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Framework to Define Dysbiosis of
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Mounting evidence supports a connection between the composition of the infant gut
microbiome and long-term health. In fact, aberrant microbiome compositions during key
developmental windows in early life are associated with increased disease risk; therefore,
making pertinent modifications to the microbiome during infancy offers significant
promise to improve human health. There is growing support for integrating the concept
of ecosystem services (the provision of benefits from ecosystems to humans) in linking
specific microbiome functions to human well-being. This framework is widely applied in
conservation efforts of macro-ecosystems and offers a systematic approach to guide
restoration actions aimed to recover critical ecological functions. The aim of this work
is to apply the ecosystem services framework to integrate recent studies demonstrating
stable alteration of the gut microbiome of breastfed infants when Bifidobacterium longum
subsp. infantis EVC001, a gut symbiont capable of efficiently utilizing human milk
oligosaccharides into organic acids that are beneficial for the infant and lower intestinal
pH, is reintroduced. Additionally, using examples from the literature we illustrate how
the absence of B. infantis results in diminished ecosystem services, which may be
associated with health consequences related to immune and metabolic disorders. Finally,
we propose a model by which infant gut dysbiosis can be defined as a reduction in
ecosystem services supplied to the host by the gut microbiome rather than merely
changes in diversity or taxonomic composition. Given the increased interest in targeted
microbiome modification therapies to decrease acute and chronic disease risk, the model
presented here provides a framework to assess the effectiveness of such strategies from
a host-centered perspective.

Keywords: gut microbiome, dysbiosis, human milk oligosaccharides, ecosystem services, microbiome
modification, microbial ecology, symbiosis, probiotics
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Duar et al.

Dysbiosis in the Infant Gut

INTRODUCTION

Disruption to the composition and function of the early life gut
microbiome is now recognized for its role in irregular immune
development (1, 2), metabolic disorders (3) and inflammation
(4, 5). Several of these phenotypes have been reconstructed
using animal models or epidemiological approaches providing
a compelling link between aberrant microbiome development
in early life and these negative health outcomes (6-9). Thus, if
pandemic non-communicable diseases such as type 1 diabetes,
obesity, allergy, and asthma are associated with impaired
microbiomes during infancy, as suggested by emerging evidence
(3, 10-15), then relevant modulation of the microbiome in
early life provides a compelling solution for addressing the
increasing public health burden associated with these diseases.
However, evaluative parameters to identify desirable microbiome
compositions and their potential interrelationship with health,
are currently lacking.

The application of methods derived from ecological theory
and evolutionary biology have been fundamental to elucidating
the factors that shape the microbiome throughout the lifespan.
In this work, we apply concepts from the “ecosystem services”
framework (16) to guide the ecological assessment of the
breastfed infant gut microbiome from a host-centered
perspective. We first describe the ecological processes that
shape and define the composition of the microbiome in early
life. This description is centered on the hypothesis that human
hosts select, via diet (human milk), for the enrichment of
specialized symbionts that fulfill beneficial functions underlying
the provision of ecosystem services that contribute to their fitness
and well-being. We then propose a model in which the absence
of these beneficial functions and the consequential reduction
in one or more ecosystem services can be defined as dysbiosis.
To demonstrate the applicability of the model, the discussion is
centered on the coevolution of specialized bifidobacteria, namely
B. infantis, for which clinical evidence is available (17). Finally,
we summarize, as evidence for this model, large cohort studies
indicating the absence of bifidobacteria in early life is associated
with negative health outcomes.

