updated and
comprehensive studies to validate and extend these earlier findings.

To provide a clearer overview of the current state of evidence, Figure 1 illustrates the
strength of scientific evidence on various health conditions that may benefit from prolonged
breastfeeding. This illustration serves a conceptual purpose, representing the “strength” as
a reflection of the quantity of studies available on each topic.

STRENGTH OF EVIDENCE

@Convincing
@Limited

@Probable

Arthritis Blood pressure Allergic diseases
Celiac disease Malaria Cognitive development
Lipids levels Metabolic syndrome Infections
Neuroblastoma Oral health Inflammatory bowel diseases
Retinoblastoma Otitis Media Leukemia
Rhabdomyosarcoma Proper weight gain
Sudden Infant Death Syndrome
Type 2 Diabetes

Figure 1. Strength of scientific evidence on health conditions which may benefit from prolonged
breastfeeding.
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5. Prolonged Breastfeeding’s Effect on Health Outcomes

Research indicates that extended breastfeeding can positively impact a range of condi-
tions, from infectious diseases to chronic illnesses. By examining these conditions, we aim
to provide a comprehensive understanding of how prolonged breastfeeding contributes
to better health outcomes. This exploration will draw attention to the potential protec-
tive effects of breastfeeding throughout infancy and show the importance of continued
breastfeeding in the broader context of child well-being and development.

5.1. Allergic Diseases

The rising prevalence of allergic diseases in children has become a significant public
health challenge globally. This trend is particularly alarming in pediatric populations.
Recent data highlight a dramatic increase in allergic conditions, with asthma affecting
between 1% and 20% of children, allergic rhinitis ranging from 1% to 18%, and skin
allergies between 2% and 10% across various populations [42]. This escalation in allergy
rates has been linked to several elements, including improved sanitary conditions, changes
in delivery methods, increased antibiotic use, and shifts toward a Western-style diet. These
factors not only influence the immune system directly but also impact the gut microbiota,
potentially leading to dysbiosis—a microbial imbalance that may play a crucial role in the
development of allergic diseases [43—46].

Bener et al. [47] observed that children breastfed for more than 6 months had a lower
risk of allergic diseases than those breastfed for less than 6 months. Specifically, the
prevalence rates of asthma, ear infections, wheezing, allergic rhinitis, and eczema were
generally lower in children with prolonged breastfeeding. The prevalence of asthma was
15.1% in children with a short breastfeeding duration compared to 14.5% in those breastfed
for longer periods. Similarly, rates were lower for ear infections (28.1% vs. 21.8%), wheezing
(10.7% vs. 8.4%), allergic rhinitis (21.5% vs. 21.2%), and eczema (18.6% vs. 13.4%). These
findings suggest that breastfeeding for more than 6 months may offer protective benefits
against various allergic conditions during childhood.

Building on earlier research, Ehlaye et al. [48] found that infants breastfed for more
than 6 months had lower prevalence rates of eczema (19.4%), allergic rhinitis (22.6%), and
wheezing (12.7%) compared to those breastfed for shorter durations. This suggests that
prolonged breastfeeding and exclusive breastfeeding (EBF) reduce the incidence of eczema
and allergic diseases in children, even when there is a maternal history of allergy.

Furthermore, Saarinen et al. [49] followed infants with varying breastfeeding durations
to assess the incidence of atopic diseases over the first 3 years of life. They found that
infants breastfed for more than 6 months had a lower incidence of severe atopic dermatitis
and food allergies compared to those breastfed for shorter durations or fed cow’s milk-
based formulas early. This protective effect was especially pronounced in children with a
family history of atopy. Then, Saarinen et al. [50] conducted a long-term follow-up study of
these 236 infants to investigate the impact of breastfeeding on atopic diseases from infancy
through adolescence. They found that prolonged breastfeeding (>6 months) was associated
with a lowest prevalence of eczema at ages 1 and 3 years compared to shorter durations
of breastfeeding. This protective effect extended into adolescence, with the prolonged
breastfeeding group showing a lower prevalence of overall atopy and substantial atopy
at age 17 compared to the groups with intermediate (1-6 months) or minimal (<1 month)
breastfeeding. These studies suggest that breastfeeding for over 6 months may help
prevent atopic diseases throughout childhood and adolescence. Additionally, breastfeeding
duration has a greater impact on reducing atopy than family history alone, especially
in children consuming cow’s milk, highlighting the role of dietary and other factors in
promoting breastfeeding’s protective effects.

Complementing previous findings, the study by van Ginkel et al. [51] examined how
breastfeeding duration relates to the risk of clinical food allergies. The study included
492 participants, with breastfeeding durations ranging widely from less than 1 month to
42 months. Participants were categorized into quartiles based on breastfeeding duration,
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showing that longer breastfeeding appeared to provide a protective effect against food
allergies. They found that for each additional month of breastfeeding, there was a 4%
decrease in the risk of developing clinical food allergies to any type of food. However, it
is important to note that they reported no significant association between breastfeeding
(versus bottle-feeding) and food allergies, even after correcting for confounding factors.

Obihara et al. [52] discovered that children who were breastfed for longer durations
(>6 months) had a significantly lower risk of allergic diseases overall, particularly hay
fever. The study showed a clear inverse relationship between breastfeeding duration and
the incidence of allergic diseases, with adjusted odds ratios of 0.50 (95% CI: 0.31-0.82) for
allergic disease and 0.53 (95% CI: 0.29-0.99) for hay fever. However, this association was
not statistically significant for asthma (adjusted OR: 0.67; 95% CI: 0.31-1.49) or eczema
(OR: 0.56; 95% CI: 0.29-1.08). Similar conclusions were drawn by Huang et al., who found
that exclusive breastfeeding for more than 6 months was significantly associated with a
reduced risk of hay fever (0.93, 95% CI: 0.89-0.97) and eczema (0.96, 95% CI: 0.93-0.99).
Overall, the longer the duration of breastfeeding and the more exclusive it was, the lower
the prevalence of these diseases [53].

The KOALA study conducted in the Netherlands investigated the relationship be-
tween the age of first introduction of cow’s milk and other food products and atopic
manifestations in the first two years of life, considering breastfeeding duration as a con-
founder. They found that delayed introduction of food products was associated with a
higher risk of recurrent wheeze. Nevertheless, a longer duration of breastfeeding (7-9
months) was linked to a reduced risk of recurrent wheeze, with a similar trend observed for
breastfeeding durations longer than 9 months. The study observed a statistically significant
trend, indicating that longer breastfeeding duration is associated with a reduced risk of
recurrent wheeze [54].

While exclusive breastfeeding for at least the first six months of life is widely pro-
moted and recommended, the relationship between breastfeeding and the prevention
of food allergies presents a more nuanced picture [19,24]. In populations where peanut
allergy prevalence is notably high, the European Academy of Allergy and Clinical Im-
munology (EAACI) Task Force suggests that the optimal age for introducing peanuts is
between four and six months as part of complementary feeding. The same timeframe is
recommended for introducing eggs into the diet. A critical aspect of this strategy is that
the protective effects associated with the early introduction of allergenic foods are most
pronounced when breastfeeding continues for at least eight months. This highlights the im-
portance of combining prolonged breastfeeding with the timely introduction of allergenic
foods to maximize potential benefits. Moreover, the EAACI guidelines advocate against
the avoidance of dietary allergens during pregnancy and breastfeeding as a preventive
measure for food allergies. This recommendation underscores the evolving understanding
of food allergies and their relationship with infant feeding practices. However, the best
way to prevent food allergies remains unknown, necessitating more thorough research
with robust diagnostic standards [55].

5.1.1. Asthma

It has been established that longer durations of exclusive and any breastfeeding are
significantly associated with reduced risks of adverse respiratory outcomes at 15 months.
Adjusted analyses in Silvers et al.’s study [56] showed that each additional month of
exclusive breastfeeding decreased the risk of diagnosed asthma by 20%, wheezing by 12%,
inhaler use by 14%, ‘wheeze AND diagnosed asthma AND inhaler’ by 24%, and current
asthma by 21%. Similar reductions were observed for each month of any breastfeeding,
albeit at slightly lower percentages. Subsequent research on the same cohort revealed that
the protective effect of each month of exclusive breastfeeding decreased over time. Initially
observed to offer 21% protection at 15 months, this effect diminished to approximately 9%
by 6 years of age [57]. Comparable conclusions were obtained by von Kobyletzki [58], who
discovered that infants breastfed for up to 6 months have a 57% higher risk of developing
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asthma compared to those breastfed for longer durations. However, the confidence interval
indicates that this result may not be statistically significant.

The study conducted by Wickman et al. [59] evaluated 4089 children for diagnosed
asthma at 2 years of age. They observed a statistically significant advantage associated
with breastfeeding exclusively for >6 months compared to <3 months (odds ratio 0.67,
95% confidence interval 0.5-0.91). Likewise, Borba et al. [60] confirmed that breastfeeding—
whether partial or exclusive—for more than 6 months was significantly associated with a
reduced risk of asthma.

In line with these observations, Watanabe and colleagues [61] found that longer dura-
tions of breastfeeding, particularly 10-14 months, 14-19 months, and over 19 months, were
associated with reduced odds of asthma in a Japanese cohort compared to breastfeeding
for less than 10 months. The adjusted odds ratios for asthma were 0.69 (95% CI: 0.52-0.91),
0.73 (95% CI: 0.56-0.97), and 0.67 (95% CI: 0.51-0.88), respectively, for these breastfeeding
durations, indicating a protective effect regardless of exclusivity.

Furthermore, according to Al-Makoshi et al. [62], full breastfeeding is linked to a
decreased incidence of childhood wheezing and potentially asthma. Extended periods
of full breastfeeding, particularly lasting 6 to 12 months or more, were associated with
lower likelihoods of mothers reporting that their child had ever wheezed or experienced
wheezing within the past year. Furthermore, children breastfed for over 12 months had a
lower prevalence of reported asthma.

5.1.2. Allergic Rhinitis

In a large population study analyzing data from 1374 children participating in the
Allergic Rhinitis Cohort Study for Kids (ARCO-kids study), long-term breastfeeding
(>12 months) was significantly associated with a lower prevalence of allergic rhinitis
(AR). Specifically, compared to short-term breastfeeding (<6 months), long-term breast-
feeding (>12 months) was linked to a reduced prevalence of AR (aOR, 0.54; 95% CI, 0.34
to 0.88). However, the study found that breastfeeding for 6-11 months did not show a
statistically significant relationship with the risk of AR [63].

Other studies also confirm that breastfeeding for more than 6 months significantly
reduces the risk of AR [53,64]. Additionally, it was found that breastfeeding for less than
6 months increased the risk of developing asthma by 57%, and asthma, in turn, increased
the odds of developing rhinitis nearly threefold [58].

5.2. Inflammatory Bowel Diseases

Opver the past few years, inflammatory bowel diseases (IBDs), such as Crohn’s disease
(CD) and ulcerative colitis (UC), have emerged as global health concerns with rapidly
increasing occurrence rates [65]. The incidence of pediatric-onset ulcerative colitis ranges
from 1 to 4 per 100,000 per year in most regions of North America and Europe [66]. For
Crohn’s disease, the prevalence in the United States is estimated at 58 per 100,000 chil-
dren [67]. Reports indicate that breastfeeding can reduce the prevalence of CD and UC. This
protective effect is attributed to breast milk’s ability to shield infants from gastrointestinal
infections, as well as IBD, by promoting the development and growth of the gastrointesti-
nal mucosal system along with enhancing the immune system’s ability to remember and
respond to pathogens [68-70].

Rigas et al. [71] conducted a study involving 68 patients with CD, 39 patients with UC,
and 202 control subjects. Breastfeeding durations were as follows: <5 months, 6-11 months,
and >12 months. Their findings indicated a negative association between breastfeeding
and the incidence of both CD and UC, with a duration-dependent trend observed. The
results showed that breastfeeding was negatively associated with Crohn’s disease (p < 0.04)
and ulcerative colitis (p < 0.07), with relative risk estimates around 0.5. There was also
evidence of duration-dependent trends in both conditions, with the greatest reduction in
the risk of Crohn’s disease observed with breastfeeding for at least 12 months. Similar
conclusions were drawn by Gearry and colleagues [72] based on research involving 638 CD
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patients, 653 UC patients, and 600 matched controls. The study found that being breastfed
was associated with a reduced risk of developing both CD (adjusted odds ratio [OR] 0.55,
95% confidence interval [CI] 0.41-0.74) and UC (adjusted OR 0.71, 95% CI 0.52-0.96). There
was a duration-response effect observed for both diseases, indicating that breastfeeding
for more than 3 months was protective. However, the lowest risk of developing both
diseases was noted when children were breastfed for more than 12 months. Other articles
emphasizing the protective effects of breastfeeding for more than 12 months on IBDs
include Ng et al. [73] and Xu et al. [74].

A different research project that supports these findings is paper by Ko et al. [75],
which reported a reduced risk of CD with breastfeeding for >3 months and a decreased
risk of UC with breastfeeding for >6 months. The study showed a clear duration-response
effect, indicating that longer periods of breastfeeding were strongly associated with lower
risks of developing IBDs. Another study indicating that a longer breastfeeding duration
might be associated with a reduced risk of developing CD is the study by Bergstrand
et al. [76]. Additionally, articles by Decker et al. [77], Hansen et al. [78], and Hlavaty
et al. [79] suggest a similar protective effect for both IBDs. Lee et al. [80], on the other hand,
highlights the protective effect of breastfeeding for >6 months specifically for UC.

5.3. Otitis Media

Shaaban et al. [81] found that children with acute otitis media (AOM) had been
breastfed for a significantly shorter period (8.6 months) compared to healthy controls
(13.7 months). Notably, 25% of children with ear infections had been breastfed for less
than 6 months, while only 10% of the control group had a similar breastfeeding duration,
resulting in an odds ratio of 3. This indicates that children with acute otitis media were
three times more likely to have been breastfed for less than 6 months. The study suggests
that shorter breastfeeding durations are a major risk factor for developing acute otitis media
in early childhood.

Moreover, breastfeeding for up to 11 months significantly prevents AOM, with the
strongest protective effects seen within the first 4 months, dropping in the 5th month, and
then rising again from the 6th to 8th month. The protective effect decreases but remains
statistically significant up to 11 months and positive, though not statistically significant,
until 18 months. Furthermore, in their research, Vogazianos et al. [82] concluded that
to achieve optimal prevention of AOM, breastfeeding should continue for at least the
first 11 months, with some additional benefit extending up to 18 months. The varying
importance of breastfeeding corresponds to the child’s developmental stages and changing
immunological needs.

In addition to this, Ardc et al. [83] discovered that infants breastfed for longer than
12 months had a lower incidence of acute otitis media compared to those breastfed for less
than 12 months (p < 0.05). Additionally, exclusive breastfeeding during the first 6 months
significantly reduced the occurrence of this condition. Similarly, Weiss [84] noted that
breastfeeding for 6 months or longer was most effective in reducing the risk of otitis media
(OM), although no continued benefits were observed beyond 2 years of age.

5.4. Metabolic Health

The global prevalence of excessive weight gain is an escalating public health concern.
Alarmingly, in 2022, over 390 million children and adolescents aged 5-19 years were
overweight, including 160 million of them being obese [85]. This rising trend is particularly
troubling due to its strong association with a heightened susceptibility to various chronic
health conditions, such as cardiovascular disease (CVD), type 2 diabetes (T2DM), and
metabolic syndrome (MetS) [86].

MetS, in particular, poses significant health risks, as it consists of a cluster of inter-
related metabolic abnormalities. Individuals with MetS typically present with at least
three of the following conditions: abdominal obesity, hyperglycemia, hypertension, hy-
pertriglyceridemia, and low levels of HDL cholesterol (HDL-C). The presence of these
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risk factors, especially when obesity is concentrated in the abdominal area and originates
in childhood, shows the critical need for early intervention and preventive measures to
combat the growing incidence of MetS and its associated health complications [86-88].

5.4.1. Weight Gain

Liu et al. [89] conducted a comprehensive study to evaluate the relationship between
breastfeeding duration and body mass index (BMI) in children and adolescents aged
6 to 16 years. The study found a significant negative correlation between breastfeeding
duration and BMI after adjusting for various covariates. Specifically, children who were
breastfed for more than 12 months had significantly lower BMIs compared to those breast-
fed for less than 12 months ( = —0.274; 95% CI: —0.422, —0.127; p < 0.01). This inverse
relationship was consistent across different age groups and genders, though it was partic-
ularly pronounced in boys. The study further highlighted that children and adolescents
breastfed for more than 12 months had a significantly lower prevalence of obesity com-
pared to those breastfed for shorter durations. Specifically, the adjusted odds ratio (OR) for
obesity among participants breastfed for more than 12 months was 0.853 (95% CI: 0.748,
0.974, p < 0.05).

Similar findings were reached by Gewa et al. [90], who found that longer breastfeeding
durations, particularly beyond 18 months, are significantly associated with lower risks of
childhood overweight/obesity (p < 0.05). Children breastfed for more than 24 months had
a 45% decrease in the odds of being overweight compared to those breastfed for less than
12 months. Nascimento Simon et al. [91] also found comparable results. Their hierarchical
multiple analysis revealed that longer breastfeeding durations provide greater protection
against overweight and obesity. Specifically, exclusive breastfeeding for six months or more
was associated with a significantly lower risk of overweight and obesity, and breastfeeding
for more than 24 months further reduced the risk (OR = 0.13; 95% CI [0.05, 0.37]; p = 0.00).
What is more, similar conclusions were drawn by Fallahzadeh et al. [92], Liese et al. [93],
and Von Kries et al. [94].

Grummer-Strawn and colleagues [95] came up with interesting conclusions. They
found that longer breastfeeding is not associated with a decrease in mean BMI but rather
with a decrease in the standard deviation of BMI, leading to simultaneously lower rates of
underweight and overweight. Breastfeeding seems to protect against overweight not by
uniformly reducing BMI in all children but by reducing the variability in BMI. However,
this study was conducted in 2004, which is relatively dated, and there is a lack of more
recent data to corroborate these findings.

5.4.2. Blood Pressure

The study by Hosaka et al. [96] examined how breastfeeding duration influences
blood pressure in 7-year-old Japanese children. It categorized mother—offspring pairs into
short-term (mean 5.1 months) and long-term (mean 11.3 months) breastfeeding groups,
measuring both self-measured home blood pressure (HBP) and conventional blood pressure
(CBP). Children in the long-term breastfeeding group exhibited significantly lower HBP
compared to those in the short-term group, whereas CBP did not differ significantly
between the groups. Breastfeeding for more than 8 months, regardless of birth weight,
was strongly linked with lower HBP, underscoring breastfeeding’s protective role against
elevated blood pressure in young children. Similar conclusions were drawn by Lin and
colleagues [97], who found that the duration of breastfeeding had an inverse relationship
with blood pressure values in children entering the first grade. For each additional month of
breastfeeding, systolic blood pressure decreased by 0.07 mmHg and diastolic blood pressure
decreased by 0.05 mmHg. These differences were statistically significant. Furthermore,
breastfeeding for more than 12 months was associated with a reduced risk of hypertension,
with an adjusted risk ratio of 0.83 (95% CI: 0.70 to 0.98, p = 0.03).

An interesting relationship was discovered in the study by Liang et al. [98]. Children
who were breastfed for 4 to 10 months exhibited the lowest prevalence of hypertension.
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Conversely, those breastfed for more than 10 months showed an increased risk of hyper-
tension, particularly among rural children. This elevated risk in the rural cohort may be
partly due to the fact that 33.86% of these children were breastfed for more than 10 months,
which could help explain the higher prevalence of hypertension observed in these areas.

5.4.3. Metabolic Syndrome

Breastfeeding has a universal protective effect. The study by Wang et al. [99] compared
two sample populations of young people in Spain and China, highlighting significant
differences in metabolic health markers. Spanish children generally exhibited higher mean
values for height, weight, BMI, waist circumference, triglycerides (TGs), and systolic blood
pressure (SBP) compared to their Chinese counterparts. This disparity was reflected in an
elevated prevalence of metabolic risk factors, leading to a higher overall prevalence of MetS
(2.5%) compared to Chinese adolescents (0.5%). Breastfeeding duration appeared to be an
important factor influencing these outcomes. The Spanish cohort, which was breastfed for a
longer duration (9 months on average), showed a significantly more pronounced protective
effect of breastfeeding against metabolic risk factors. This included a reduced likelihood of
low HDL-C, hyperglycemia, and hypertriglyceridemia, and ultimately, a lower risk of MetS.
In contrast, the correlation between breastfeeding duration and these metabolic markers
was weaker in the Chinese cohort, suggesting that the benefits of breastfeeding may be
significantly modulated by cultural or environmental factors.