ECOLOGICAL PROCESSES SHAPING THE
COMPOSITION OF THE BREASTFED
INFANT GUT MICROBIOME

Immediately following birth, the neonatal intestine becomes
rapidly colonized by microbes from the mother and the
surrounding environment. Infants delivered by cesarean section
are more likely to become colonized by environmental
microorganisms from the maternal skin, healthcare staff and
hospital surfaces. Vaginally delivered infants come in contact
with bacteria from mother’s vaginal canal and the fecal
microbiota (18, 19). From this initial load of microbes, the
allochthonous, vaginally-derived and environmental species are
then rapidly replaced by organisms adapted to the gut (20-
23); however, the microbiome differences based on delivery
mode persist over time (19). Nutritional resources that reach

the gut are another major factor influencing the neonatal
gut microbiome, in terms of both composition and function.
In exclusively breastfed infants, human milk oligosaccharides
(HMOs) represent the main nutritional resources for bacteria
in the gut. As a result, the gut microbiome of exclusively
breastfed infants exhibits lower alpha diversity and higher
abundance of specialized taxa able to metabolize HMOs,
namely bifidobacteria (24-27). In the absence of specialized
infant-associated species of bifidobacteria, HMOs are under-
utilized, resulting in excess resources with profound impacts
on ecosystem function (Figure 1). Cessation of breastfeeding
and the introduction of solid foods represent a major shift
in the nutritional resource landscape and a more functionally
complex community of microbes is then required to deplete
the greater variety of dietary substrates reaching the large
intestine (Figure 1).

Additional ecological events, including random processes,
ultimately influence the overall composition of the infant gut
microbiome; however, initial microbiome inoculation based on
birth mode, and the subsequent environmental selection through
the provision of selective substrates from human milk, are the
two major ecological processes shaping the gut microbiome of
breastfed infants (30-33).

BIOLOGICAL CONSIDERATIONS IN
DEFINING A HEALTHY INFANT GUT
MICROBIOME

Identifying a healthy gut microbiome in both infants and
adults has proven to be a major challenge to the scientific and
medical fields (34). Historically, diversity has been speculated
to maximize functionality, in a generalization of the “insurance
hypothesis” (35-38). However, diversity indices are of limited
value alone and have proven insufficient to determine ecosystem
functionality, or to categorize microbial ecosystems as healthy
or unhealthy (37, 39) (see Box 1 for an in-depth discussion on
the limitations of diversity). Moreover, taxonomic composition
can be highly variable among individuals, while functions
encoded by the gut microbiome are remarkably coherent (45)
and breastfed infants across different geographies develop a
common microbial functional core (15, 32, 33). This implies
hosts are under a strong pressure to select high-fidelity microbial
partners to maintain key ecosystem functions (38), and that
breast milk establishes key niches that can only be occupied
by specialized taxa (46) (Figure 1). Furthermore, given the host
and its microbiome operate as a highly interconnected and co-
evolved ecosystem in which interactions among members and
community characteristics are governed by the principles of
community ecology, we argue the evaluation of gut microbiomes
can only be successful if based on ecological and evolutionary
criteria. To this end, the ecosystem services framework has been
implemented to link ecological processes of macro-ecosystems
with elements of human well-being (47) and has recently been
adapted to value the services of gut microbial ecosystems from a
host-centered perspective (16, 48, Box 2). Therefore, we propose
to use this framework to guide the assessment of the infant gut
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FIGURE 1 | Resource utilization and diversity in the gut in determining invasion resistance. The resource landscape in the human gut is vastly influenced by diet. One
fundamental function of the microbiome is to keep potential pathogens at bay by direct competition for space and resources (i.e., co-lonization resistance, a regulating
service). Excess resources (blue squares) represent open niche opportunities and increase the risk of colonization by invasive species, including pathogens. When
resources are efficiently utilized, the risk of successful invasion is greatly reduced due to the lack of available resources to sustain growth (28). On a solid food diet, a
more diverse composite of species is required to deplete the greater variety of resources reaching the gut (29). However, in early life, and while diet is restricted to
mother’s milk, resource utilization is independent from diversity and will only reach maximum levels when specialized species able to efficiently consume HMOs
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microbiome and to determine the ecological conditions within
the gut that may increase host health and, ultimately, fitness.

In the following sections we outline three key ecosystem
services: (1) supporting services; (2) provisioning services; and
(3) regulating services underlying the relationship between the
breastfed infant and the gut microbiome based on previously
defined criteria (16). Specifically, we discuss the ability of B.
infantis to efficiently utilize resources (i.e., HMOs) and produce
organic acids as key functional traits that sustain the provision of
these services.