Also, Gonzales-Jimenez et al. [100] found that longer breastfeeding durations, es-
pecially beyond 6 months, were associated with a reduced likelihood of MetS diagnosis
in both males and females. Additional risk factors for MetS included maternal smoking
during pregnancy, along with maternal overweight and obesity. The same conclusions
were reached by Esfarjani et al. [101] and Wang et al. [102].

5.5. Oral Health

The relationship between prolonged breastfeeding and oral health, specifically its
impact on childhood dental caries (ECC) and severe early childhood caries (S-ECC), has
been the subject of several studies with varying findings. These studies collectively suggest
that while breastfeeding offers numerous health benefits, extended breastfeeding durations
may be associated with an increased risk of dental caries, particularly in specific contexts.

Chaffee et al. [103] investigated the association between breastfeeding for 24 months
or longer and the prevalence of S-ECC. They found that breastfeeding for 24 months
or beyond, especially when done frequently, was associated with the highest adjusted
prevalence of S-ECC (0.45; 95% CI, 0.36 to 0.54). In contrast, breastfeeding durations of
less than 6 months, 6-11 months, and 12-23 months had lower prevalence rates of S-ECC
(0.22,95% CI: 0.15 to 0.28; 0.38, 95% CI: 0.25 to 0.53; and 0.39, 95% CI: 0.20 to 0.56, respec-
tively). However, the prevalence ratio for ECC with breastfeeding for >24 months was
1.17 (95% C1, 0.85 to 1.78), which did not reach statistical significance.

Similarly, Tanaka et al. [104] found a relationship between breastfeeding duration and
dental caries prevalence. Compared to breastfeeding for less than 6 months, breastfeeding
for 18 months or longer was significantly associated with a higher prevalence of dental
caries (adjusted prevalence ratio of 1.66; 95% CI, 1.33-2.06). In contrast, breastfeeding for
6 to 17 months did not show a significant association with caries prevalence, indicating
that the risk associated with breastfeeding may increase after 18 months.

Conversely, Nirunsittirat et al. [105] reported that full breastfeeding for 6-11 months
was significantly associated with a lower risk of dental caries, evidenced by a lower decayed,
missing, and filled surface (DMFS) score (adjusted RR 0.77; 95% ClI, 0.63-0.93) and lower
caries prevalence (adjusted RR 0.45; 95% CI, 0.22-0.90).

Adding to the body of evidence, Peres et al. [106] observed that children breastfed for
24 months or more had a higher prevalence of dental caries and a 2.4 times greater risk of
S-ECC compared to those breastfed for up to 12 months. The risk of dental caries among
children who were breastfed for 13 to 23 months was not significantly different from those
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breastfed for up to 12 months. Their study underscored the increased risk associated with
prolonged breastfeeding and suggested that preventive dental interventions should be
introduced early to mitigate caries risk.

Multiple meta-analyses and reviews [107-111] support these findings, indicating that
breastfeeding for up to 12 months is associated with a reduced risk of caries. However,
breastfeeding beyond 12 months has been reported to be linked to an increased risk of caries.
It is essential to consider this relationship in the context of eating habits, feeding hours, and
hygiene practices. Even with these considerations, the advantages of breastfeeding beyond
six months outweigh the potential issues and harm associated with caries.

5.6. Infections

Given the numerous benefits of breast milk, including its potent anti-infective and
immunological properties, exclusive breastfeeding has been shown to significantly reduce
the risk of infectious diseases during infancy. Diarrheal diseases and acute respiratory
infections remain the leading causes of morbidity and mortality among children under
five years old globally [112-114]. While the protective effects of breastfeeding against
infections are well established, it is important to note that there are specific, albeit rare,
instances where breast milk feeding should be withheld. These include maternal infections
such as HIV, HTLV, viral hemorrhagic fevers, and untreated brucellosis, where the risk of
transmission outweighs the benefits of breastfeeding [114].

Extended breastfeeding has the potential to offer a protective effect against hospital-
izations during infancy. In their study, Sterdal et al. [115] underscore the beneficial impact
of breastfeeding beyond 12 months of age. The research revealed that infants breastfed
for shorter durations, specifically 6 months or less, had a higher risk of hospitalization
(10.0%) compared to those breastfed for 12 months or more (7.6%). After adjusting for
various factors, the adjusted relative risk (RR) was 1.22 (95% confidence interval: 1.14-1.31),
indicating a significant difference in hospitalization rates. Interestingly, infants breastfed
for 6 to 11 months showed similar risks of hospitalization compared to those breastfed for
12 months or longer.

5.6.1. Respiratory Tract Infections

One of the initial findings in this area was reported by Nafstad et al. [116], showing that
children breastfed for more than 6 months had a lower incidence of lower respiratory tract
infections (LRTIs) compared to those breastfed for less than 6 months and demonstrated
that for each month of shorter breastfeeding duration, the odds of LRTIs increased by
an average of 5%. The disparity in infection rates between these breastfeeding groups
widened with higher levels of maternal smoking. Similar results were obtained by Tromp
and colleagues [117], who found that breastfeeding for 6 months or more significantly
reduced the risk of lower respiratory tract infections (LRTIs) up to the age of 4 years, with
an adjusted odds ratio (aOR) of 0.71 (95% confidence interval [CI]: 0.51-0.98).

It is also worth noting that Li R. et al. [118] found significant health benefits associated
with longer breastfeeding durations and higher breast milk intensity (proportion of milk
feedings). Children breastfed for 9 months or longer had lower odds of throat (aOR: 0.68)
and sinus infections (aOR: 0.47) compared to those breastfed for less than 3 months. More-
over, the likelihood of these infections was reduced by 34% to 50% compared to children
who were breastfed for up to 6 months but received formula supplementation before reach-
ing 6 months. Additionally, high breastfeeding intensity (>66.6%) during the first 6 months
was linked to lower odds of sinus infections (aOR: 0.53) compared to low breastfeeding
intensity (<33.3%).

In addition, Fisk et al. [119] conducted a birth cohort study in the UK and found that
longer breastfeeding durations were associated with a reduced risk of respiratory infections
in a dose-dependent manner. Breastfeeding for more than 6 months significantly decreased
the risk of wheezing, lower respiratory infections, and general respiratory morbidity
compared to never breastfeeding (adjusted RR 0.43; 95% CI 0.30-0.61). Each additional

165



Nutrients 2024, 16, 3891

month of breastfeeding further reduced the risk of these conditions, with adjusted RRs of
0.88 (95% CI 0.83-0.92) for the first 6 months (p < 0.001) and 0.97 (95% CI 0.95-0.99) for
6-12 months (p = 0.002).

5.6.2. Gastrointestinal Infections and Diarrhea

Ardc et al. [83] discovered that the incidence of acute gastroenteritis was significantly
lower in infants who were breastfed for longer durations. Specifically, infants who were
breastfed for more than 12 months experienced fewer instances of acute gastroenteritis
compared to those breastfed for less than 12 months (p < 0.05). Additionally, infants
who were exclusively breastfed during the first 6 months also had a significantly reduced
risk of acute gastroenteritis. This suggests that both exclusive breastfeeding in the early
months and prolonged breastfeeding can provide protective benefits against gastroenteritis
in infants. In line with these observations, Fisk et al. [119] noted that breastfeeding for
more than 6 months significantly reduces the risk of gastrointestinal infections, with each
additional month of breastfeeding further lowering this risk.

A different approach was taken by Rebhan et al. [120], who examined how breastfeed-
ing duration influences gastrointestinal infections among infants, categorizing them into
three groups based on breastfeeding practices: Group A (>6 months of exclusive breast-
feeding), Group B (>4-6 months of breastfeeding with varying exclusivity), and Group C
(no or <4 months of any breastfeeding). Their analysis found that infants exclusively
breastfed for 6 months or more had a significantly lower risk of experiencing >1 episode
of gastrointestinal infections during months 1-9 of life compared to those with shorter
durations of breastfeeding (adjusted OR: 0.60; 95% CI: 0.44-0.82). The incidence rates of
these infections were 20.4% in Group A, 28.0% in Group B, and 27.9% in Group C. These
findings highlight the protective effect of exclusive breastfeeding for at least 6 months
against early-life gastrointestinal infections.

To explore the benefits of prolonged breastfeeding, Molbak et al. [121] assessed its
impact on the risk and duration of diarrhea in 849 infants under three years of age. With
a median weaning age of 22 months and 25% of children still breastfed at 27 months, the
study found that children who had been weaned experienced significantly more diarrheal
episodes compared to those who continued breastfeeding past one year. Specifically,
weaned children had relative risks of 1.41 and 1.67 for diarrhea at one and two years of age,
respectively. Additionally, the duration of diarrheal episodes was one day longer in weaned
children compared to those still breastfed at 1 and 2 years of age. The incidence of diarrhea
was higher in weaned children than in partially breastfed children, both in one-year-olds
(relative risk 1.41; 95% CI 1.23 to 1.62) and in two-year-olds (1.67; 95% CI 1.29 to 2.15).
The mean duration of a diarrheal episode was 5.3 days in breastfed children compared to
6.3 days in weaned children (p = 0.001). These findings suggest that the beneficial effects of
breastfeeding are not restricted to infancy.

After adjusting for various maternal and infant factors, including smoking during
pregnancy and age at introduction of solid foods, Fisk et al. [119] discovered that each
additional month of breastfeeding reduced the risk of diarrhea. Specifically, the adjusted
relative risks (RRs) were 0.88 (95% CI 0.83-0.92) for 0—6 months (p for trend < 0.001) and
0.97 (95% CI 0.95-0.99) for 6-12 months (p for trend = 0.002). The protective effect of
breastfeeding was most pronounced in the first 6 months after birth; however, the study
also showed significant benefits associated with extended breastfeeding into later infancy.

Moreover, Ruuska et al. [122] found that breastfeeding for over 6 months reduced
the incidence of diarrhea during the first year of life in both atopic and nonatopic infants.
However, they observed no significant effect on the overall incidence of diarrhea over the
two-year follow-up period, as infants breastfed for longer durations experienced more
diarrhea in the second year of life. Additionally, prolonged breastfeeding was associated
with reduced severity of diarrhea, specifically among infants aged 7-12 months.
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5.7. Cognitive Development

One of the first significant insights into this issue was provided by Daniels et al. [123],
who conducted a study with 1984 participants and found strong associations between
prolonged breastfeeding and improved intellectual growth. The research used a nonver-
bal intelligence test assessing fluid abilities at 8.5 and 11.5 years of age. At 8.5 years of
age, among healthy and low-birthweight children, breastfeeding for 12-18 months was
associated with increases in nonverbal intelligence test scores by 1.6 and 9.8 points, re-
spectively. For low-birthweight children, breastfeeding for 18-24 months and >2 years
led to a 6.6-point and 7.1-point increase in test scores, respectively. After 2 years, the
beneficial association with prolonged breastfeeding persisted, albeit weaker. Improved
cognitive development was primarily observed in healthy-birthweight children breastfed
for 12 to 18 months.

In the study of Duazo and colleagues [124], mothers who breastfed their children for
longer periods tended to have lower educational attainment and come from lower-income
households. Despite these socioeconomic disparities, breastfeeding duration emerged as
a significant predictor of future psychosocial development in late childhood, particularly
after adjusting for socioeconomic and related factors. Compared to children breastfed
for 5 months or less, those breastfed for longer durations showed higher psychosocial
scores. Specifically, among 5-year-olds, children breastfed for 12 months or more scored
2 to 3 points higher on psychosocial assessments compared to those breastfed for less than
6 months. Interestingly, the study noted that the apparent protective effect of breastfeeding
peaked during the second year of life and then gradually declined.

While breastfeeding duration did not significantly impact intelligence scores across
the entire sample, Slykerman et al. [125] observed notable associations among children
classified as small for gestational age (SGA). However, a trend suggested that longer
breastfeeding periods correlated with higher intelligence scores overall. Among SGA
children, breastfeeding for longer than 12 months was significantly associated with higher
I1Q scores at 3.5 years. Specifically, children breastfed for more than 12 months had adjusted
scores that were 6.0 points higher than those who were not breastfed (p = 0.06). Exclusive
breastfeeding for 5 months or longer within the SGA group was also significantly linked to
higher intelligence scores, showing a 5.9-point increase compared to non-breastfed children.
Additionally, the duration of predominant breastfeeding impacts language development.
Whitehouse et al. [126] found that children predominantly breastfed for 4-6 months or more
than 6 months had significantly higher language scores compared to those breastfed for
0—4 months or not breastfed at all. The study also revealed significant associations between
the duration of predominant breastfeeding and language ability at 10 years. Specifically,
children breastfed predominantly for 6 months showed a language score increase (3 = 4.04).

Furthermore, Jedrychowski et al. [127] found that the duration of exclusive breastfeed-
ing had a positive impact on children’s intelligence quotients (IQs). Children exclusively
breastfed for up to 3 months had an average IQ score that was 2.1 points higher compared
to others (95% CI, 0.24-3.9). Those breastfed for 4-6 months had IQs higher by 2.6 points
(95% CI, 0.87-4.27). Children breastfed for more than 6 months experienced an even greater
benefit, with IQs increasing by 3.8 points (95% CI, 2.11-5.45). However, Sajjad [128] sug-
gests that the association between breastfeeding duration and child IQ may largely stem
from sociodemographic factors, parental lifestyle, and maternal IQ. In his study, initially,
each additional month of breastfeeding conferred an advantage of 0.32 points (95% CI, 0.20-
0.44). Yet, after adjusting for child-specific factors and various environmental influences,
this association weakened considerably to 0.09 points (95% CI, —0.03 to 0.21).

5.8. Leukemia

The study by Shu and colleagues [129] suggests that primarily breastfed children
have a reduced risk of childhood acute leukemia, including both acute myeloid leukemia
(AML) and acute lymphoblastic leukemia (ALL). A stronger inverse association was ob-
served for children breastfed for more than 6 months (AML: OR = 0.57, 95% CI: 0.39-0.84;
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ALL: OR =0.72, 95% CI: 0.60-0.87). Leukemia risk decreased with longer breastfeeding
durations, particularly up to 12 months for ALL and 9 months for AML. Although
the risk was lower for children breastfed beyond 12 months, this reduction was not
statistically significant.

The relationship between the duration of breastfeeding and the risk of childhood
leukemia appears to follow a non-linear dose-response pattern. Gong et al. [130] discovered
that as the duration of breastfeeding increased, the odds of childhood cancer, including
leukemia, significantly decreased. The study found that breastfeeding for a duration of
7-9 months was particularly protective against childhood leukemia, with a significant
reduction in risk compared to other breastfeeding periods (OR: 0.498; 95% CI: 0.318-0.780;
p = 0.002). This suggests that the protective effect of breastfeeding may peak at a specific
duration, beyond which the benefits may plateau. This correlation is further supported by
the results obtained by Gao et al. [131]. Interestingly, they found that a lower education
level among mothers was associated with an increased risk of leukemia in children.

The findings from MacArthur et al. [132] suggest that breastfeeding, particularly for
more than six months, provides significant protective benefits against childhood leukemia
(OR = 0.78, 95% CI 0.71-0.85). However, introducing a significant amount of milk sup-
plementation (more than 50% of the child’s diet) after six months of age was associated
with an increased risk of childhood leukemia, particularly when compared to exclusive
breastfeeding. This indicates that while breastfeeding itself is protective, the benefits may
diminish or be counteracted when a high proportion of milk supplements are introduced.

There are also other studies that confirm the beneficial impact of breastfeeding for
more than 6 months, compared to not breastfeeding or breastfeeding for less than 6 months,
in reducing the risk of leukemia. Among these are studies by Cheng et al. [133], Bener
et al. [134], Rudant et al. [135], Altinkaynak et al. [136], and Bener et al. [137].

5.9. Malaria

Pincelli et al. [138] found that children who received breast milk for >12 months,
irrespective of complementary feeding practices, were significantly less likely to develop
antibodies to blood-stage Plasmodium vivax, indicating a lower risk of infection. Breast-
feeding for this duration reduced the risk of P. vivax seropositivity by 79.8% during the
first 2 years of life among children born to mothers who had experienced P. vivax infec-
tion during pregnancy. Also, Safeukui-Noubissi et al. [139] discovered that prolonged
breastfeeding for at least 2 years was associated with a decreased risk of severe malaria in
children (OR: 0.57; 95% CI [0.33-0.94]). An intriguing study by Vora et al. [140] revealed
that breastfeeding was associated with a markedly lower incidence of malaria (1.36 vs. 2.44,
p = 0.008) in HIV-exposed children aged 6-15 months who were still being breastfed and
receiving TS prophylaxis.

5.10. Individual Reports

There are several conditions for which prolonged breastfeeding has shown beneficial
effects. However, it is important to note that the existing literature lacks a robust body of
reliable evidence, and many of the findings are based on relatively old studies that have
not been consistently confirmed by more recent research. Therefore, while there are hints
in the literature connecting prolonged breastfeeding with the prophylactic potential of
certain conditions, these associations require further investigation. Continued research is
essential to determine whether the protective effects of prolonged breastfeeding hold true
across different populations and updated methodologies. Additionally, the existing data
remain fragmentary and require further research to fully understand the extent of these
protective effects.

5.10.1. Arthritis

Research indicates that shorter breastfeeding durations, particularly those of less than
4 months or ending by 6 months, are associated with an increased risk of developing
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juvenile idiopathic arthritis (JIA). In contrast, exclusive breastfeeding for at least 4 months,
followed by continued partial breastfeeding while introducing other proteins, may help
reduce the risk of JIA in childhood [141].

5.10.2. Celiac Disease

Breastfeeding during the introduction of dietary gluten has been associated with a
reduced risk of celiac disease in children under 2 years old. Specifically, breastfeeding
while introducing gluten reduced the risk (adjusted OR: 0.59), and continuing breastfeeding
after gluten introduction provided an even greater protective effect (adjusted OR: 0.36).
It is noteworthy that this study was conducted in a population where most infants were
breastfed for at least six months [142].

5.10.3. Hand, Foot, and Mouth Disease

A study by Li et al. [143] investigating the relationship between breastfeeding duration
and the risk of severe hand, foot, and mouth disease (HFMD) revealed that breastfeeding
for more than 6 months was significantly associated with a reduced risk of severe HFMD.
Specifically, durations of 6-12 months (OR 0.701, 95% CI 0.539-0.913) and over 12 months
(OR 0.504, 95% CI 0.341-0.746) were independently linked to a lower risk of severe HFMD
after adjusting for confounding factors.

5.10.4. Lipid Levels

Recent research has shown the association between breastfeeding duration and lipid
profiles among 12,110 children and adolescents aged 5-19 years across China. They dis-
covered that participants breastfed for more than 12 months exhibited significantly lower
levels of total cholesterol (TC), LDL cholesterol (LDL-C), HDL cholesterol (HDL-C), and
TC/HDL-C ratios compared to those who were not breastfed. Additionally, children
breastfed for more than 12 months also experienced a 43% reduced risk of high TC. This
protective effect was particularly notable in children and young adolescents aged 5-14
years, suggesting that a longer breastfeeding duration is linked to lower lipid levels and a
decreased risk of abnormal lipids in this age group [144].

5.10.5. Neuroblastoma

Children with neuroblastoma were found to be less likely to have been breastfed
compared to control children, with an OR of 0.6 (95% CI = 0.5-0.9). The potential pro-
tective effect of breastfeeding against neuroblastoma appeared to strengthen with longer
breastfeeding durations, with children breastfed for 13 months or more showing the lowest
likelihood (OR = 0.5, 95% CI = 0.3-0.9) [145].

5.10.6. Retinoblastoma

According to the research conducted by Heck and colleagues [146], breastfeeding is
associated with a reduced risk of unilateral retinoblastoma, particularly when it lasts for
7-11 months. However, extending breastfeeding beyond 12 months does not appear to
offer additional protective benefits, as no dose-response relationship was observed with
longer breastfeeding durations.

5.10.7. Rhabdomyosarcoma

The findings by Lupo et al. [147] indicate that breastfeeding for 12 or more months
is strongly associated with a reduced risk of childhood RMS (Rhabdomyosarcoma), as
demonstrated by the odds ratio (OR = 0.36, 95% CI: 0.18-0.70). Additionally, the significant
trend (p = 0.01) suggests that as the duration of breastfeeding increases, the risk of childhood
RMS decreases further, highlighting a dose-response relationship between breastfeeding
duration and reduced RMS risk.
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5.10.8. Sudden Infant Death Syndrome

The study by Thompson et al. [148] suggests that a longer breastfeeding duration
provides substantial protection against sudden infant death syndrome (SIDS). Both any
breastfeeding and exclusive breastfeeding durations exceeding 2 months offer increased
protection, with the most significant benefit observed for durations greater than 6 months,
which is associated with a 64% reduction in the risk of SIDS.

5.10.9. Type 2 Diabetes

Kue Young et al. [149] explored prenatal and early-infancy risk factors for type 2 diabetes
among native Canadians. Their findings indicate that being breastfed for more than 6 months
(odds ratio = 0.36; 95% CI: 0.13-0.99) is significantly associated with a reduced risk of
developing type 2 diabetes compared to being breastfed for less than 6 months.

6. Discussion

Breastfeeding is widely recognized for its numerous health benefits, particularly in
protecting infants against infections and impacting the proper growth and development
of children. The mechanisms through which breastfeeding imparts these benefits are
multifaceted, involving immunological, microbiological, and biochemical processes, and
they are depicted in Figure 2.
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Figure 2. The mother—breastmilk—infant triad: how bioactive components in breast milk contribute
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One of the primary protective mechanisms of breastfeeding is the transfer of sIgA
from mother to infant through breast milk. sIgA is resistant to digestion, allowing it to
accumulate in the infant’s intestine where it binds to antigens on pathogens, rendering
them less infective and protecting against infections [69,150]. This immunological defense
is especially crucial during the early months of life when the infant’s immune system is still
developing [151]. Interestingly, the absence of passive sIgA in the gut is associated with the
upregulation of Gram-negative Pasteurellaceae and Gram-positive Lachnospiraceae. These
bacterial families are often found in higher abundance in the gut microbiota of pediatric
patients with inflammatory bowel disease, suggesting a protective role of sIgA against such
conditions [152]. Moreover, sIgA antibodies provide protection against gastrointestinal
infections caused by microbes like Giardia, ETEC, and Campylobacter [153]. Additionally,

170



Nutrients 2024, 16, 3891

non-breastfed children exhibit an increased abundance of Clostridium difficile, a pathogen
linked to allergic sensitization and immune-mediated diseases, protecting against asthma,
eczema, wheezing, etc. [68,154,155].

Breast milk plays a significant role in shaping the infant microbiota, promoting
the colonization of beneficial bacteria and suppressing the growth of pathogenic bac-
teria [156,157]. The prebiotic effect of glycans and human milk oligosaccharides (HMOs) in
breast milk supports the growth of beneficial bacteria while inhibiting the colonization of
pathogens [69,158-161]. This modulation of the gut microbiota is essential for developing
immunologic tolerance and preventing inappropriate immune responses [68,69,161-163].
Breastfeeding also shapes the composition of the respiratory microbiota in the nasophar-
ynx [164-166].

For instance, the presence of Lactobacilli in breast milk contributes to distinct nasopha-
ryngeal colonization, reducing the incidence of otitis media during breastfeeding. This
effect is facilitated by the direct bacteriostatic properties of breast milk and the micro-
biota associated with it, which collectively help in reducing the pathogens responsible
for OM [167]. Additionally, breast milk also forms a protective layer on the nasopha-
ryngeal mucosa, shielding against the transmission of bacteria and viruses that cause
respiratory illnesses [168]. This may also enhance the protective effect of breastfeeding
against asthma development, as reduced respiratory tract infections—well-known risk
factors for asthma—are associated with breastfeeding. Furthermore, breastfeeding has been
demonstrated to support lung development and improve lung function. Children who
were breastfed show increased lung volumes, with this benefit attributed to the mechanical
stimulation of suckling at the breast during early infancy, which can prevent asthma [157].

Breast milk contains various bioactive components that contribute to its protective
effects. Lactoperoxidase, an enzyme present in milk, catalyzes the formation of hypothio-
cyanate from saliva thiocyanate, which can kill the bacteria responsible for infections such
as OM. This enzymatic activity provides a biochemical defense against pathogenic bacteria,
complementing immunological and microbiological protections [167]. Breastfeeding also
reduces the overall disease burden, which in turn allows for more resources to be allocated
toward combating infections [169]. Moreover, prolonged breastfeeding has been shown to
reduce the likelihood of hospital stays in early childhood [115].

Furthermore, breast milk factors can suppress the induction of inflammatory responses,
such as IL-8 expression in cultured intestinal epithelial cells, thereby attenuating early
inappropriate inflammatory reactions [69]. This anti-inflammatory property of breast milk
is crucial in preventing conditions like IBD by promoting the maturation of the gut barrier
and supporting the development of immunological memory to pathogens [68,69]. Another
reason breastfeeding helps prevent chronic inflammation is that it promotes mother—child
attachment, which positively affects cortisol regulation in breastfed infants [157].

Moreover, through its stimulation and modulation of the infant’s immune system,
breast milk leads to enhanced vaccine responses and increased thymus size [129]. Addi-
tionally, it is worth highlighting that breast milk contains soluble tumor necrosis factor
(TNF)-related apoptosis-inducing ligand (TRAIL), which regulates apoptosis and cell pro-
liferation in various tissues, as well as human alpha-lactalbumin made lethal to tumor cells
(HAMLET), a substance with known anticancer properties [170]. Together, these compo-
nents may influence leukemogenesis and reduce the risk of childhood leukemia [129,170].

Infant formulas typically contain higher levels of fats, proteins, and sodium compared
to breast milk. This composition can lead to elevated levels of Insulin-like Growth Factor 1
(IGF-1) in the bloodstream. IGF-1 stimulates the proliferation of adipocytes, leading to
increased fat accumulation and, consequently, higher risks of obesity. Moreover, breast
milk contains bioactive compounds such as leptin, which is crucial in regulating energy
balance and appetite. Breast milk’s balance of proteins, fats, and carbohydrates promotes
appropriate growth and satiety, preventing overfeeding. Unlike formula, which can lead
to higher caloric intake, breast milk’s tailored composition reduces the risk of excessive
weight gain [89,171,172]. Additionally, breast milk helps maintain proper blood pressure
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levels by reducing sodium intake during infancy, providing long-chain unsaturated fatty
acids (LCPUFAs) that support the health of tissue membranes and the coronary endothelial
system, and protecting against hyperinsulinemia and insulin resistance throughout early
life [171,173,174].

Moreover, breastfed infants often have a different trajectory of brain development
compared to those who are never breastfed or those with shorter breastfeeding durations.
Breastfeeding has been linked to increased gray matter, hippocampal volume, brain acti-
vation, and cortical thickness [175-177]. It is also important to highlight that HMOs act
as prebiotics, supporting the developing gut microbiome, which can help reduce inflam-
mation and promote the production of metabolites affecting brain function through the
gut-brain axis. Additionally, HMOs may supply sialic acid, a crucial nutrient for brain
tissue organization [178]. These combined effects contribute to enhanced cognitive and
neurodevelopmental outcomes in children [175-178].

The multifaceted benefits of prolonged breastfeeding extend beyond basic nutrition,
offering profound and long-lasting effects on an infant’s health and development. The im-
munological, microbiological, and biochemical properties of breast milk work synergistically
to protect against infections, support optimal growth, and enhance proper development.

However, the data regarding the beneficial impacts of prolonged breastfeeding present
a complex picture, with many studies failing to adequately control for confounding vari-
ables. This underscores the necessity for more rigorous and comprehensive research
efforts. There is a significant need for well-designed, prospective studies that employ
mixed-method approaches to capture both quantitative and qualitative data. Additionally,
cross-cultural research is essential to understand how different societal, environmental,
and genetic factors may influence the outcomes of prolonged breastfeeding. Such studies
should aim to control for potential confounders such as socioeconomic status, maternal
education, and pre-existing health conditions to provide clearer insights. By addressing
these gaps, future research can more accurately determine the extent and mechanisms of
the protective effects of prolonged breastfeeding on various health outcomes in children.

7. Conclusions

Breastfeeding, especially when extended beyond the early months, provides substan-
tial health benefits that significantly influence infant development and well-being. The
immunological, microbiological, and biochemical properties of breast milk work synergisti-
cally to offer strong protection against infections, reducing rates of hospitalizations and
even mortality, promote optimal growth, and support cognitive development and brain
function. As breast milk adapts to the evolving needs of the growing infant, prolonged
breastfeeding remains a cost-effective means of delivering comprehensive immune and
developmental support, surpassing the advantages of costly formulas.

Key findings from the literature highlight that longer durations of breastfeeding are
associated with numerous health benefits. These include a reduced risk of gastrointesti-
nal and respiratory infections, better growth and cognitive development, and a lower
likelihood of developing allergic diseases and obesity later in life. Additionally, breastfeed-
ing positively impacts metabolic syndrome, blood pressure regulation, otitis media, and
malaria. Although less common, there are also isolated reports suggesting the potential
advantages of extended breastfeeding for conditions like arthritis, blastomas, celiac disease,
and even sudden infant death syndrome. Therefore, it is essential to encourage mothers
to breastfeed, particularly to continue breastfeeding for extended periods, as this practice
offers significant health benefits for both the infant and the mother and addresses the
growing need for effective preventive health measures amid declining breastfeeding rates
and rising health issues.

More rigorous and controlled studies are needed to fully understand the complexities
and mechanisms of extended breastfeeding. Future research should address potential
confounders and include diverse populations to better assess its impact on long-term health
outcomes, refine public health recommendations, and improve child health practices.
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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 develop-
ment 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 impacted by numerous factors [4], nutrition is at the forefront [4]. Previous research
suggests that suboptimal nutrition early in life is associated with poorer cognitive develop-
ment 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 «l,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,
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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
microbes, 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 (1 = 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 (1 = 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

183



Nutrients 2023, 15, 3743

open-field arena, where they encounter a sample project identical to the previous one and
anovel 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.

First

. Sample Size Study .
Ref. Author Country Subjects ( - Intervention or Exposure
and Year n) Duration
Diets:
e  CON: AIN-93G semi-purified
laboratory mouse diet
Mice: 1 Upon arrival o 6:-SLZ CON + 5% 6:-SL
[51]  Tarr, 2015 US C‘;%gf; 54 for e  3-SL: CON + 5% 3/-SL
20 days Groups:
e  Stress (with social disruption
stressor)
e  Non-stress
Diets:
e  CON: formula adjusted for nutrient
requirements of neonatal pigs
Jacobi, . e CON+2g3/-SL/L
e CON+2g6-SL/L
e CON+4g6-SL/L
e CON+2gPDX/L+2gGOS/L
Diets:
Rat pups; 60 (Lister :
53] Oliveros, Spain H(? Olzteecrl & Hooded) & PND 3 until ¢ Svg?;l:()l' BE +1g/kg body weight of
2016 Sprague- 60]:§Sp rlague— weaning e  2/-FL:BF + 1 g/kg body weight of
Dawley awley) 2'-FL per day
Diets:
e  Control (CON): formula for
nutritional needs of growing pigs
Pigs; ° LOW: CON + bovine-derived
[54] Mudd, uUs vaginally 38 PND 2 until modified why enriched with
2017 delivered PND 32 or 33 SL(SAL-10) (130 mg SL/L)
male e  MOD: CON + SAL-10 (380 mg
SL/L)
e  HIGH: CON + SAL-10 (760 mg
SL/L)
Diets:
Oli Rats; PND3untl o Ko NeWSAC to SA
[55] JVeTos, Spain Sprague- 30 weaning L
2018 Dawl (PND 22) level in rat milk
awiey e  6-SL: BF + free 6'-SL to mimic
natural SA in rat milk
. Diets:
. 188, . e  CON: formula for nutritional needs
[56] Flezegilgg, US ?aturallg 36 Pl}T)% ]% grzml of growing pigs
aggi‘;e e  Sialyllactose: CON + SAL-10
(380 mg SL/L)
Diets:
° PRE-CON: Raw bovine milk + 6 g/L
. . 40 (preterm), lactose
[57] ORbehtz— - N Plgllet&st/' C14 (term, PNDOuntii ® PRE-SAL: Raw bovine milk +
256?;1' enmar e 1'2595“0“)' PND19 8.5 g/L SAL-10 (380 mg SL/L)
emale Vaég;ﬂf e  TERM-CON: Raw bovine milk +

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

First

Ref. aﬁgt{{lg:r Country Subjects Sam%l:;' Size D?ltrl:tii}(’m Intervention or Exposure
Diets:
e  CON: sow milk replacer
Piglets; ) e  SL:Control + 3/-SL (7.6 g/kg) and
[58] \/;78{195;, Australia domestic 46 Pl\f,%% 1§r81t11 6'-SL (1.9 g/kg)

Sus scrofa e  SL/SLN: Control + 3'-SL (7.04 g/kg),
6'-SL (1.74 g /kg), and
6'-sialyllactosamine (0.72 g/kg)

Diets:
e  LF:10% kcal as fat diet
e  HF: 45% kcal as fat diet
. . ° HF 1% 2'-FL: HF + 98.4% purity
Mice; 1X Weeks 2'-FL 1% (w/v)
[59] Lee, 2020 US C57/BL6 36 of atgle e  HF 2% 2'-FL: HF + 98.4% purity
male 121&1e1eks 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)
Diets:
e  CON: milk replacer
Fleming, . PND 2 until ° OF: CON + 5 g/L Oligofructose (OF)
[60] 50200 Us Pigs; male 36 PND 33 +0g/L2-FL
e OF+2-FL:CON+5g/LOF+1g/L
2/-FL
Diets:
e  CON: sow milk replacer
e BMOS': CON +12.4 g/L BMOS
Fleming, - PND 2 until ° HMO: CON + 1.0 g/L of 2-FL +
[61] 2020 Us Pigs; male 48 PND 33 0.5 /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
Diets:
R e  CON: AIN-93G nutritionally
ats; lete diet
[62] Tuplin, Canada Sprague- 40 PND 1 for (3:??5 ngNli 0.625% wt/wt 3'-SL
2021 Dawley Eight weeks 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
Genotypes:
o  WT: wild type
e  KO: knock-out for the gene
el
Diets:synthesumg 3'-SL
. . 1 al QT
[63]  Pisa, 2021 Ttal Mice; male 28 PNDOuntil gliL W offspring with 3-SL In
/ y ¢ 23 weeks

° MILK: WT offspring with reduced
3/-SL in milk

e  GENE: KO offspring with 3/-SL in
milk

° GENE + MILK: KO offspring with
reduced 3’-SL in milk

186



Nutrients 2023, 15, 3743

Table 1. Cont.

Ref.

First
Author
and Year

Country

Subjects

Sample Size

(n)

Study
Duration

Intervention or Exposure

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

Clouard,
2021

Denmark

Gottingen
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 EN + SL
After weaning to a high-energy,
pelleted, obesogenic diet.

Lee, 2021

us

Mice;
C57BL/6]
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: LE/CON + 10% 2’'-FL
(w/w)

HE/2’-FL: HF/CON +

10% 2'-FL (w/w)

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
FLBIL: FL + BI
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Table 1. Cont.

Ref Alfli:li:)r Subjects Sample Size Study Intervention or Exposure
: and Year J (n) Duration p
Genotype:
° WT: wild type
° dKO: double-knock-out for the
genes synthesizing 3’-SL and 6/-SL
Diets—Experiment 1:
e  CTRL: WT offspring with WT BF
e  MILK: WT offspring with dKO BF
° GENE: dKO offspring with WT BF
. Mice; both 46 (Expt 1) PNDOuntii © GENE+MILK: KO offspring with
[68] Pisa, 2023 sex 48 (Expt 2) 25 weeks dKO BF
Diets—Experiment 2:
° CTRL-H,O: WT offspring with WT
BF + water
e  MILK-H,O: 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.
First Sample
Ref. Author and Subjects P Study Duration Exposure
Year Size
Hispanic . .
mother-term e  Milk collection at 1- and
[69] Berger, 2020 infant dyads 50 6—mor'1t'hs postpartum 19 HMQ
(males and e  Cognition assessment at concentrations
females) 24 months of age
Mother-term e  Milk collection at study visit
[70] Cho, 2021 infant dyads 99 (mfan.t .at 2-25 months-old) Eight HMO
(males and e  Cognition assessment at concentrations
females) study visit
Normal
weight,
Oo‘i)e;s‘:e;i}g, ° Milk collection at 1-month
Oliveros, ¢ postpartum Two HMO
[71] GDM 82 .. .
2021 mother-term ° Cognition assessment at 6 and concentrations
infant dyads 18 months-of-age
(males and
females)
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Table 2. Cont.

First
Ref. Author and Country Subjects Sa;rinzile Study Duration Exposure
Year
— Yo Mikcllctenatomonts 51 v
[72] & ’ Malawi o4 659 postpar relative
2021 (males and Cognition assessment at 12 and
abundances
females) 18 months-of-age
Mother-term Milk collection at 1-month
Ferreira, . infant dyads postpartum 19 HMO
(73] 2021 Brazil (males and 73 Cognition assessment at 1,6, and  concentrations
females) 12 months-of-age
24 HMO and
Mother- Milk collection for seven weeks ~ (ofl sialic acid
preterm from birth concentrations
[74] Rozé, 2022 France infants dyads 137 o for mean
Cognition assessment at .
(males and impute values
two years of age
females) over samples
from 7 weeks
Mother-term Milk collection at one month
infant dyads postpartum 19 HMO
(73] Berger, 2022 us (males and 20 MRI scanning at one month concentrations
females) postpartum for infants
Mother-term Milk collection at 2, 6 and
76] Willemsen,  The Nether-  infant dyads 63 12 weeks postpartum 24 HMO
2023 lands (males and Cognition assessment at three concentrations
females) years of age

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 «-(2,3) linkage(3'-SL) or a-(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.
PRE-SAL group had a higher
(p < 0.05) percentage of pigs
reaching the learning criteria of
T-maze compared to
e Motor acquisition PRE-CON pigs.
e  Home cage activity PRE-CON group spent a longer
° Open filed assessment time (v < 0.01) on
Preterm piglets; ° ER}EI:?OIJ(\I: RawBM + Spatial T-maze decisggn—makzr}g compared to
90% gestation o P%{E— SZCL??{eaW BM+ ° nght cerebral EERM—CON flsg/i.d'd .
(day 106) & 8.5 g/L SAL-10 (380 hemisphere MRI tppocampal SA d1c not citfer
Term piglets; mg SL/L) e  Hippocampal gangliosides (p > 0.05) between PRE-CON 57
C-section . TEgRM—CON: Raw BM SA quantification aqd PRE-SAL pigs. ) 1571
& Term piglets; +6g/L lactose e  gPCR hippocampal gene H}ppocan}pallgenes associated
Vaginally e  TERM-NAT expression with myehngtlon (p <0.05) and
delivered Naturally BE e  Invitro computer-assisted SA metabolism (p < 0.05) were
y fluorescence microscopy upregulated in Pcll{f-SAL
with H,O, challenge for groups compared to
neuronal survival §nalysis PRE.'CON p1gs.
In vitro SAL and lactose
treatment reduced cell death
and promoted neuronal
survival compared to control
neurons (p < 0.05).
e CON: formula for NOR for obi . No difference in recognition
T . nutritional needs of ° memof}f object recognition rsnfinor}é ‘gaOsI\flouﬂd bstSVflen
erm pigs; : : an a 11).
PNIP;Zg ° éffﬂv lél K}l %SS AL-10 ®  Accelerometers for ) No difference ir(1 diﬁrﬁal ) (561
(380 mg SL/L) home-cage activity analysis activity between SAL and CON
(all p > 0.56)
No differences in total and free
e  CON: formula for e Right hemisphere SA SA between treatments
nutritional needs of qqantification %7 > Oé) g)A in th £ 1
growing pigs (hippocampus, cerebellum, oun in the pretronta
e TOW: ggN + and prefrontal cortex) cortex was higher in CON and
bovine-derived o Whole brain structural MRI HIGH groups compared to
modified why e  Whole brain MRS for brain éovg SISI)d MOD groups
ios: enriched with metabolite quantification =U.Uo). .
Tef’IIGIgIZgS’ SL(SAL-10) ° DTI for whi%e matter F%‘ee SA-to-bound SA n the [54]
(130 mg SL/L) maturation and axonal hippocampus was higher in
e MOD: CON +SAL-10 tract integrity the MOD and LOW groups
(380 mg SL/L) e  Fractional anisotropy (FA) compared to the CON and
e HIGH: CON + e Axial diffusivity (AD) HIGH groups (p = 0.04).
SAL-10 e Mean diffusivity (MD) Corpus callosum MD (p <0.01)
(760 mg SL/L) e Radial diffusivity (RD) and AD (p < 0.01) were higher
in the MOD group compared
to other groups.
e CON:SMR SL/SLN increased (p < 0.05)
e SL:CON +3'-SL absolute and relative amounts
(7.6 g/kg) and 6'-SL e 3T MRS for brain of myo-inositol (mlns) and
. (1.9 g/kg) neurotransmitter and glutamate + glutamine (GIx)
Tef)rﬁ]gégs? ° SL/SLN: CON + metabolites concentrations Positive correlations between [58]

3'-SL (7.04 g/kg),
6'-SL (1.74 g /kg), and
6'-sialyllactosamine
(0.72 g/kg)

(Whole brain, cerebrum,
and cerebellum)

3’-SL and SLN intake and brain
metabolite Glu (p = 0.017),
mins (p = 0.013) and GIx

(p =0.032) levels in SL and
SL/SLN groups
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Table 3. Cont.

Gestation Diet Analyses Outcome Ref.

e  CON: Milk replacer
with no additional
oligosaccharides

e FN:CON+4g/L
mixture of ) SL group improved reference
fucosylated e  Behavioral procedure tasks memory (p < 0.010) between 16
(2/-FL+di-FL) and ® Spatiallhole board to 29 weekszompared to CON.

. neutral (LNT + LNnT) ®  Open field FN, SL, and FN+SL had longer
Term Gottingen oligosaccharides e  Novel object exposure trial durations (p < 0.05)
minipigs; e SL:CON+0.68g/L e  Runway ) compared to CON, between 16  [65]
2 weeks old sialylated (3'-SL + ° iﬁgﬂﬁfgﬁiﬁﬁ for appetite to 29 weeks and 39-45 weeks.
6’-SL . FN group spent the most time
oligogaccharides * I—Lome pte_n behavior displaying ingestive behaviors

e FN+ gL: CON+4g/L observation between 0 to 11 weeks
FN + SL <0.05

o After weaning;: y )
high-energy, pelleted,
obesogenic diet for
all groups

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 ¢ 3'-SL increased (p < 0.05)

e CON: formula ’ total and ganglioside SA
adjusted for nutrient concentration in the cerebellum
requirements of e Left hemisphere SA by 10% cpmpared to CON
neonatal pigs analysis (cerebral cortex, Q/uadratlc e;ffect. of dose for

Term pigs; e CON+2g3-SL/L cerebellum, corpus 3’-SL and 6'-SL in total and
PND1 e CON+4g3-SL/L callosum, and ganglioside-bound SA [52]

e CON+2g6'-SL/L hippocampus) (p<0.05

e CON+4g6-SL/L e Microbiota quantification Slgm.flcant differences between

proximal (p = 0.001) and distal

° ggggsz/% PDX/L + 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 the2 g PDX/L +2 g
GOS/L and CON

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 develop-
ment [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 supplementa-
tion 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 Gottingen
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 3945 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.
Genotyping MILK (p = 0.025), GENE (p < 0.05), and
° WT: wild type . NOR GENE+MILK (p < 0.05) mice had
e KO: knock—ot}t.for the ¢ T-maze Spontaneous g%%iased spatial memory compared to
gene synthesizing Alternation Test MILK miee h
3/-SL R Flevatod O-maze for ‘mice ad. reduced (p < 0.05)
Diet . lato behavi attention and higher response to glucose
1ets anxiety-reate benavior. injection compared to other groups
e CTRL: WT offspring e Pre-pulse inhibition MILK mice had reduced (p = 0.03) number
Mice; with 3'-SL in milk *  Barnes maze oo of spontaneous alternations compared [63]
PND 0 . MILK: WT offspring ° Attentional set-shifting to CTRL
with reduced 3’-SL in task MILK mice had reduced (p < 0.05)
milk ®  Sucrose preference recognition memory compared to CTRL
° GENE: KO offspring ° General locomotion and GENE + MILK
with 3/-SL in milk *  Glucose tolerance test LTP was lower in GENE + MILK (p < 0.05)
e GENE +MILK: KO *  Electrophysiology and CTRL (p < 0.05) mice compared
offspring with reduced Experiments to GENE
3/-SL in milk LTP was lower (p < 0.05) in GENE + MILK
mice compared to MILK
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
Social di . (p <0.01)
° ocla 1s;g};{thn duced 6'-SL and 3'-SL mice resulted in
ztrfiisesg—l(ik o b)ez_l:lgv?c)cre significant taxonomic shifts at phylum
assessment. and genus levels (p < 0.05)
e CON: AIN-93G e  Open field and SDR changed microbial beta-diversity in
Mice: semi-purified Light/Dark CON mice (p <0.05) ]
6-8 weeks laboratory mouse diet preference test SDR d}d not m.duce shifts in microbial [51]
old e 6-SL:CON+5%6-SL e  ELISA for serum beta-diversity in 6'-SL (p = 0.138) and
° 3/-SL: CON + 5% 3'-SI, corticosterone 3'-SL (p = 0.077) mice

Microbiota sequencing
Brain cell proliferation
and immature neuronal
assessment

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)
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Table 4. Cont.

Gestation Diet Analysis Outcome Ref.
MILK and GENE + MILK mice increased
(p = 0.015) general locomotion in
adulthood
Only CTRL mice showed a preference for
e Maternal behavior novel objects in the NOR test.
ia:ssessn}er%t MILK mice had impaired spatial memory
Genotyping ° Noeiig?:leezvgli) mental retention compared to CTRL mice
e WT wild type milestones F %E%OZ) : :
e KO: knock-out for the e NOR mice required more trials for the
e 3 CD phase compared to CTRL (p = 0.0218)
gene synthesizing ° T-maze test o
6/-SL e TPI and GENE (p =0.0041) )
) e  Barnes maze GENE + MILK mice required more trials
Diets e  General locomotion for the CD phase compared to GENE
. CTRL: WT offspring e  Attentional set-shiftin: (p =0.023) ' )

PI\I@]CDQ(,) with 6/-SL in milk ta’;tlf f(t);)efecs’s’:i\ie ting MILK mice required more trials for the [64]
MILK: WT offspring functions IDS phase compared to CTRL (p = 0.003)
without 6/-SL in milk e  Electrophysiology and GENE (p = 0.017) )

° GENE: KO offspring experiments for LTP MILK mice required more trials for the
with 6’-SL in milk assessment EDS phase compared to CTRL (p = 0.008),
e  GENE + MILK: KO e Gene expression (C-iEl\TOEO(Op6)= 0.0005), and GENE+MILK
Offopring without , onalyses ETRL and GENE mice showed PPI, but
e Microbiota analyses MILK and GENE + MILK mice failed to
° Brain Neu5Ac exhibit PP .
uantification 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
6'-SL rats showed more PSA-NCAM in
the frontal cortex at weaning compared to
NeuSAC (p = 0.012) and CON (p = 0.042)
e HPLC for SA content 6'-SL rats had improved LTP in male rats
determination at one year compared to CTRL (p < 0.05)
s CON:BF+ water ¢ estern blotting 6/'-SL (p = 0.0352) and Neu5Ac (p = 0.0304)
° Egﬂgz‘g tgli;; r&iece measurement rats displayed longer exploration time in
Rats: natural Sia level in ° Classical behavioral tests NQR at one year ,
PND 3 rat milk . NOR Higher percentage of 6'-SL (p < 0.0001) [55]

e  6/-SL: BF + free 6/-SL
to mimic natural Sia
level in rat milk

Y maze with

blocked arm
IntelliCage® Protocol for
spontaneous and
learning behavior

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 NeuSAC rats

Higher percentage of 6'-SL (p = 0.0483)
and NeubAC (p = 0.0237) rats had better

performance in IntelliCage® test
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Table 4. Cont.

Gestation Diet Analysis Outcome Ref.
Genotyping
e  WT: wild type
e dKO: )
double-knock-out for Experiment 1:
milk reduced m 3'-SL e  MILK and GENE + MILK groups showed
and without 6'-5L. reduced spontaneous alternation in
Diets—Experiment 1 T-maze compared to CTRL and GENE
e  CTRL: WT offspring milk (p = 0.005)
with WT BF e All groups except for the MILK group
° MILK: WT offspring showed significant preference (p = 0.015)
with dKO BF e NOR e All groups showed reduced long-term
° GENE: dKO offspring . T-maze spatial memory in the Bernes maze
with WT BF e  Bernes maze compared to CTRL (p = 0.01)
Mice; ° GENE + MILK: KO ° PPI ° CTRL and GENE groups showed intact [68]
PND O offspring with dKOBF ¢ Attentional set-shifting PPI, while MILK and GENE + MILK
Diets—Experiment 2 task groups failed to o
N CTRL-H20: WT ° Glucose tolerance test ° MILK subjects need more tr?als in the SD
. . and CD phases of the attentional
offspring with WT hifti
BE-+water set-shifting task compared to CTRL
e  MILK-H20: WT (p<0.05)
offspring with dKO BF Experiment 2:
+ water e  No differences were observed for all
e CIRL-SL:WT behavioral tests between
offspring with WT BF treatment groups.

+ 3'SL-6'SL solution

° MILK-SL: WT
offspring with dKO BF
+ 3'SL-6'SL solution

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; BE, 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
«2,3-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
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versus 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 HyO) 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 H,O 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.
FL resulted in a larger (p = 0.046) relative volume
in the pons region
B. infantis Bi-26 resulted in smaller (p < 0.05)

¢ CON: SMR absolute volume in the corpus callosum, left and
supplemented right internal capsules, left and right
with 0.532% putamen-globus pallidus, left caudate, left cortex,
Term pigs; ?]f-tc()jsgN 0532 ® gIOR MR lateral ventricles, and medulla; and smaller
PND 2 e s tU2027 e tructura (p < 0.03) relative volume of the left and right [67]
2-FL e DI putamen-globus pallidus.
e BLCON+10° No effects of FL and Bi-26 on novel
CFU/pig/d Bi-26 recognition memory
e FLBLFL+BI 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
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
CON: SMR after 48 h delay (p = 0.001)
OF: Control + e NOR OF showed higher (p = 0.022) novel object visit
5g/L e  Structural MRI frequency than CON after 1 h delay
Term pigs; Oligofructose (OF) o  DTI OF +2 —EL ha}d increased (p = 0.038) sample object
PND 2 +0g/L2/-FL e MRS exploration time through trial compared to CON  [60]
e OF+2-FL: e Hippocampal OF and OF + 2'-FL had increased (p = 0.019)
Control +5 g/L gene expression olfactory bulbs relative volume compared to CON
OF +1g/L2-FL OF showed lower hippocampal mRNA
expression of DRD3, GABBR1, HDAC5/8,
NCAM]1, and CHRM2 (all p < 0.045) compared
to CON
OF + 2/-FL had higher hippocampal mRNA
expression of DRD3, GABBR1, HDACS5, and
NCAM1 (all p < 0.045) compared to CON
HMO showed recognition memory after a 1-h
e CON:SMR delay (p = 0.038)
e BMOS: CON + BMOS + HMO showed recognition memory after
124g/LBMOS 0 op 48-h delay (p = 0.045)
e HMO:CON + e  Structural MRI CON and BMOS + HMO showed similar absolute
. '-FL + : :
Term pigs ég g/ E Oi i NnT e DTI and relative volumes of caudate, lateral ventricles
PND 72 S5g/Lo n e MRS and pons as HMO and BMOS [61]
e BMOS+HMO: e Hippocampal HMO and BMOS+HMO had larger relative
C%T/I‘g)éyl g/L gene expression cortices and corpus callosum compared to BMOS
o +
1.0 g/L of 2'-FL + Eﬁf; o ;
and BMOS downregulated many genes in
0.5g/L of LNnT the hippocampus, whereas BMOS + HMO

upregulated many of the same genes

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.
2/-FL evoked larger LTP compared to CON
) ) (p < 0.05) at six weeks and one year
Invivo LTP at six 2'-FL spent longer time exploring the novel
CON: BF + 1 g/kg wgeks in the ; object than the familiar object (p = 0.03)
body weight of water hlppocampusl or 2'-FL spent longer time exploring objects
Rats: 2'-FL group: Spra}gue—Daw ey rats compared to CON at 1 year (p = 0.0475)
PND,3 BF + 1 g/kg body In Vivo LTP at 1 year 2'-FL showed lower latency to the novel [53]
weight of 2/-FL per for Lister Hooded rats arm in the Y maze compared to CON at
day NOR one year (p = 0.0331)
Y maze 2'-FL had a higher percentage of rats that
MWM visited the novel arm as the first choice in
the Y maze compared to CON at one year
(p = 0.0138)
CON: AIN-93G 3'-SL + 2/ -FL‘females had decreased VAT
nutritionally RNA extraction DAT expression (p = 0.032) compared to
complete diet and cDNA CON females
3/.SL: Control + qPCR 3 -SL+ 2/-FL f'emales had increased NAc
Rats; 0.625% wt/wt 3'-SL Protein extraction and leptin expression (p < 0.05) compared to
PND21 2/-FL: Control + quantification for NAc CON females [62]
0.625% wt/wt 2/-FL and VAT tissue Male CON rats had lower DAT expression
3/-SL+2'-FL: Control + Western blot (p = 0.039) had higher GhrelinR (p < 0.05)
0.625% wt/wt 3'-SL + procedure and leptin (p < 0.05) expression than females
0.625% wt/wt 2/-FL Male rats had lower NAc leptin expression
(p = 0.047) than females
. 10% 2'-FL results in less weight gain
LE:10% kgal as fat CCK sensitivity (p < 0.001) with the HF diet compared to
research diet assessment the HF
HF: 45% kcal as fat o/ 0! ;
¢ OGTT 10% 2'-FL decreased food intake (p < 0.05)
E;ef Or cl; ,dllzit_ HE RNA extraction and compared to HF
N o e + . quantitative RT-PCR 10% 2'-FL suppressed (p < 0.01) the increase
98.4% purity 2°-FL 1% Immunofluorescence in fat mass resulting from HF
Mice: (w/ U)O , Histology 10% 2'-FL restored the CCK-induced
o HF 2% 2 'I_SL: }/IF + Hepatic lipid inhibition of food intake for HF mice
6-week 98.4% purity 2/-FL 2% [59]
old accumulation (p <0.05)
(w/v) assessment 10% 2'-FL resulted in compositional changes

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)

Blood analysis for
LPS-bind protein
Microbiota DNA
sequencing
Metabolomic analysis

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 PPARy gene expression
induced by HF
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Table 6. Cont.

Gestation Diet Analysis Outcome Ref.
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 PPARy gene expression
induced by HF
HF/2/-FL downregulated (p < 0.001) the
Y-maze SREBP-1c gene expression compared to
Open field test for LE/2/-FL
general locomotion 2/-FL decreased the size of adipocytes in
NOR visceral adipose tissues compared to control
OGTT for both LF (p < 0.01) and HF
LF/CON: 10% kcal as Barrier function (p < 0.05) group
fat diet assessment 2'-FL decreased intestinal transcellular
Mice. HFf/ CC?N: 45% kcal RNA extraction and permeability (p < 0.01) in HF group
. 1’(_ as at/ let quantitative RT'PCR 2'-FL decreased intestinal para- (p < 0.05) 66
wee LF/2'-FL: LF/CON + Immunohistochemistry and transcellular (p < 0.05) permeability in [66]
old 10% 2'-FL (w/w) Histology the LF group
HF/2'-FL: HF/CON + Hepatic lipid 2/-FL increased IL-22 gene expression that
10% 2'-FL (w/w) accumulation regulates epithelial homeostasis in the ileum
Microbiota DNA for both LF (p < 0.05) and HF
sequencing ) (p < 0.05) group
165 metagenomic HF/2/-FL restored vagally-mediated
analysis gut-brain signaling integrity compared to

Metabolomic analysis

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

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; PPARy, 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.

é\g:t‘;’irtrilg}‘ HMO Assessment ?%;Lr;?‘:ﬁs Tests Outcome Ref.
° Positive association (p = 0.002)
Complete between 3'-SL level and ELC
expression of e Infantage at milk ZCOI‘ES of early learning in
HM collected collection —te.t?a posmv.e group
by pump from e  Milk collection site e  S(MSEL) Positive association bgtween
At lgzalslt BF the right breast. and batch . Early learning 3'-SL level and receptive
partially BF at HMOS e Multiple comparisons composite (p = 0.015) and expressive [70]
the study visit quantified with corrected with (ELC) score (p = 0.048) language scores in
LC with Holm-Bonferroni A-tetra positive group
fluorescence method Interaction effect (p = 0.03)
detection between 3/-SL level and age for
receptive language scores
A-tetra positive group
Maternal pre-pregnancy BMI
Complete negative predicted (p = 0.03)
expression of ° Maternal secretor infant cognitive
. . HM collected status devel t
Hispanic after 1.5 h ° Maternal age at /eve opment score
mothers with fasting by delivery 2'-FL at one month (p < 0.01),
pre-pregnancy pump from one ~ ® Education level Bayley Scales of LNH (p < 0.02) and FLNH
normal or breast. . Infant sex Infant Development < Q-Ozziat ?1;‘1 ?_orﬁths. V\;ere [69]
overweight HMOS o Infantage (Bayley III) associate dw1tl igher infant
Exclusively BF g . : . cognitive development score
- uantified with Infant birth weight N
for six months q N dqf DSLNT at one month (p = 0.02)
HFLC'IlVIS and ° ot corrected for and LSTb at six months
Htl iré‘ar g multiple comparisons (p < 0.01) were negatively
standards associated with infant cognitive
development scores
Positive association (p = 0.041)
between 6'-SL and composite
cognitive scores in infants at
18 months when adjusted for
HM collected J
b efof: a:c:1 zft er GWG, maternal IQ and
Study groups: each feed . GWG education, and study groups
Healthy throughoutone o Maternal IQ Positive association between
normal weight da € . 6'-SL and composite cognitive
o ioht y ° Maternal education
verwelg HMOS o Studv eroups Bavlev Il scores (p = 0.019) and motor
Obese quantified with P y group BMI ayley scores (p = 0.043) in infants at (71]
GDM UHPLC- ° repregnancy 18 months when adjusted for
No o MS,/MS and e Not c.orrected for' prepregnancy BMI and
information is 2"-FL/6/-SL multiple comparisons study groups
available on BF external Positive association between
standards

2’-FL and motor scores

(p = 0.041) in infants at six
months when adjusted for
prepregnancy BMI and
study groups
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Table 7. Cont.

Maternal

Covariates

Condition HMO Assessment Adjusted Tests Outcome Ref.
° Maternal age
Complete . Pregravid BMI
expression of ° Self-perceived income
HM by manual ~ ® Educational level
) breast pump ° Tobacco use ° Positive association (p = 0.009)
Exclusively BF from one breast  ® Number of previously Ages and Stages between LNFP-III content and
for seven HMOS and SA breastfed children Questionnaire (ASQ) total ASQ scores at two years [74]
weeks quantified with ~®  Course of pregnancy old for infants born to
LC and and delivery process secretor mothers
fluorescence e Multiple comparisons
detection corrected with
Benjamini-Hochberg
procedure
onal Negative associations between:
HM collected ° gif}tlahona ageat . LNT and risk of inadequate
manually by N GWG deyelopment for personal-social
Health hand ° Prepregnancy BMI skills (HR = 0.06) and. >2
wg?neny HMOS ° Maternal age Brazilian Ages and developmental domains
0 quantified by M Parity Stages Queégtionnaire (FIR = 0.06) ; [73]
]6513 {:sively BE HPLC with e Mode of BF at one (ASgQ BR) ° LNT and risk of inadequate )
t one month fluorescence month development for personal-social
2 detection and e  Multiple comparisons skills (HR = 0.09) and >2
internal corrected with developmental domains
standards Benjamini-Hochberg (HR = 0.05) in secretor
procedure mothers only
. Positive association between
HMO 5311a and motor skills
(p = 0.003)
° Maternal age . Negative association between
*  Maternal height HMO 5130a and language at
e  Maternal BMI 18 months (p = 0.002)
® Parity ) ° Motor ° Positive association between
° Education development total fucosylated (p = 0.007) and
e Food security (Kilifi total sialyated (p = 0.033) HMOS
e HIVstatus Development relative abundances and
HM was e  Hemoglobin Inventory language at 18 months in infants
collected ° Household assets ° Language of secretor mothers
manually for a ° Residential location development e  Negative association (p = 0.003)
imgli full e  Infant sex %MtacArthur— between 6'-SL and walking at
reast. ° Season of milk ates . 12 months in infants of
Women from HMOS absolute sample collection g‘%nmumca- secretor mothers
the .lthNS razﬁgiagfe by ° Family Care Indicator Development ° Positive association (p = 9-049)
Iﬁfg]ec chip, time-of- Score (only for Tnventory) between LNnT and walking at [72]
information is flight MS with de\t/elopme?tleg | e  Socioemotional igcl;’éct)g;ﬁ(l)l’:hﬁ'fsams of
available on BF outcomes at 16 mos devel t B ot
ié?;?‘?éds or e  Child’s mood, activity (Ifr‘(])iii)ep(r)lfqen e  Positive associations between
abundance level, and willingness Social and F-LSTe (p = 0.004) and DFLINnO
where to interact with the Emotional {Ig(p = Oﬂ(i44) an(f:l II}:OtOfI' skills at
standards are tester (only for motor Development) SECI:;?(I}I' nﬁ (])l’:hlgr San SO
not available. develop- ) e Working e  DPositive associations between
ment/executive memory and DFLNHa (p = 0.02) workin
function and working executive p=" . 8
memory model) function memory and executive function

Multiple comparisons (A-not-B task)
corrected with
Benjamini-Hochberg

method

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
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Table 7. Cont.

é\git;’irggi HMO Assessment CA’&’;&;‘;SS Tests Outcome Ref.
Qestational age at Analyses with exclusively
R/l[rth Led ) The Behavior breastfed infants:
poamal education Rating e  Higher 2"-FL (p = 0.02) and
e  HM collected Parent(s) executive Er;(\éecrlllt(i)\l;}e, 0 gr(iuped fucosylated HMOS
Healthy manually or functioning Function- (p = 0.03) were associated with
mothers in the with a breast Sample-to-sample Preschool higher executive functioning at
Netherlands pum variations Version three years old (REEF) (76]
714% e HMOS Estimated daily milk (BRIEF-P) Analyses including partially
Exclusively BF quantified by intake Ratings of breastfed infants:
for 12 weeks UPLC-MS and Proportion of human Everyday Higher levels of d
HPAEC-PAD . . . . igher levels of groupe:
milk feeding Executive ialvl -
. . Functionin sialylated HMOS (p = 0.05) were
Multiple comparisons bl 8 associated with worse executive
corrected with (REEF) functioning (BRIEF-P)
Bonferroni
adjustments

At one month postpartum:

Negative associations between:

e  2/-FL and FA values in the
cortex (p = 0.001)

e  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)

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

Positive associations between:

° S%?gf:;i? Prepreganancy BMI ° 2'-FL and MD values in the
pump for a Postmenstrual age at posterior cortical gray matter,
Healthy cingle full the time of MRI scan posterior white matter, and
Ifﬁﬁt}tf;; with br e%st Infant birthweight MRI subcortical gray matter nuclei
singleton birth  ®  HMOS isolated Infant sex . Rg{ (all p <0.01) ) ) [75]
Exclusively BF with high- Multiple comparisons e  3-FL and FA values in the white
h throughput SPE corrpctgd .w1th o matter throughout the frontal,
atone mont and quantified Benjamini-Yekutieli temporal, parietal, and occipital
with%\/IS procedure lobes, and left IC and right aCR

(all p < 0.05)

e  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

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
graphitized 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-IlI) at 24 months-of-age. The Bayley Il 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 con-
centrations 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 informa-
tion 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
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infant 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 (}3C) 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 1*C-labelled 3'-SL (**C-3/-SL) and '3C-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.
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Abstract: The advantages of human milk feeding, especially in preterm babies, are well recog-
nized. Infants” feeding with breast milk lowers the likelihood of developing a diverse range of
non-communicable diseases later in life and it is also associated with improved neurodevelopmental
outcomes. Although the precise mechanisms through which human milk feeding is linked with
infants” neurodevelopment are still unknown, potential epigenetic effects of breast milk through its
bioactive components, including non-coding RNAs, stem cells and microbiome, could at least partly
explain this association. Micro- and long-non-coding RNAs, enclosed in milk exosomes, as well as
breast milk stem cells, survive digestion, reach the circulation and can cross the blood-brain barrier.
Certain non-coding RN As potentially regulate genes implicated in brain development and function,
whereas nestin-positive stem cells can possibly differentiate into neural cells or/and act as epigenetic
regulators in the brain. Furthermore, breast milk microbiota contributes to the establishment of
infant’s gut microbiome, which is implicated in brain development via epigenetic modifications and
key molecules’ regulation. This narrative review provides an updated analysis of the relationship
between breast milk feeding and infants’ neurodevelopment via epigenetics, pointing out how breast
milk’s bioactive components could have an impact on the neurodevelopment of both full-term and
preterm babies.

Keywords: epigenetics; human milk; neurodevelopment; miRNAs; long non-coding RNAs; stem

cells; microbiome

1. Introduction

Almost fifty years ago, the international scientific community believed that a person’s
health and the expression of non-communicable diseases was solely a matter of that individ-
ual’s gene pool, which was not influenced by external factors. However, primitive genetic
patterns could not explain the explosive increase in cancer and other non-communicable
metabolic disorders [1]. Barker’s hypothesis provided a revolutionary answer to this issue.
Based on the observation that coronary heart disease, obesity and type 2 diabetes had
a higher incidence in the poorest areas of England, Professor Barker was able to link low
birth weight and poor prenatal conditions to adult disease [2]. The fetal origins of adult
disease (FOAD) hypothesis of Professor Barker holds that the embryo’s genome exhibits
developmental plasticity [3]. Stressors, such as malnutrition, may remodel the embryos
genome in order to prepare it for adverse extrauterine conditions, thus allowing a sin-
gle genotype to produce multiple phenotypes depending on intrauterine conditions [4].
Over the following years, the FOAD was extended to “the Developmental Origins of Health
and Disease” (DOHaD) hypothesis, which suggests that environmental exposures during
early life, in both prenatal and postnatal period, can permanently influence health and the
vulnerability to disease in later life by “programming” the phenotype without altering
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the genotype [5-8]. This programming process involves heritable changes in gene expres-
sion, which are mediated through epigenetic modifications such as DNA methylation,
histone modification, and the activation or silencing of genes associated with non-coding
RNAs [6,9,10]. These epigenetic mechanisms are suspected to play a crucial role in develop-
mental programming [11]. Maternal stressors such as obesity or malnutrition, smoking and
diabetes, among others, are known triggers for epigenetic modifications in the offspring [6,12].

The majority of human development occurs in the first 1000 days starting from con-
ception. This time period of perinatal programming is considered critical in determining
further development and health [13,14]. Postnatally, human breast milk is known to re-
duce the probability of expression of a wide variety of non-communicable diseases [15,16].
Breast milk may modify the epigenetic mechanisms of the infants and influence their
health intergenerationally [17,18]. It is hypothesized that breast milk promotes epigenetic
modifications via its bioactive components, including growth factors, microbiota, stem cells,
micro-RNAs (miRNAs) and long-non-coding-RNAs [16,17,19,20]. Several studies have also
shown that breast milk feeding, especially with mother’s own milk, is associated with
improved neurodevelopmental outcomes in both full-term and preterm infants [21-23],
whereas longer duration of exclusive breastfeeding has been linked to higher intelligence
quotients [24] and improved cognitive development [25,26]. A positive impact of breast
milk feeding on structural brain development in preterm babies has been demonstrated
using brain magnetic resonance imaging (MRI) [27].

The underlying mechanisms that explain the connections between the consumption
of breast milk—particularly the mother’s own milk—and the subsequent neurodevel-
opmental outcomes, especially in the vulnerable population of very-low-birth-weight
(VLBW, <1500 g) infants, have not yet been clarified. The potential epigenetic effects of
human milk could mediate the associations between breast milk feeding and brain devel-
opment/neurodevelopment. Interestingly, Xu et al. have recently demonstrated that the
percentage of the mother’s own milk intake during the hospital stay of VLBW infants was
linked to changes in DNA methylation (DNAm) patterns of genes related to neurodevel-
opment at 5.5 years of age. Certain DNAm variations were associated with differences in
brain structure and intelligence quotient (IQ) [28].

In this article, we discuss the potential epigenetic role of miRNAs and long non-coding
RNAs, stem cells and microbiome of human milk on infants’ neurodevelopment.

2. Methods

For this narrative review, a literature search was conducted using the databases
PubMed, Medline, ScienceDirect and Google Scholar (last accessed on 4 August 2023).
Specific keywords such as breast milk, epigenetics, non-coding RNAs, miRNAs, long
non-coding RNAs, stem cells, microbiome, brain development, neurodevelopment, infants,
and preterm birth or prematurity were used. The inclusion criteria were as follows: all
types of articles, articles published in PubMed, and studies using both humans and animals.
Articles not written in the English language, or for which full text was not available, or
were grey literature were excluded. From the articles retrieved in the first round of search,
additional articles were identified via a manual search among the cited references (Table 1).

Table 1. Characteristics of the included studies.

Preclinical Studies

Sources Type of Articles NO.' of Hum.an (Mice, Pups, Rats,
Articles Studies . .
In Vitro, In Situ)

PubMEd Research articles 64 52 12

Medline
ScienceDirect Reviews 58
GoogleScholar

Total 122
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3. MiRNAs

A number of recent publications have demonstrated that human milk contains com-
ponents recently described as extracellular vesicles (EVs) [29]. Extracellular vesicles is a
term for all phospholipid bilayer-enclosed particles that are released by cells into their
environment and include exosomes and microvesicles [29]. Exosomes carry bioactive sub-
stances like proteins, DNA, messenger RNA (mRNA) and miRNAs [29,30]. Breast milk
exosomes, being resistant to digestion [31], are able to transport their cargo and miRNAs to
peripheral tissues via the systemic circulation and facilitate the epigenetic programming of
various tissues and organs [20]. For this reason, they are considered important signaling
molecules (signalosomes) between mother and child [20,32]. Since exosomes are also able
to cross the blood-brain barrier, it is possible that the positive impact of breast milk on
neurodevelopment is associated with miRNAs’ activity [33].

MiRNAs are small, single-stranded, non-coding RNA molecules containing 18 to
25 nucleotides. MiRNAs are also found in plants, animals and viruses, among others [34],
and they are capable of controlling up to 60% of gene expression [35,36] by inhibiting
mRNA translation into protein. These particles are, thus, involved in post-transcriptional
gene regulation [37-39]. Breast milk has been categorized as one of the biological fluids that
possesses a high concentration of miRNAs encapsulated in exosomes or as free molecules,
with more than 1400 distinct miRNAs identified [36,40]. Not only is human milk highly
enriched in miRNAs, but it has also the highest concentration of miRNAs compared to other
body fluids, including plasma [20,40]. While previous research was focused on analyzing
miRNAs in the skim fraction of breast milk, recent studies investigating the lipid and cell
fractions of milk have revealed a larger quantity and diversity of miRNAs compared to the
skim fraction [36]. A systematic review of 30 studies on non-coding RNAs of human breast
milk showed that 10 miRNAs, including miR-148a-3p, miR-30a-5p, miR-30d-5p, miR-22-3p,
miR-146b-5p, miR-200a-3p, miR-200c-3p, let-7a-5p, let-7b-5p and let-7f-5p, were the most
abundant miRNAs in all breast milk fractions examined [19].

Several factors have been identified to affect the miRNAs’ composition of breast milk.
For example, there is evidence that the miRNAs’ concentration in human milk is influenced
by the stage of lactation. Hatmall et al. reported that the total concentration of miRNA in
colostrum was significantly higher than that of mature milk [40]. Similarly, Xi et al. found
that the concentrations of let-7a and miRNA-378 were higher, whereas the concentration of
miRNA-30B was lower, in colostrum than in mature milk [41]. On the contrary, in another
study, similar levels of let-7a, mi-R16, miR-21, miR-146b, miR-181a, miR-150, and miR-
223 were found across various lactation stages [42]. Differences have also been observed
in species and in the expression of several miRNAs between fore- and hind-milk [18].
Although the majority of known miRNAs were identified in both pre- and post-feed milk,
a number of miRNAs were found to be specific to pre-feed (n = 159) or post-feed milk
(n = 180); none of the pre-feed milk-specific miRNAs was found in any post-feed samples,
and vice versa [43]. Interestingly, freezer storage at —80 °C did not affect the variations in
miRNAs of breast milk, indicating their stability [18].

In addition, maternal conditions such as diabetes mellitus, overweight or obesity,
diet or even psychosocial factors and stress can influence the human milk miRNAs.
In a study conducted by Shat et al., the levels of miRNA-148a, miRNA-30b, miRNA-
let-7a, and miRNA-let-7d were found to be lower in the milk of mothers with gestational
diabetes mellitus [44]. Aberrant levels of several miRNAs have also been detected in breast
milk of mothers with type 1 diabetes [45]. Furthermore, in a study from Kupso et al.,
the expression of the majority (374 out of the 419) of miRNAs analyzed in human milk
extracellular vesicles was found to correlate negatively with maternal BMI [46]. Similarly,
Shah et al. showed that the exosomal content of breast milk in selected miRNAs, such as
miR-148a and miR-30b, was lower by 30% and 42%, respectively, in overweight/obese
mothers in comparison with a normal-weight control group [47]. In another study, 19 miR-
NAs including miR-575, miR-630, miR-642a-3p, and miR-652-5p, which are associated
both per se and by their target genes with neurological diseases and psychological disor-
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ders, were differentially expressed in breast milk exosomes of obese nursing mothers [48].
Concerning maternal diet, animals fed an obesogenic dietary pattern exhibited higher
concentrations of miR-222 and lower levels of miR-200 and miR-26 compared to the control
group [49]. In humans, the expression of novel miRNAs, specifically miR-67 and miR-27,
was increased in milk fat globules of women following a high-fat diet compared to those
following a high-carbohydrate diet with similar calorie and protein content [50]. Addition-
ally, maternal lifetime stress and negative life events during pregnancy were associated
with the detection and expression of certain miRNAs in breast milk, such as hsa-miR-96-5p
and hsa-miR-155-5p, which may be related to stress, postnatal development, and cognitive
function of the offspring [51].

Concerning the association between breast milk miRNAs and improved infants” neu-
rodevelopment, there is evidence that several miRNAs of breast milk, such as let-7a,
miR-15b miR-21, miR-29b, miR-30, miR-132, miR-138, miR-148, miR-210 and miR-574,
among others, may play important roles in brain development and function [52]. For
example, let-7 miRNAs are highly expressed in the developing mammalian brain and
regulate neural cell proliferation and differentiation [53-55]. Furthermore, Walgrave et al.
have demonstrated that introducing miR-132, an miRNA existing also in human milk [52],
into the hippocampus of adult mice with Alzheimer’s disease restores adult hippocam-
pal neurogenesis and improves memory deficits associated with the disease [56]. These
findings highlight the potential therapeutic value of targeting miR-132 in addressing neu-
rodegeneration. Similarly, studies in animals and humans have shown that miR-148a,
which is one of the most abundant miRNAs in human milk exosomes [19], is involved
in many cellular pathways, regulates neural development and exerts neuroprotective ef-
fects [18,57]. Moreover, researchers have found that several miRNAs are linked to autism
spectrum disorder and may be used as potential biomarkers both for the diagnosis and
prognosis of this disorder [58]. The neuroprotective effect of selected exosomal miRNAs,
such as miR-21, miR-29b, miR-30 and miR-138, which can also be present in human milk,
was also discussed by Nasirishargh et al. in a review article [59]. The neuroprotective effects
of these miRNAs are exerted by promoting neurogenesis, neurite remodeling and survival,
and neuroplasticity [59]. Especially regarding neuroplasticity, many miRNAs are involved
in synaptic plasticity [60], whereas several human milk exosomal miRNAs are implicated
in the gene regulation of brain synapses and in synaptic vesicle trafficking [61]. It is worth
mentioning that almost half of miRNAs with possible effects on synaptic development
in mammals were found to be present in the top 288 miRNAs identified in human milk
exosomes [62].

Although there are studies showing that the majority of miRNAs expressed in term
milk are also present in preterm milk (derived from mothers with term and preterm birth,
respectively) [63,64], differences in several miRNAs have been reported between preterm
and term breast milk [63,65]. For example, Shiff et al. noted higher levels of miR-148 and
lower levels of miRNA-320 in both the skim and lipid fractions of colostrum samples of
preterm compared to term breast milk [65]. There is also evidence that the expression
patterns of nine miRNAs (miR378a-3p, miR378¢c, miR-378g, miR-1260a, miR-1260b, miR-
4783-5p, miR-4784, miR-5787, and miR-7975) in lipid and skim fraction of preterm breast
milk exhibited variations compared to those in term breast milk. The targeted genes of
these miRNAs were functionally associated with elemental metabolism and lipid biosyn-
thesis [63]. In the same study, it was also demonstrated that a total of 113 miRNAs exhibited
significant differences in expression between the lipid samples of term and preterm breast
milk. Among those, 68 miRNAs showed downregulation in the preterm breast milk lipid
fractions, while 45 miRNAs displayed upregulation [63]. Studies in animals also provided
evidence that the exosomal content of human preterm breast milk has the potential to en-
able tissue healing in preterms with intestinal inflammation and protect against necrotizing
enterocolitis [66]. Recent evidence has also shown significant differences between preterm
and term human breast milk exosomes in several miRNAs associated with brain develop-

221



Nutrients 2023, 15, 3614

ment and neurodevelopment including miR-3196, miR-1249-3p, miR-7847-3p, miR-1908-3p
and miR-23b-3p, among others [61]. Further research in this area is needed.

Overall, these findings show that miRNAs, which are well-established epigenetic
modulators, are abundant in human breast milk and they are influenced by several factors
relevant to lactation per se, maternal health and disease and preterm birth. They can
reach the brain by crossing the blood-brain barrier, whereas several of them possess
neuroprotective effects and can regulate the expression of genes implicated in infants” brain
development and function (Figure 1).
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Figure 1. Potential mechanisms through which breast milk miRNAs and IncRNAs may be implicated
in brain signaling cascade of breastfed infants. Mammary gland cells produce and release exosomes
into the breast milk. Exosomes are taken up by the infant’s intestinal cells and are capable to cross the
blood-brain barrier. Once inside brain cells, exosomes release their cargo (including miRNAs and
IncRNAs). MiRNAs target mRNA and this binding results in modulation of gene expression. LncR-
NAs can interact with near protein coding genes and this interaction may involve cis-regulation of
nearby genes or trans-regulation of genes in distant regions. Illustration created with BioRender.com
accessed on 16 August 2023.

4. Long Non-Coding RNAs

In addition to miRNAs, breast milk also contains other types of regulatory non-
coding RNAs, such as long non-coding RNAs (IncRNAs). Long non-coding RNAs are
RNA molecules that are typically composed of at least 200 nucleotides [67]. They are often
formed through the splicing of two or more exons derived from genomic regions located
near protein-coding genes [19].

LncRNAs have a crucial role in processes such as neurogenesis, synaptogenesis,
and the development of the brain (Figure 1). The utilization of high-throughput technologies
has revealed their specific expression in distinct cell types, subcellular compartments,
and various brain regions [68,69]. Numerous IncRNAs exhibit expression patterns that
vary with age [70] and actively contribute to the determination of neural cell fate [71].
Given their involvement in these essential processes, any abnormal expression of these
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transcripts has the potential to lead to neurodevelopmental or neuropsychiatric disorders,
including, but not limited to, autism spectrum disorder and schizophrenia [71,72].

Karlsson et al. detected 55 IncRNAs (out of 87 screened) in human milk exosomes;
of them, 5 IncRNAs (CRNDE, DANCR, GAS5, SRA1 and ZFAS1) were found to be present
in more than 90% of milk samples. Many of the detected IncRNAs are known to have
important epigenetic roles in immune function and metabolism and are potentially related
to children’s development and health [73].

Additionally, Mourtzi et al. [74] screened 88 IncRNAs in breast milk exosomes and
showed that 13 IncRNAs were detected in more than 85% of milk samples, whereas 31 IncR-
NAs were detected in more than 50% of samples. In the same study, the expression of
IncRNAs was compared between preterm and term breast milk. Differential expression
analysis demonstrated at least two-fold differences in the expression of IncRNAs between
the two groups, with levels of IncRNAs being higher in term breast milk as compared to the
preterm one [74]. Interestingly, although the non-coding RNA activated at DNA damage
(NORAD) was abundant in exosomes in both preterm and term breast milk, its expression
was found to be significantly downregulated in the preterm milk exosomes. In previous
studies, NORAD is a IncRNA involved in the DNA damage response and repair pathway
and it is referred to as “the guardian of the human genome”. NORAD has been proven
to demonstrate a protective role in mitigating brain damage, cellular apoptosis, oxidative
stress, and inflammation induced by cerebral ischemia/reperfusion injury [75]. Its protec-
tive mechanism involves the regulation of miR-30a-5p and subsequent upregulation of
YWHAG expression [75]. It could be suggested that utilizing IncRNAs, especially NORAD,
isolated from human milk may offer a potential way to safeguard premature infants and
improve their neurodevelopmental outcomes.

Another IncRNA exhibiting specific expression patterns during brain development
and progenitor cell differentiation is the Sox2OT (Sox2 overlapping transcript). It has been
demonstrated that by suppressing the expression of Sox2OT in mice, sepsis-induced deficits
in hippocampal neurogenesis and cognitive function were improved. This improvement
was achieved through the downregulation of the transcription factor SOX2. Thus, inhibiting
the signaling pathway involving Sox20T and SOX2 may hold promise as a potential
therapeutic approach for treating or preventing neurological damage associated with
sepsis-induced encephalopathy [76]. However, it has not yet been studied whether Sox2OT
or factors inhibiting this IncRNA is/are present in human breast milk.

From the above, it is evident that, compared to miRNAs, IncRNAs of breast milk
have been much less studied to date and only from an immunological and metabolic point
of view. NORAD, referred to as “the guardian of the human genome” and shown to
have a neuroprotective epigenetic role, was found to be abundant in human breast milk;
however, it was downregulated in preterm compared to term human milk. Further studies
are needed to investigate human milk non-coding RNAs related to brain development and
neurodevelopment in full-term and preterm babies.

5. Stem Cells

Stem cells possess a remarkable capacity for both self-renewal, sustaining their un-
differentiated state, and differentiation into various cell types and tissues in specific con-
ditions [77-79]. In contrast, adult cells traditionally maintain their lineage commitment,
yet recent studies have revealed promising approaches to induce cellular plasticity, al-
lowing them to potentially transform into diverse cell types. This breakthrough holds
significant implications for cell-based therapies in the field of regenerative medicine [79].

The discovery of stem cells within human milk dates back to 2007 [80], highlighting
their presence in this unique fluid. Breastfeeding has long been recognized for its protective
effects against diseases that may arise later in life, although their precise mechanism remains
elusive. The presence of stem cells in both preterm and term human breast milk [81] offers
one potential explanation for these beneficial effects. Interestingly, in animal studies, breast
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milk stem cells survive digestion and enter into the circulation and the brain, where they
can be differentiated into neuronal and glial cells [82].

Stem cells from human milk contain both genetic material and bioactive molecules,
such as microRNAs, which can act as epigenetic regulators [83]. The beneficial effects of
breast milk stem cells may also be mediated through the paracrine action of exosomes re-
leased by these cells [84,85]. Moreover, by using the marker nestin, Cregan et al. identified
nestin-positive putative stem cells in human breast milk [80]. Nestin (acronym for neu-
roepithelial stem cell protein) is a marker for multipotent stem cells that can differentiate
into neural cells [86]. Indeed, Hosseini et al. [87] showed that human breast milk derived
stem cells can differentiate into neural lineages (oligodendrocytes, astrocytes, and neurons).
This differentiation capacity of milk stem cells offers valuable insights into the beneficial
effects of human milk on neurodevelopment. That discovery also indicates the potential
use of these cells as a suitable and easy source for cell replacement therapies targeting brain
diseases. Thus, breast milk stem cells, either through their differentiation into neural cells
or/and by acting as epigenetic regulators in the brain (Figure 2), seem to have opened up
new horizons in the explanation of the positive short- and long-term impact of human milk.
However, further research is required to elucidate their exact mechanism(s) of action after
breastfeeding and define the extent of their capabilities.
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Figure 2. Potential mechanisms through which breast milk stem cells may exert effects on brain
signaling cascade of breastfed infants. During breastfeeding, the infant ingests breast milk containing
stem cells, which may cross the blood-brain barrier. Once inside the brain, stem cells may release
bioactive molecules, such miRNAs, exerting epigenetic effects, and also differentiate into neural
lineages. Illustration created with BioRender.com accessed on 16 August 2023.

6. Microbiome

The microbiome, which encompasses the genomes of all microorganisms, symbiotic
and pathogenic, in a specific environment, has been extensively studied [88,89]. Previous
assumptions regarding the existence of bacteria in human milk attributed their presence to
contamination or mastitis [90,91]. However, during the early 2000s, research emerged re-
vealing the existence of commensal bacteria in human milk and provided evidence that the
DNA of these bacteria differed from that found on the surface of the breast skin, indicating
that they were distinct entities [92-94]. By using next-generation sequencing techniques,
it was found that half of the microorganism population was the same in all milk samples
composing the core bacterial microbiota (bacteriome) [95]. The predominant phyla reported
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in human milk are Proteobacteria, Firmicutes, Actinobacteria, and Bacteroidetes. When ex-
amining the genus level, the most abundant taxa include Bifidobacterium, Lactobacillus,
Streptococcus, Staphylococcus, Ralstonia, Bacteroides, Enterobacter, and Enterococcus,
among others [96,97].

The composition of breast milk microbiota may be influenced by various factors.
Among them, the impact of the stage of lactation on the composition of microbiota in breast
milk has been investigated in several studies [98-102]. Findings have been inconsistent,
with some studies reporting higher total bacterial loads in colostrum compared to mature
milk [98,99], while others have observed an increase in bacterial loads throughout the lacta-
tion period [100,101]. On the contrary, certain studies did not detect significant alterations
in bacterial numbers in breast milk samples collected within the first month after delivery,
suggesting stability in microbial composition during this early period [102]. These varying
results highlight the complexity and diversity of microbiota present in breast milk.

The complexity and diversity of breast milk microbiota have implications for under-
standing the influence of other factors on its composition. Probiotic administration during
pregnancy did not influence the composition of the microbiota of breast milk, according to
three separate studies involving participant sizes of 84, 125, and 20 women [97,103-105].
Similarly, the impact of smoking on the diversity and composition of the breast milk
microbiota was examined in a study involving 393 participants, revealing no significant
effects [96]. When considering milk expression methods, it was observed that using a breast
pump rather than manual expression was associated with lower bacterial richness in breast
milk; this could be attributed to the non-aseptic protocol used for milk collection [96].

Maternal factors, such as body mass index (BMI) and health conditions, like allergies
and celiac disease, can also influence the composition of the human milk microbiota. For in-
stance, women with higher BMI tend to exhibit a less diverse bacterial community in the
breast milk microbiota, along with higher total bacterial loads and increased abundance of
Lactobacillus in colostrum [106]. Nonetheless, it is important to note that in other studies,
no significant impact of BMI on the composition of the breast milk microbiota was ob-
served [96,107]. Moreover, it has been demonstrated that allergic mothers have significantly
lower counts of Bifidobacteria in their breast milk compared to non-allergic mothers, as
assessed using specific primers [108]. Similarly, women with celiac disease were found to
have lower relative levels of Bifidobacterium and Bacteroides in their breast milk [109].

A recent cross-sectional study was carried out to examine the correlation between the
milk microbiome and neurodevelopment, specifically focusing on head circumference-for-
age z-scores (HCAZ) in breastfed infants [110]. Significant differences in the milk microbiota
composition were found between infants with HCAZ > —1 SD and HCAZ < —1 SD at
both early (<46 days postpartum) and late stages of lactation (109-184 days postpartum).
The HCAZ > —1 SD group had a higher abundance of Streptococcus species associated
with human milk, while the HCAZ < —1 SD group, particularly at the late stage of lactation,
exhibited a higher abundance of differentially abundant taxa associated with environmen-
tally and potentially opportunistic species. These findings suggest a potential association
between the milk microbiome and brain growth in breastfed infants during lactation, ne-
cessitating, however, further investigation into the interplay between the human milk
microbiome and infant neurodevelopment [110].

The microbiome of breast milk shares common characteristics with the gut microbiome.
After the establishment of bacterial colonization in infants, the composition of intestinal
microbes becomes distinct and individualized [111]. While there is variability among
individuals, the majority of these microbes can be categorized into the following four main
phyla: Firmicutes, Bacteroidetes, Actinobacteria, and Proteobacteria [111]. This pattern
of phyla is also observed in the microbial composition of human milk [96,97]. A study
conducted by Pannaraj et al. showed that the bacterial communities of maternal milk
contributed to the establishment and development of the infant gut microbiome [112].
These results emphasize the significance of the microbiome of breast milk in shaping the
intestinal microbiome, including colonization with beneficial bacteria. Similarly, in the
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study of Solis et al., certain strains of bifidobacteria, which displayed identical genetic
profiles as determined via Random Amplified Polymorphic DNA analyses, were found
both in the breast milk samples of mothers and in the fecal samples of their infants taken at
several time points during the first 3 months after birth. This finding suggests that there is a
vertical transfer of specific bifidobacterial strains from the mother’s milk to the infant [99].

There is evidence that the gut microbiome during early life contributes to the estab-
lishment of epigenetic modifications and it is also associated with brain development
and neurodevelopment [113-115]. The colonization of the infant’s intestine after birth,
influenced by maternal flora, delivery method, early skin-to-skin contact, and neonatal
diet, results in specific epigenetic patterns that can influence the protective function of
the gut mucosa against future insults [116]. Furthermore, the gut microorganisms secrete
molecules which can reach the brain via the circulatory system after absorption and af-
fect the brain’s development (Figure 3), especially during sensitive periods (gut-brain
axis) [117]. Interestingly, in a recent study in a humanized mouse model, the aberrant gut
microbiome of preterm infants had negative effects on brain organization and maturation,
and brain metabolism, as well as on behavior and memory [114]. The connection between
the gut microbiome and brain function has led to investigations into its potential role in
neurobehavioral disorders, such as autism spectrum disorder (ASD), anxiety and attention-
deficit-hyperactivity disorder [118]. It has been reported that children with ASD have a
dysbiotic microbiome with an abundance of Bacteroidetes in feces [119]. The presence of
these bacteria in fecal samples could potentially explain the occurrence of gastrointestinal
symptoms in certain individuals with ASD [120,121]. As neurodevelopmental impairments
are often linked to the degree of prematurity, optimizing the microbial environment in early life
becomes crucial for promoting healthy neurodevelopment in this vulnerable population [122].
Considering that the maternal breast milk microbiome colonizes the infant’s gut and presents
similar species to the gut microbiome of the infants, it can possibly be extrapolated that
mother’s breast milk microbiome also has epigenetic influences and it is associated with
infants” brain function and neurodevelopment. The precise mechanisms through which the
breast milk microbiome carries out such effects on infants” brains remain to be elucidated.
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Figure 3. Potential mechanisms through which breast milk microbiota may exert effects on brain
signaling cascades of breastfed infants. Breast milk microbiome colonizes the infant’s gut and possibly
shares similar epigenetic influences on the infant’s brain. Illustration created with BioRender.com
accessed on 16 August 2023.
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7. Conclusions

This article discusses the impact of breast milk bioactive factors, such as microRNAs
(miRNAs), long non-coding RNAs (IncRNAs), stem cells, and the microbiome, on the
neurodevelopment of preterm-born children through epigenetic mechanisms.

MiRNAs, small RNA molecules that regulate gene expression, are abundant in human
milk and can be transferred to peripheral tissues through exosomes, which are resistant to
digestion and capable of crossing the blood—-brain barrier. These miRNAs, including let-7a,
miR-15b, miR-21, miR-29b, miR-30, miR-132, miR-138, miR-148, miR-210, and miR-574,
among others, play crucial roles in neurodevelopment. Additionally, human milk contains
IncRNAs, such as NORAD, which exhibit protective properties against brain damage,
oxidative stress, and inflammation. Stem cells, including neural stem cells, have also
been identified in breast milk, contributing to its beneficial effects on neurodevelopment.
Furthermore, the breast milk microbiome, composed of bacteria that seed and colonize the
infant’s gut, likely shares with the gut microbiome similar effects on infant’s epigenetics
and neurodevelopment. The comprehensive insights shared in this review aim to provide
clarity on the link between breastfeeding and the fundamental mechanisms driving the De-
velopmental Origins of Health and Disease (DOHaD) concept. By discussing the potential
contributions of bioactive elements in breast milk, such as miRNAs, IncRNAs, stem cells,
and the microbiome, to neurodevelopment through epigenetic processes, this study pro-
vides a compelling link between early life experiences and enduring health consequences
in both preterm- and term-born infants.
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Abstract: Early childhood caries (ECC) is a growing public health concern worldwide. Although
numerous systematic reviews have been published regarding the association between breastfeeding
and early childhood caries (ECC), the results remain inconclusive and equivocal. This systematic
review synthesises the evidence on the association between breastfeeding and ECC. Five electronic
databases and backward citation chasing were performed from inception until May 2023. A total
of 31 studies (22 cohort studies and 9 case-control studies) were included in this review. The meta-
analysis of the case-control studies showed statistically significant fewer dental caries in children
who were breastfed for < 6 months compared to those who were breastfed for >6 months (OR = 0.53,
95% CI 0.41-0.67, p < 0.001). There was a statistically significant difference in dental caries between
children who were breastfed for <12 months and those who were breastfed for >12 months (RR = 0.65,
95% CI 0.50-0.86, p < 0.002). Similarly, there was a statistically significant difference in dental caries in
children who were breastfed for <18 months compared to those who were breastfed for >18 months
(RR =0.41, 95% CI 0.18-0.92, p = 0.030). Nocturnal breastfeeding increases the risk of ECC compared
with no nocturnal breastfeeding (RR = 2.35, 95% CI 1.42-3.89, p < 0.001). The findings suggest
breastfeeding for more than 12 months and nocturnal breastfeeding increase the risk of ECC.

Keywords: breastfeeding; early childhood caries; preschool children; oral health; dental caries

1. Introduction

Oral health is the state of well-being of the mouth and its associated structures that
enable individuals to perform their essential functions without any pain or discomfort, as
well as maintain their psychosocial health [1]. About 3.5 billion people in the world suffer
from oral diseases, including dental caries [1]. Early childhood caries (ECC) is the most
common oral disease among children [2]. The American Academy of Paediatric Dentistry
(AAPD) defines ECC “as the presence of one or more decayed (non-cavitated or cavitated
lesions), missing (due to caries), or filled tooth surfaces in any primary tooth in a child
71 months of age or younger” [3]. Globally, 514 million children, constituting 43% of the
paediatric population, suffer from dental caries in their primary teeth [1]. Dental caries
among young children is a widespread issue, with 21% of American children aged two to
five years experiencing dental caries [4]. Similarly, a quarter of English children exhibit
dental caries before starting school [5]. Likewise, the Australian National Child Oral Health
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Study reported that 34.3% of children between the ages of five and six experience dental
caries in their primary teeth, with 26.1% of those cases left untreated [6]. The plight of ECC
in the developing world is worse. For example, in India, approximately one in two children
suffers from ECC [7].

Early childhood caries develops along the gingival (gum) margin as a white spot
lesion [8] and may progress quickly, resulting in health adversities such as toothache and
infection [5]. Furthermore, in severe cases of ECC, surgery and/or hospital admission may
be required for treatment, thus affecting not only the child but also the family [9].

ECC has a multifactorial aetiology [10]. ECC is strongly influenced by socioeconomic
status (SES) and is more prevalent in children from families with low SES and in developing
countries [7]. Other factors, such as a mother’s education, attitude towards oral health, the
presence of enamel defects, high levels of mutans streptococci, and feeding habits, increase
the risk of ECC [11]. Feeding habits such as breastfeeding [12] and the age at which free
sugars, including those naturally occurring in fruit juices or honey, are introduced, as well
as the frequency of their consumption, play a crucial role in the development of ECC [13].

The association between breastfeeding and ECC is one of the most debated risk
factors for ECC. Several studies have indicated that prolonged and exclusive breastfeeding
does not contribute to the development of ECC in preschool children [14-17]. However,
several other studies have reported that breastfeeding beyond 12 months and nocturnal
breastfeeding increase the risk of ECC. This conundrum has kept the association between
breastfeeding and oral health debatable and inconclusive. As a result, medical and dental
organisations provide different recommendations, as outlined below. The World Health
Organisation (WHO) recommends that all infants be exclusively breastfed for 6 months and
complementary breastfeeding continue for 2 years or more [18]. In Australia, the National
Health and Medical Research Council (NHMRC) recommends exclusive breastfeeding until
around 6 months of age and continuing complementary breastfeeding until 12 months of
age and beyond, provided that both the mother and child wish to do so [19]. The American
Association of Paediatric Dentistry (AAPD) advocates breastfeeding for a duration of
12 months to promote optimum health and developmental outcomes for the infant and
establish psychosocial wellbeing in infants [20]. However, the AAPD cautions against
unrestricted nocturnal breastfeeding following the eruption of the first primary tooth,
arguing that nocturnal feeding can increase the risk of ECC. Likewise, some studies suggest
that children who are breastfed may exhibit a higher likelihood of developing dental caries
than children who do not breastfeed [12,21].

Several systematic reviews [22-29] have explored the association of breastfeeding and
ECC (Table S1). However, the evidence was assessed to be inconclusive and equivocal.
Moreover, most of the above reviews were deemed to be of low quality, except for one [26],
which was of moderate quality (Table S1). Moynihan et al. (2019) [26] did not conduct any
meta-analysis, nor was it solely focused on breastfeeding and ECC. Most of the reviews
included observational studies, including cross-sectional studies, which do not establish
any causal evidence [22-26,28,29]. This systematic review emphasises scientific rigour by
incorporating only longitudinal observational studies, specifically cohort and case-control
studies, which are considered to possess a higher level of evidence among the observational
studies [30]. Therefore, this review is designed to assess and consolidate the available
evidence from cohort and case-control studies to provide a high-quality, comprehensive
synthesis on the effect of breastfeeding on ECC among preschool children. Additionally,
this review aims to investigate the prevalence of dental caries (ECC) in preschool children
who were breastfed for different durations (<4 months, <6 months, <12 months, <18 months,
<24 months, >24 months) and those who received nocturnal breastfeeding.

Hence, this review and meta-analyses address the following research questions:

1. Is there any association between breastfeeding and ECC?
Is the prevalence of ECC different among children breastfed for different durations?
3. Does nocturnal breastfeeding increase the risk of ECC?

N
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2. Methods

This systematic review followed the JBI methodology for systematic reviews of aetiol-
ogy and risk [31], and the results were presented as per the PRISMA 2020 guidelines [32].
The protocol of this systematic review has been registered in the PROSPERO International
Prospective Register of Systematic Reviews (CRD42023442205).

2.1. Eligibility Criteria

The studies included in the review were of cohort (prospective and retrospective)
and case-control design. Randomised controlled trials (RCTs), quasi-experimental studies,
cross-sectional studies, and single case reports were excluded. Furthermore, grey literature,
systematic reviews, literature reviews, umbrella reviews, and scoping reviews were also
excluded from this review. The eligibility criteria are outlined in detail in Table 1.

Table 1. List of inclusion and exclusion criteria according to P(I/E)CO criteria.

Inclusion Criteria Exclusion Criteria

Children under 6 years of age (preschool children)

Any gender, race, geographical location, or Children who are 6 years or older

Population socioeconomic status C.hild.re.zn with any systemic disease or
e  Without any systemic disease or disability disability
e  Preschool children (<6 years old) who are breastfed
Exposure . .
(exclusive or partial)
Comparator e  Preschool children (<6 years old) who are not breastfed
e  Studies reporting the prevalence of dental caries (as e  Studies not reporting dental caries
reported by a qualified dental practitioner or trained e  Self-reported or unvalidated dental caries
Outcome and calibrated non-dental personnel) measures
e  Studies reporting dental caries only on primary teeth e  Studies reporting dental caries in permanent
in preschool children teeth

e  First dental examination before the age of six

First dental examination at 6 years or older

Randomised controlled trials (RCTs)
Quasi-experimental studies
Cross-sectional studies

Single case reports

Grey literature

Systematic reviews, literature reviews,
umbrella reviews, and scoping reviews

Cohort studies
Case-control studies

Study design ¢ Cohort and case-control studies nested in other study
designs

2.2. Information Sources

The search was conducted in five databases without any date restrictions: MEDLINE
(Ovid), Scopus, Web of Science (ISI), Embase (Ovid), and CINAHL (EBSCO). The search
was conducted until 13 May 2023. The reference lists of the included studies and relevant
past published systematic reviews were searched manually to ensure the inclusion of all
relevant studies.

2.3. Search Strategy

The reviewers (SS, JE, and AA) devised the research question and search terms based
on the P(I/E)CO (Population Intervention/Exposure Comparator Outcome) criteria. A
logic grid was drafted using medical subject headings (MeSH) terms and keywords in
collaboration with a health sciences librarian (KE). A preliminary search was conducted
on MEDLINE (Ovid). The search strategy was adapted and modified for the remaining
databases (Supplementary Materials 52).

2.4. Study Selection

Studies were identified through searching the five databases and were imported into
Covidence. Two reviewers (SS and JF) independently screened the titles and abstracts of
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the imported articles against the inclusion criteria. Additional information from study
authors was sought for studies with uncertain eligibility. In cases where there were no
responses from the study authors after three attempts, the study was screened based on the
available information. Any article with ambiguous eligibility was discussed between the
two reviewers to reach a conclusion. In any instance where the two reviewers could not
come to an agreement, a third reviewer (AA) was involved to seek a resolution. Duplicates
identified in Covidence were removed. The reference lists of studies included in the full-
text review were also screened for additional studies. A list of the excluded studies with
reasons for their exclusion is provided in Supplementary Materials S6. The study selection
process followed the PRISMA checklist, and the flow diagram is presented as Figure 1.

-
Identification of studies via databases and registers ]
<
Records removed before screening:
= Records identified from: Duplicate records removed
£ . Medline = 550
é e  Embase =637 (n=640)
g ° CINAHL =250 > Records marked as ineligible by
3 . Scopus = 306 .
- . Web of Science = 784 automation tools (n = 0)
Total studies identified N = 2527 Records removed for other
_
reasons (n = 0)
Records screened Records excluded
(n=1887) (n=1793)
Reports sought for retrieval Reports not retrieved
@ (n=119) (n=0)
&
=
g
5
2]
Reports assessed for eligibility Reports excluded:
—> . .
(n=119) . Cross-sectional studies = 56
. Inclusion criteria not met =3
. Wrong study type =2
\ ) ° Study in other language = 3

. Exposure criteria not met = 5

. Incomplete data = 4

. Outcome criteria not met =13

Studies included in review e Unclear=2
(n=31)

o

9]

o

=

3 l

=
Studies included in the meta-analyses (n = 26)
Studies included in narrative synthesis (n = 5)

_

Figure 1. PRISMA flow diagram exhibiting steps in the selection process.
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2.5. Data Collection Process and Data Items

The data were extracted using JBI SUMARI data extraction tools. Two reviewers (SS
and JF) calibrated the information collected from two studies to ensure consistency in data
extraction. The same two reviewers then extracted the data independently from the selected
studies (Table S4). The information extracted from the included studies was the name of the
authors and publication year, study design, setting and sample size, country, demography
of the participants, breastfeeding data (method, duration, and timing), follow-up time,
dental caries measures (dmft index, dmfs, index, dfs, ICDAS), study results, funding, and
conclusion. A maximum of 3 attempts were made to contact the authors of potentially
eligible studies for any unclear or missing information.

2.6. Data Synthesis

Cohort studies and case-control studies were included in this review. Effect sizes were
expressed as risk ratios, odds ratios, or prevalence ratios for dichotomous data, and their
95% confidence intervals (CI) were calculated for analysis. Cohort estimates were presented
as risk ratios with a 95% CI, and case-control estimates were presented as odds ratios with
a 95% CI. Meta-analyses were conducted comparing children who were breastfed and
those who were not; children breastfed for different durations (<4 months vs. >4 months;
<6 months vs. >6 months; <12 months vs. >12 months; <18 months vs. >18 months;
<24 months vs. >24 months); and those who received nocturnal breastfeeding vs. those
who did not.

The meta-analyses were conducted using the statistical software “Review Manager”
(RevMan Web Version 7.9.0). A fixed-effect model for meta-analysis was used in the first
instance to combine the data where possible. When the heterogeneity was substantial, a
random effects model was used. Heterogeneity was evaluated using the Chi? test and I?
analysis. For the Chi? test, a p value of less than 0.10 was considered for heterogeneity. The
I? value was considered according to the Cochrane Handbook for Systematic Reviews of Inter-
ventions [33] and the JBI Manual for Evidence Synthesis [34], where 0% to 40% was considered
not important, 30% to 60% represented moderate heterogeneity, 50% to 90% represented
substantial heterogeneity, and 75% to 100% represented considerable heterogeneity [33].
Studies that were inappropriate to be included in the meta-analysis due to their study
design or reporting of the outcome measures were analysed, interpreted individually, and
reported narratively.

2.7. Quality Assessment and Risk of Bias

Each study included in this review was independently assessed for their method-
ological quality by two reviewers (SS and JF) utilising the Joanna Briggs Institute critical
appraisal tool for cohort studies (retrospective and prospective) and case-control stud-
ies [31]. The results of the JBI quality assessments are reported in Tables S2 and S3. All the
studies were included in the review, regardless of their methodological quality. The third
reviewer (AA) was consulted to seek a resolution in case of any disagreements.

3. Results

A total of 2527 studies were identified from the initial search. After 640 duplicates were
removed, 1887 studies were screened. After removing 1793 records post title and abstract
screening, a total of 118 studies were screened for full-text eligibility. After the exclusion of
88 studies (Supplementary Materials S6), 31 studies matching the inclusion criteria were
included in this review. A total of 26 studies were included in the meta-analysis, and five
were reported narratively (Figure 1). All the studies were in English and were published
between 1994 and 2023. A total of 15,236 pre-school children were analysed.

3.1. Study Characteristics

Out of the 31 studies, 22 were cohort studies [35-56], and 9 were case-control stud-
ies [57-65]. Among the cohort studies, six were nested studies, one was nested within a
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cross-sectional study [36], and the remaining five were nested in randomised controlled
trials [38,40—42,51]. Four of the cohort studies were retrospective in design [43,45,49,53].
Due to the high heterogeneity among the studies, most of the results were presented using
random effects.

Eleven studies carried out dental examinations in clinical settings of dental clinics,
hospitals, or universities [35,36,43-47,53,57,60,62]. Fourteen studies carried out dental ex-
aminations in field settings [37,38,40,42,48-51,54,55,58,59,61,64]. Four studies were unclear
about their setting for dental examinations [39,56,63,65].

3.2. Study Settings

Seventeen studies [35,36,38,40,41,43,48-51,54,58-63] were conducted in middle-income
countries [66] whereas fourteen [37,39,42,44-47,52,53,55-57,64,65] were carried out in high-
income countries.

Most of the studies were conducted in Brazil [35,36,38,40,41,43,49,51]. Five studies were
conducted in Japan [47,52,53,55,56]. Four studies were conducted in Australia [39,42,46,64].
Two studies were conducted in India [58,59], and two were conducted in Thailand [48,50]).
Among the high-income countries, one study was conducted in the USA [44], one was
conducted in Canada [65], one was undertaken in Italy [45], one in Scotland [37], and one
in the Czech Republic [57]. Refs. [61,63] were undertaken in Tanzania and South Africa,
respectively, while [54,62] were conducted in China and Myanmar, respectively.

3.3. Early Childhood Caries

The main outcome, ECC, was reported and classified differently amongst the studies.
The outcomes for ECC were reported as dmfs (decayed, missing, and filled surfaces), dmft
(decayed, missing, and filled teeth), dft (decayed, filled teeth), and dfs (decayed, filled
surface). S-ECC (severe early childhood caries) was also reported and refers to one or more
decayed, missing (due to caries), or filled tooth surfaces in the primary (baby) maxillary
(upper) and anterior (front) teeth.

Eight studies [37,39,43,48,58,60,61,65] reported dental caries as dmfs ECC. Five stud-
ies [38,46,50,51,63] reported dental caries as dmfs S-ECC. Seven studies [35,42,47,49,52,55,64]
reported dmft ECC. Two studies [53,56] reported ECC as the presence or absence of dental
caries (cavitated and non-cavitated lesions). Two studies [40,41] reported ECC and S-ECC
as modified dmft and dmfs. One study [44] reported dfs ECC. One study [54] only reported
ECC as a frank cavitation. Barosso et al. (2021), Ganesh et al. (2022), and Majorana et al.
(2014) [36,45,59] were the only three studies reporting ECC based on the International
Caries Detection Assessment System (ICDAS) criteria.

3.4. Methodological Quality and Risk of Bias Assessment

The quality assessments of the 21 cohort studies and 9 case-control studies were
conducted using appropriate JBI tools for cohort studies and case-control studies, respec-
tively [31]. The critical appraisals for the studies are presented in Tables S2 and S3. The
critical appraisal was conducted by two reviewers separately (SS and JF). Any differences
were resolved through discussion until agreement was reached.

3.5. Cohort Studies

Chaffee et al. (2014), Devenish et al. (2020), Manohar et al. (2021), Nirunsittirat et al.
(2016), Peltzer et al. (2015), and Yokoi et al. (2020) [38,39,46,48,50,55] were the only studies
that fulfilled all the criteria among the cohort studies (Table S2). The similarity between the
two groups (Q1), the similarity (Q2), and the validity (Q3) of the exposure were addressed
by all the studies except Yonezu et al. (2006) [56], which was unclear for Q1 and Q3.

Confounding factors (Q4) were addressed by all the studies except Majorana et al.
(2014), where it was unclear, and Yonezu et al. (2006) did not address the criteria. All
studies mentioned the strategies to address confounders (Q5) except for Abanto et al.
(2023), Feldens et al. (2010), and Majorana et al. (2014) [35,40,45], which were unclear,
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and Yonezu et al. (2006) [56] did not address the criteria. A third of the cohort stud-
ies [36,37,47,49,53,54,56] were either unclear or failed to mention if the participants were
free of the outcome at the start of the study (Q6); the participants in the remaining two-
thirds of the studies were free of the outcome at the start of the study.

Except for Yonezu et al. (2006) [56], the outcomes in all the studies were measured in
a valid way (Q7). The follow-up time was adequate in all the studies (Q8). All but five
studies [36,37,44,50,56] completed follow-up or addressed the loss of follow-up (Q9). All
studies except Bernabé et al. (2017), Hong et al. (2014), and Peres et al. (2017) [37,44,51]
addressed Q10 (strategies to deal with loss to follow up), while Majorana et al. (2014),
Tanaka et al. (2013), and Yonezu et al. (2006) [45,52,56] were rated unclear. All the studies
utilised appropriate statistical analysis (Q11). Overall, the studies were of moderate to high
quality (Table S2).

3.6. Case-Control Studies

For the case-control studies, Ganesh et al. (2022) [59] and Lima et al. (2016) [60] were
the only studies to fulfil all the criteria. All studies except Matee et al. (1994) [61] and
Seow et al. (2009) [64] fulfilled Q1 (participants were comparable other than the presence of
disease). The cases and controls were appropriately matched (Q2) in all the studies except
in Matee et al. (1994) [61], whereby it was unclear. All the studies [58-65] addressed Q3,
except for Cvanova et al. (2022) [57], and all the studies [57,59-61,64,65], except Dabawala
et al. (2017) [58], Qin et al. (2008) [62], and Roberts et al., (1994) [63], addressed Q4.

All the studies addressed Q5-Q10, except Matee et al. (1994) [61]. It did not mention
any strategies to deal with confounders (Q7). Overall, the majority of the studies were of
moderate to high quality (Table S3).

3.7. Effects of Breastfeeding on Early Childhood Caries
3.7.1. Children Who Were Breastfed versus Children Who Were Not Breastfed

Fifteen studies [37,39,41,42,45,46,49,50,53,56,58,62—-65] compared dental caries in chil-
dren who were breastfed and children who were not breastfed and were included in the
meta-analysis. Two separate analyses were conducted based on the study design. Of
these fifteen studies, ten were of cohort design [37,39,41,42,45,46,49,50,53,56], and five were
case-control studies [58,62-65].

In terms of cohort studies, the pooled estimates (Figure 2) show no statistically signifi-
cant difference for dental caries between breastfed and non-breastfed children (RR 0.98,
95% CI 0.77 to 1.26; participants = 8506; studies = 10; I? = 91%, p = 0.89). To investigate the
sensitivity, five studies [37,41,45,53,56] were removed. The heterogeneity was reduced to
0% (p = 0.048), and the pooled estimate suggested breastfeeding may be protective against
ECC compared to no breastfeeding (RR = 0.82, 95% CI 0.71 to 0.95) (not shown in the figure).
However, the result should be interpreted with caution due to the high heterogeneity
among the studies.

In terms of case-control studies, the pooled estimates (Figure 3) show no significant
difference in the dental caries experience between breastfed and non-breastfed children
(OR 1.04, 95% CI 0.78 to 1.38; participants = 1022; studies = 5; 12 = 14%, p =0.81).
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Breastfeeding  No breastfeeding Risk ratio Risk ratio
Study or Subgroup Events Total Events Total Weight M-H, Random, 95% CI M-H, Random, 95% CI
1.1.1 Cohort
Bernabe 2017 284 1817 474 2073 13.8% 0.68[0.60, 0.78] -
Devenish 2020 98 938 0 27 0.8% 5.87[0.37,92.19] —
Feldens 2018 59 87 57 101 12.9% 1.20[0.96, 1.50] -
Haag 2019 68 217 30 90 11.2% 0.94[0.66, 1.34] =
Majorana 2014 348 588 533 538 14.2% 0.60[0.56, 0.64] =
Manohar 2021 224 676 15 41 10.3% 0.91[0.60, 1.37] =
Nunes 2012 1 49 65 192 8.4% 0.66[0.38, 1.16] —]
Peltzer 2015 117 300 145 295 13.3% 0.79[0.66 , 0.95] -
Tashiro 2021 20 134 9 253 6.2% 4.20[1.97, 8.96] —_—
Yonezu 2006 25 42 14 48 9.0% 2.04[1.23, 3.39] —
Subtotal (95% CI) 4848 3658 100.0% 0.98 [0.77 , 1.26] Q
Total events: 1254 1342
Heterogeneity: Tau? = 0.11; Chi* = 95.20, df = 9 (P < 0.00001); I*=91%
Test for overall effect: Z=0.13 (P = 0.89)
Total (95% ClI) 4848 3658 100.0% 0.98 [0.77 , 1.26]
Total events: 1254 1342 T
Heterogeneity: Tau® = 0.11; Chi? = 95.20, df = 9 (P < 0.00001); I = 91% 001 o1 1 100
Test for overall effect: Z=0.13 (P = 0.89) Favours breastfeeding Favours no breastfeeding

Test for subgroup differences: Not applicable

Figure 2. Breastfeeding versus no breastfeeding and the risk of dental caries: cohort studies [37,39,41,
42,45,46,49,50,53,56].

Breastfeeding  No breastfeeding Odds ratio Odds ratio
Study or Subgroup Events Total Events Total Weight M-H, Fixed, 95% CI M-H, Fixed, 95% CI
Dabawala 2016 131 260 9 20 89%  1.24[0.50,3.10] —
Qin 2008 65 130 52 116  29.4%  1.23[0.74,2.03] -
Roberts 1994 34 75 21 34 16.9%  051[0.22,1.17] —
Seow 2009 44 141 27 77 257%  0.84[0.47,1.51] .
Werneck 2008 48 84 42 85 191%  1.37[0.74,2.50] da
Total (95% Cl) 690 332 100.0%  1.04[0.78,1.38]
Total events: 322 151 ?
Heterogeneity: Chiz = 4.65, df = 4 (P = 0.33); I = 14% o 01 1 10 100
Test for overall effect: Z=0.24 (P = 0.81) Breastfeeding No breastfeeding

Test for subgroup differences: Not applicable

Figure 3. Breastfeeding versus no breastfeeding and the risk of dental caries: case-control stud-
ies [58,62,64,65].

3.7.2. Children Who Were Breastfed at Night versus Children Who Were Not

Seven studies reported nocturnal breastfeeding [39,47,50,54,59-61], and only three
cohort studies [39,47,54] were able to be included in the meta-analysis. The pooled estimate
for these cohort studies showed nocturnal breastfeeding could increase the risk of ECC
compared with no nocturnal breastfeeding (RR 2.35, 95% CI 1.42 to 3.89; participants = 1590;
studies = 3; I? = 86%, p =0.0008). After excluding the study with the possible risk of bias [39],
the heterogeneity was found to be not important (I> = 33%, p= 0.22) and the pooled estimate
showed higher risk for the nocturnal breastfeeding group (RR = 3.05, 95% CI 2.40 to 3.87,
p < 0.0001) The I? indicates substantial heterogeneity and therefore the result should be
interpreted with caution. See Figure 4.
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Nocturnal breastfeeding  No nocturnal breastfeeding Risk ratio Risk ratio
Study or Subgroup Events Total Events Total Weight M-H, Random, 95% CI M-H, Random, 95% CI
10.1.1 Cohort studies
Devenish 2020 28 203 38 352 29.7% 1.28[0.81,2.02) -
Nakayama 2022 76 226 80 646 35.2% 272[2.06,3.57] ™
van Palestine Helderman 2006 41 41 35 122 35.1% 3.42[2.59, 4.53] ™
Subtotal (95% ClI) 470 1120 100.0% 2.35[1.42,3.89] <>
Total events: 145 153

Heterogeneity: Tau? = 0.17; Chi* = 14.26, df = 2 (P = 0.0008); I* = 86%
Test for overall effect: Z = 3.34 (P = 0.0008)

Total (95% CI) 470 1120 100.0% 2.35[1.42, 3.89] 'S
Total events: 145 153

Heterogeneity: Tau? = 0.17; Chi* = 14.26, df = 2 (P = 0.0008); I* = 86% 001 o1 1 1 100

Test for overall effect: Z = 3.34 (P = 0.0008) Favours nocturnal breastfeeding Favours no nocturnal breastfeeding

Test for subgroup differences: Not applicable

Figure 4. Nocturnal breastfeeding versus no nocturnal breastfeeding and the risk of dental car-
ies [39,47,54].

The following four studies were not able to be included in the meta-analysis due to
the study design or method of reporting the outcome, and their results were provided
narratively. Ganesh et al. (2022) [59] was the only study dedicated to sleep-time feeding
(both nighttime and daytime) practices. The study reported on ECC in children with
various modes of feeding (breast, bottle, or other) during the beginning of sleep, early
morning hours of sleep, and course of sleep. The aOR for breastfeeding at the beginning
of sleep, during sleep, and in the early morning hours of sleep were found to be 6.7, 6.5,
and 3.7, respectively (p = 0.001). The study found a strong association between sleep-
time feeding and ECC. Lima et al. (2016) [60] found that children who were no longer
breastfeeding during the night at 16 months were less likely to be diagnosed with ECC
compared to children who engaged in nocturnal breastfeeding at 16 months (OR 0.51 (CI =
0.39-0.65), p < 0.001). Similarly, Matee et al. (1994) [61] found a strong association between
ECC and night feeding habits with the breast nipple in the mouth of the sleeping infant
(0 versus 5, OR = 17.8 (6.3-50.3), p = 0.0001). Peltzer and Mongkolchati (2015) [50] found
nocturnal breastfeeding at 12 months (suckle to sleep when going to bed) to be associated
with S-ECC (251/563 children). No other data were provided.

3.8. Association between Dental Caries and Breastfeeding Duration
3.8.1. Duration of Breastfeeding: <4 Months and >4 Months
Two studies [46,50] compared dental caries in children who were breastfed < 4 months

and >4 months (Figure 5). No significant difference was found in the analysis (RR 0.95,
95% CI 0.80 to 1.13; participants = 1017; studies = 2; I> = 26%, p = 0.58).

<4 months 2 4 months Risk ratio Risk ratio
Study or Subgroup Events Total Events Total Weight M-H, Fixed, 95% CI M-H, Fixed, 95% CI
Manohar 2021 90 266 149 451  63.3% 1.02[0.83, 1.27]
Peltzer 2015 55 155 62 145  36.7% 0.83[0.62, 1.10]
Total (95% Cl) 421 596 100.0%  0.95[0.80,1.13]
Total events: 145 211
Heterogeneity: Chi? = 1.35, df = 1 (P = 0.25); I = 26% 001 o1 1 10 100
Test for overall effect: Z = 0.56 (P = 0.58) Favours < 4 months Favours 2 4 months

Test for subgroup differences: Not applicable

Figure 5. Breastfeeding < 4 months vs. breastfeeding > 4 months and the risk of dental caries: cohort
studies [46,50].
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3.8.2. Duration of Breastfeeding: <6 Months and >6 Months

Nine studies [37,39,44,46,48,52,57,60,62] compared dental caries in children who were
breastfed < 6 months and > 6 months (Figures 6 and 7). Of these, six studies were of cohort
design [37,39,44,46,48,52] and were included in the meta-analysis. No significant difference
was found in the analysis (RR 0.97, 95% CI 0.88 to 1.06; participants = 4850; studies = 6;
12 = 0%, p = 0.48).

< émonths 2 6 months Risk ratio Risk ratio
Study or Subgroup Events Total Events Total Weight M-H, Fixed, 95% ClI M-H, Fixed, 95% CI
4.1.1 Cohort studies
Bernabe 2017 179 1122 105 695 24.3% 1.06 [0.85, 1.32]
Devenish 2020 27 351 71 614 9.7% 0.67 [0.44 ,1.02]
Hong 2014 89 359 29 121 8.1% 1.03[0.72, 1.49]
Manohar 2021 112 342 127 375 22.7% 0.97 [0.79,1.19]
Nirunsittirat 2016 98 115 392 441 30.4% 0.96 [0.88 , 1.04]
Tanaka 2013 17 69 57 246 4.7% 1.06 [0.66 , 1.70]
Subtotal (95% CI) 2358 2492 100.0% 0.97 [0.88 , 1.06]
Total events: 522 781

Heterogeneity: Chi2 = 3.93, df =5 (P = 0.56); 12 = 0%
Test for overall effect: Z=0.71 (P = 0.48)

Total (95% ClI) 2358 2492 100.0% 0.97 [0.88 , 1.06]

Total events: 522 781

Heterogeneity: Chi = 3.93, df = 5 (P = 0.56); I = 0% 001 o1 : o 100
Test for overall effect: Z=0.71 (P = 0.48) Favours < 6 months Favours = 6 months

Test for subgroup differences: Not applicable

Figure 6. Breastfeeding < 6 months vs. breastfeeding > 6 months and the risk of dental caries: cohort
studies [37,39,44,46,48,52].

< 6 months 2 6 months Odds ratio Odds ratio
Study or Subgroup Events Total Events Total Weight M-H, Fixed, 95% CI M-H, Fixed, 95% CI
5.1.1 Case-control
Lima 2016 135 336 382 671 85.4% 0.51[0.39, 0.66] ]
Qin 2008 65 130 39 64 14.6% 0.64[0.35, 1.18] —al
Subtotal (95% ClI) 466 735 100.0%  0.53[0.41,0.67] ‘
Total events: 200 421

Heterogeneity: Chi2=0.47, df =1 (P = 0.49); I? = 0%
Test for overall effect: Z =5.14 (P < 0.00001)

Total (95% Cl) 466 735 100.0%  0.53[0.41,0.67] ‘

Total events: 200 421

Heterogeneity: Chi = 0.47, df = 1 (P = 0.49); I = 0% 001 01 1 0 100
Test for overall effect: Z = 5.14 (P < 0.00001) < 6 months =6 months

Test for subgroup differences: Not applicable

Figure 7. Breastfeeding < 6 months vs. breastfeeding > 6 months and the risk of dental caries:
case-control studies [60,62].

However, meta-analysis of two case-control studies [60,62] showed statistically signifi-
cant fewer dental caries in the <6 months group compared to the >6 months group (OR
0.53, 95% CI 0.41 to 0.67; participants = 1201; studies = 2; 2 = 0%, p < 0.00001).

The results of the Cvanova et al. (2022) [57] study are presented narratively due to
the method of reporting the outcome. The authors found statistically significant more
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cases of dental caries in children breastfed for <6 months compared to children breastfed
> 6 months [OR (multivariate) = 2.71; 95% CI 1.45 to 5.07].

3.8.3. Duration of Breastfeeding: <12 Months and >12 Months

Eight studies comparing the duration of breastfeeding for <12 months and >12 months
were able to be included in the meta-analysis [35,38-40,42,46,48,52]. All the studies were
of cohort design and showed a statistically significant difference in dental caries be-
tween the <12 months group and the >12 months group (RR 0.65, 95% CI 0.50 to 0.86;
participants = 4365; studies = 8; I = 90%, p < 0.002). The I? indicates substantial het-
erogeneity, and therefore the result should be interpreted with caution. See Figure 8.
Three studies [35,42,48] were removed during sensitivity analysis, where the heterogeneity
dropped to 0% (p = 0.61). The result was still statistically significant (RR = 0.70, 95% CI 0.62

to 0.80, p < 0.0001).
<12 months 2 12 months Risk ratio Risk ratio

Study or Subgroup Events Total Events Total Weight M-H, Random, 95% CI M-H, Random, 95% CI
6.1.1 Cohort Studies
Abanto 2023 29 247 153 553 11.6% 0.42[0.29, 0.61] -
Chaffee 2014 60 223 96 232 13.0% 0.65[0.50, 0.85] -
Devenish 2020 48 579 50 386 11.5% 0.64 [0.44 , 0.93] -
Feldens 2010 46 164 80 176 12.6% 0.62[0.46 , 0.83] -
Haag 2019 39 153 35 64  11.9% 0.47 [0.33, 0.66] -
Manohar 2021 160 519 79 198 13.6% 0.77 [0.62, 0.96] =
Nirunsittirat 2016 170 202 320 354 14.7% 0.93[0.87, 1.00] o
Tanaka 2013 32 151 42 164  11.1% 0.83[0.55, 1.24] —a
Subtotal (95% Cl) 2238 2127 100.0% 0.65 [0.50, 0.86] 0
Total events: 584 855
Heterogeneity: Tau? = 0.13; Chi? = 70.57, df = 7 (P < 0.00001); I> = 90%
Test for overall effect: Z = 3.08 (P = 0.002)
Total (95% Cl) 2238 2127 100.0% 0.65 [0.50 , 0.86] .
Total events: 584 855
Heterogeneity: Tau? = 0.13; Chi? = 70.57, df = 7 (P < 0.00001); I2 = 90% 061 01 y o 100
Test for overall effect: Z = 3.08 (P = 0.002) Favours < 12 months Favours = 12 months

Test for subgroup differences: Not applicable

Figure 8. Breastfeeding < 12 months vs. breastfeeding > 12 months and the risk of dental caries:
cohort studies [35,38-40,42,46,48,52].

3.8.4. Duration of Breastfeeding: <18 Months and >18 Months

Six cohort studies [47,48,52,53,55,56] reported breastfeeding for <18 months and breast-
feeding > 18 months. Five cohort studies comparing the duration of breastfeeding for
<18 months and >18 months were able to be included in the meta-analysis [47,48,52,53,56].
There were statistically significant fewer dental caries in the <18 months group compared
to the > 18 months group (RR 0.41, 95% CI 0.18 to 0.92; participants = 2332; studies = 5;
12 = 93%, p = 0.03) (Figure 9). After removing two studies [48,52] during sensitivity analysis,
there was no heterogeneity among the studies (I = 0%, p = 0.45) and the pooled estimate
remained statistically significant, favouring breastfeeding for <18 months (RR = 0.26, 95%
CI0.16 to 0.42).

Due to the method of reporting of the outcomes, the result of Yokoi et al. (2020) [55] is
reported narratively. They observed prolonged breastfeeding significantly increases risk of
ECC [OR =1.71; 95% CI (1.15-2.55), p < 0.001].
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<18 months 2 18 months Risk ratio Risk ratio
Study or Subgroup Events Total Events Total Weight M-H, Random, 95% CI M-H, Random, 95% CI
7.1.1 Cohort Studies
Nakayama 2022 14 608 16 248  20.0% 0.36[0.18, 0.72] P
Nirunsittirat 2016 318 368 172 188  23.4% 0.94 [0.89, 1.00] N
Tanaka 2013 51 246 23 69 22.1% 0.62[0.41,0.94] =
Tashiro 2021 9 244 20 114 19.5% 0.21[0.10, 0.45] .
Yonezu 2006 4 205 5 42 14.9% 0.16 [0.05, 0.58] e
Subtotal (95% Cl) 1671 661 100.0% 0.41[0.18,0.92] ‘
Total events: 396 236

Heterogeneity: Tau? = 0.74; Chi? = 60.84, df = 4 (P < 0.00001); I = 93%
Test for overall effect: Z=2.16 (P = 0.03)

Total (95% Cl) 1671 661 100.0% 0.41[0.18, 0.92] ‘

Total events: 396 236

Heterogeneity: Tau? = 0.74; Chi = 60.84, df = 4 (P < 0.00001); I* = 93% 01 o1 b T 100

Test for overall effect: Z=2.16 (P = 0.03) Favours <18 months Favours 2 18 months

Test for subgroup differences: Not applicable

Figure 9. Breastfeeding < 18 months vs. breastfeeding > 18 months and the risk of dental caries:
cohort studies [47,48,52,53,56].

3.8.5. Duration of Breastfeeding: <24 Months and >24 Months

Four studies comparing the duration of breastfeeding (<24 months and >24 months)
were able to be included in the meta-analysis [35,36,42,51]. There was no statistically
significant difference in dental caries in the <24 months group compared to the >24 months
group (RR 0.59, 95% CI 0.33 to 1.05; participants = 2271; studies = 4; I2 = 92%, p =0.07)
(Figure 10). However, after removing Peres et al. (2017) during sensitivity analysis, the
heterogeneity reduced significantly (I> = 6%, p = 0.34). The pooled estimates showed that
children breastfed for <24 months had significantly fewer caries compared with children
who were breastfed for >24 months (RR = 0.49, 95% CI 0.39 to 0.62).

The results of the Hartwig et al. (2019) [43] study are presented narratively due to the
method of reporting the outcome. The authors found a statistically significant increase in
dental caries in children breastfed for >24 months compared to those who were breastfed
for less than 6 months or not breastfed (aRR = 8.29; 95% CI 1.82-37.72).

<24 months 2 24months Risk ratio Risk ratio
Study or Subgroup Events Total Events Total Weight M-H, Random, 95% CI M-H, Random, 95% CI
8.1.1 Cohort studies
Abanto 2023 139 686 43 114 26.3% 0.54[0.41,0.71] -
Barroso 2021 11 66 33 66 21.7% 0.33[0.18, 0.60] -
Haag 2019 52 188 16 29 247% 0.50[0.34, 0.75] -
Peres 2017 382 866 96 256 27.3% 1.18 [0.99, 1.40]
Subtotal (95% Cl) 1806 465 100.0% 0.59 [0.33, 1.05] ‘r
Total events: 584 188

Heterogeneity: Tau? = 0.31; Chi? = 39.89, df = 3 (P < 0.00001); I2 = 92%
Test for overall effect: Z=1.79 (P = 0.07)

Total (95% Cl) 1806 465 100.0% 0.59 [0.33, 1.05] ’

Total events: 584 188

Heterogeneity: Tau? = 0.31; Chi? = 39.89, df = 3 (P < 0.00001); I = 92% 061 o 1 T 100
Test for overall effect: Z =1.79 (P = 0.07) Favours <24 months Favours = 24months

Test for subgroup differences: Not applicable

Figure 10. Breastfeeding < 24 months vs. breastfeeding > 24 months and the risk of dental caries:
cohort studies [35,36,42,51].
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4. Discussion

The meta-analyses of the cohort and case-control studies failed to demonstrate a sta-
tistically significant difference in dental caries rates between breastfed and non-breastfed
groups. However, the systematic review by Cui et al. (2017) [24] found breastfed chil-
dren had a decreased risk of ECC compared with the children who were never breastfed.
Similarly, the systematic review by Avila et al. (2015) [22] found breastfeeding was more
protective against ECC than bottle feeding. Similarly, Klaiban et al. (2021) [25] concluded
breastfeeding to be protective against ECC in a sufficiently breastfed group compared
to a less sufficiently breastfed group. The systematic review by Tham et al. (2015) [28]
was inconclusive about whether breastfeeding was associated with ECC. Bagher et al.
(2013) [23] indicated exclusive breastfeeding is not associated with caries; however, they
postulated that there was a possible protective effect of breastfeeding against ECC. The
exclusion of studies with critical bias in the present review reduced heterogeneity, with the
sensitivity analysis indicating potential protective effects of breastfeeding against ECC.

Despite breastfeeding being a personal choice, it is profoundly influenced by culture
and society [67,68]. Mothers in low-income countries [68] tend to follow the WHO guide-
lines for breastfeeding, which are exclusive breastfeeding for 6 months and continuing
breastfeeding for 2 years or more [18]. Likewise, in countries like Brazil, breastfeeding is cul-
turally expected from mothers, whereas in developed countries like France, it is considered
a personal choice. The potential inverse association between breastfeeding and ECC con-
tributes to the broader health benefits of breastfeeding, potentially encouraging increased
breastfeeding rates, especially in developed nations where rates are declining [68].

The frequency and duration of breastfeeding may also be influenced by the geographi-
cal location of birth, as indicated by studies by Odeniyi et al. (2020) [69] and Pastorelli et al.
(2019) [67]. In many countries, the practice of on-demand or frequent breastfeeding [70,71]
is prevalent, yet there is often insufficient emphasis on oral hygiene. The frequent exposure
to fermentable carbohydrates, such as breast milk, and a lack of effective methods to re-
move the exposure from the oral cavity are the perfect amalgamation for the development
of dental caries. This especially holds true for nocturnal breastfeeding, where there is
pooling of breast milk inside the infant’s mouth [27] and decreased salivary flow to wash
out the substrate (milk). Thus, exposing the teeth for a prolonged duration to the acid
produced by the cariogenic bacteria of the oral cavity results in dental caries. Nocturnal
breastfeeding, identified as a risk factor for ECC in this review, has been consistently asso-
ciated with increased caries risk in preschool children in various studies [50,57,60,61,72]
and reviews [28,73].

A study conducted in Cambodia reported that most mothers believed that sucking at
night helped children sleep, and more than half of the children who engaged in nocturnal
suckling experienced ECC [74]. Similarly, van Palenstein Helderman et al. (2006) [54]
observed that all the children who went to sleep with the breast nipple in their mouth
experienced ECC. This highlights the need for increased awareness and education regarding
the importance of oral hygiene practices, especially in the context of breastfeeding practices,
to mitigate the risk of dental caries in preschool children.

Oral hygiene practices should ideally commence from birth, involving the cleaning
of gums after each feeding [75]. Special attention to oral hygiene becomes crucial as
primary teeth erupt (around 6 months) [76] or when infants start consuming solid food
(around 6 months of age). Although cohort studies in this review did not show significant
differences in the prevalence of ECC among children in the 4-month or 6-month groups,
the meta-analysis of the two case-control studies [60,62] indicated that breastfeeding for
less than 6 months is protective against caries. Notably, none of the identified systematic
reviews have reported on the association between ECC and breastfeeding for less than
or >6 months. Nonetheless, Branger et al. (2019) [77], Tham et al. (2015) [28], and Cui
et al. (2017) [24] have indicated in their reviews that breastfeeding for < 12 months has
a possible protective effect against dental caries. However, the protective association
appears to diminish when breastfeeding extends beyond 12 months, and the current review
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aligns with these findings. Similar results were noticed in this review as well. Similarly,
breastfeeding for less than 12 or 18 months may incur a protective effect against ECC,
although this association seems to dissipate when the breastfeeding duration reaches
24 months. This outcome concurs with another systematic review [26] reporting that
breastfeeding up to 24 months is not associated with a higher risk of ECC. Breast milk is
known to inhibit the attachment of some bacteria, such as Streptococcus mutans and Candida
albicans [78], which are known to cause dental caries [79]. However, it promotes the growth
of other caries-causing Streptococcus and Actinomyces species [78]. Prolonged breastfeeding,
therefore, could introduce bacteria that can cause ECC to the sensitive oral microbiome of
the infant. There is also a possibility of vertical transmission of the oral pathogens from a
mother with an active carious lesion.

Dental caries is a multifactorial disease influenced by host factors, oral bacteria, expo-
sure time, and dietary habits. The escalating prevalence of ECC with age may be attributed
to an increase in the number of teeth in the oral cavity [80] and the transition from an
exclusive milk diet to a mixed diet incorporating solid foods [81]. Manohar et al. (2021) [82]
noted that, beyond the age of two, as children gain autonomy, they tend to opt for un-
healthy foods rich in saturated fat and free sugars, contributing to the development of
ECC. This underscores the complex interplay of several factors in the aetiology of dental
caries in early childhood. Nevertheless, the interpretation of the results of this review
warrants caution due to the high heterogeneity observed among the included studies. The
heterogeneity was expected due to the lack of homogeneity in the definition of both the
exposure and outcome, as mentioned in several systematic reviews [22,23,27-29] as well as
in some literature reviews [70,77].

5. Strengths and Limitations

The strengths of this review are a comprehensive search of five databases without any
date or language restrictions and the inclusion of only the cohort and case-control studies,
which are considered high-quality studies after experimental studies. Due to the nature
of the study, it was determined a priori that RCTs would not be included as breastfeeding
should not be randomised as it was deemed unethical by the authors. The critical appraisal
was conducted by two reviewers using JBI SUMARI. This review provides evidence from
ten meta-analyses showing the association between breastfeeding and ECC.

There were a few limitations while conducting this systematic review. Even though
the search was conducted without any language restrictions, due to the limited resources,
only the studies in English were included. Due to the exclusion of grey literature and
studies in other languages, selection bias cannot be denied. Furthermore, the studies
included in this review were mostly conducted in high- or middle-income countries. The
search did not identify any studies included in low-income countries, which could result
in publication bias. Another possible limitation is the utilisation of unadjusted data in
instances where adjusted data were unavailable, which could impact the robustness of the
findings. However, the inclusion of adjusted and unadjusted data in the meta-analysis
could, in effect, introduce another source of bias.

One of the challenges while conducting this review was the lack of homogeneity of
the included studies. Studies used different methods to measure exposure (breastfeeding)
and outcomes (dental caries). Valaitis et al. (2000) [29], Peres et al. (2018) [70], and Branger
et al. (2019) [77] voiced similar challenges in their reviews. The heterogeneity in the designs
of the studies and methods for reporting the outcome measures presumably contributed
to the high heterogeneity in several of the meta-analyses. For example, some limitations
in the included studies may affect the outcome of the studies and hence influence their
interpretation. Most of the challenges were centred upon the definition of the exposures—
breastfeeding frequency, duration, and time—and outcomes (dental caries (ECC or S-
ECC)). Additionally, the included studies were not clear about exclusive breastfeeding
and predominant breastfeeding. Even though most of the studies used WHO criteria
to define dental caries, some modifications were also noted. Some did not consider the
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initial white lesion as caries; some did not consider missing teeth (due to caries); and
some only considered frank cavitation. There were inconsistencies regarding how the
dental examinations were conducted as well. Some of the studies dried the tooth before
examination (showing initial white lesions), while some utilised a visual aid (mouth mirror)
only to detect caries (cannot differentiate between stains and caries or caries covered in
plaque or food might not be visible), and there were others that used dental probes as
well. Some of the dental examinations were conducted in clinical settings, and some were
conducted in field settings. All these factors result in an underestimation or overestimation
of the findings. Therefore, the results of this review should be interpreted with caution. It
was also noted that some of the studies did not differentiate between the genders of the
participants. While this lack of information did not affect the result of this review, it could
be a possible limitation for anyone who would want to compare the prevalence of ECC
between the sexes.

6. Recommendations for Future Policy, Practice, and Research

Based on the findings of this systematic review, it is recommended to use standardised
definitions regarding duration, frequency, and type of breastfeeding, as well as standardised
measurements (without variations) for dental caries assessment, including trained and
calibrated dental professionals. Furthermore, clearly defining the minimum intra- and
inter-examiner Cohen’s kappa coefficient would help improve the quality of the data
collected. A universal and standard method for dental examinations that can be applied in
high-income as well as low-income settings would help in maintaining the quality of the
studies in different settings.

During this review, it was noted that there was a lack of standard methods for mea-
suring breastfeeding (duration, frequency, and type) in the included studies. Hence, the
authors believe following one standard method (without any variations) to diagnose dental
caries in future studies would provide a more comprehensive result regarding breastfeed-
ing and ECC. It is also recommended that all the confounders related to breastfeeding and
ECC be identified and adjusted to present more valid and reliable results. There is also a
need for prospective birth cohort studies in low-income countries to fill the missing gap in
the relationship between breastfeeding and ECC.

The findings of this review recommend that policy makers develop a comprehensive
oral health promotion programme that includes behavioural modification (like wiping the
gums after feeding or offering water after feeding to rinse out milk) to ensure optimum
oral health outcomes for preschool children without compromising the nutritional and
developmental benefits of breastfeeding. Health professionals such as general practition-
ers, midwives, and community health nurses should be trained to educate parents on
proper oral hygiene from infancy. Since these health professionals take care of the mother
and the baby during the antenatal and postnatal stages, oral health awareness can be
effectively disseminated among families, particularly the mothers. Dental caries depends
on exposure time. Hence, it is recommended to follow good oral hygiene practices as
well as behaviour modifications such as minimising on-demand nocturnal feeding and
sleeping with a breast nipple in the mouth. Cleaning the teeth with a wet cloth or offering
water (to infants > 6 months old) after each feed could also minimise the exposure time.
Visiting a dental professional after the child’s first birthday could enhance the parents’ oral
health knowledge.

7. Conclusions

Even though the meta-analyses failed to demonstrate any statistically significant
difference in the risk of ECC between the breastfed and non-breastfed children, they
exhibited that breastfeeding for less than 24 months does not appear to increase the risk
of ECC; in fact, it may exert a protective effect against ECC. However, it is crucial to
note that breastfeeding nocturnally elevates the risk of dental caries in preschool children.
Nonetheless, caution needs to be exercised while interpreting the results of this review
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due to the high heterogeneity. To establish a more comprehensive understanding of the
relationship between breastfeeding and ECC, further research is required, employing
consistent methods and addressing all the confounders. Until the results of such studies are
published, which can provide a more assertive answer regarding the relationship between
breastfeeding and ECC, health professionals should follow the recommended guidelines of
the WHO and the guidelines of their local health ministry. They should encourage mothers
to continue to breastfeed as long as they desire to provide the infants with the benefits of
breastmilk, as well as provide oral health education to the mothers that focuses on good
oral hygiene practices for the baby and healthy food practices to decrease the risk of ECC.
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