SUPPORTING AND PROVISIONING
SERVICES OF THE GUT MICROBIOME IN
EARLY LIFE

Organic acids, including short chain fatty acids (SCFA), are the
major metabolic products of anaerobic microbial fermentation
in the gut and have demonstrated roles in human health

(63, 64). In the breastfed infant gut, fermentation of HMOs
into lactate and acetate depends critically on specialized
primary degrader organisms that have the metabolic machinery
to capture and metabolize these complex compounds (46).
This process generates pioneer products (supporting service;
Table 1) and releases energy that is otherwise inaccessible to
the infant (provisioning service; Table 1). Selected strains of
bifidobacteria and Bacteroides metabolize HMOs (24), but only
B. infantis contains complete pathways enabling intracellular
HMO-transport and degradation. Consequently, it is the only
organism with the demonstrated capacity to significantly increase
the production of lactate and acetate in the breastfed infant gut
while simultaneously decreasing residual HMOs in the stool of
breastfed infants (17, 65). In fact, in the absence of B. infantis,
high concentrations of these HMOs are expelled into the stools
of infants (1, 17, 66-68) which is a clear indication of low
utilization of these resources (i.e., HMOs) in the gut, even when
compared to infants colonized by other bifidobacteria. This
observation highlights the importance of B. infantis in providing
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BOX 1 | Diversity: How is it measured and what does it mean?

There are two main types of diversity computed in microbial ecology studies, particularly as it pertains to microbiome profiling: alpha diversity and beta diversity.
Alpha diversity refers to the measure of diversity within a specific ecological community or locality in a given sample. Depending on the metric used, this index
describes either species richness (i.e., the number of different species in a community); or both species richness and the evenness (i.e., the distribution of the species’
abundances in the community) (40). There are several metrics to determine alpha diversity, each different in their sensitivity to richness and evenness (4 1). Depending
on the index used, it is possible that no change in alpha diversity may be detected despite the presence of highly divergent community compositions (Figure 2).
Beta diversity is a measure of diversity between samples. It answers the questions: How different is the microbial composition in one sample or group of samples
compared to others? How many species are shared between samples? Similar to alpha diversity, there are different metrics to establish beta diversity. Some methods
are purely qualitative based on presence/absence of species, while others include a quantitative component and take into account a phylogenetic distance between
species. Each method presents its own inherent biases and sensitivity capturing changes in community composition.

Uses and limitations of diversity in microbial ecology
Diversity is speculated to maximize the functionality in a generalization of the “insurance hypothesis” (35, 36), which suggests that stabilization of communities
against decline in function is improved by increasing diversity (42, 43). Thus, higher diversity is often assumed to be desirable. However, unless substantial functional
redundancy exists in a microbial community, any loss in key functional species will likely alter the capacity of the microbiome to support ecosystem services (44). Further,
a reduction in diversity is not necessarily unfavorable to the host, especially when it is a consequence of the selective enrichment of health-promoting symbionts.
Another inherent challenge exists in the lack of an accepted, absolute value of diversity for a given community. Moreover, as previously discussed [see (39) for an
excellent discussion on the matter], diversity is relative and always constrained by method of measurement. In fact, different indices vary in their sensitivity to species
richness and evenness, and inferences made can differ widely depending on the measure chosen. Thus, caution must be exercised when drawing conclusions from
any one diversity index and when comparing findings across studies.

Overall, simplifying the microbiome to a measure of biodiversity has obvious limitations as it does not reflect composition or function, or relevant ecosystem
properties such as stability, productivity or invisibility. We and others (37, 39) argue that the continued use of this index, without context of function, distracts the field
from the development of relevant hypotheses to gain insight into the underlying ecological mechanisms driving patterns and processes in microbial communities

and their potential relationship to host health.
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FIGURE 2 | Alpha diversity is independent of relative abundance. Three different bacterial communities are depicted (A-C). Corresponding relative abundance of
the individual species in the bacterial comminutes is represented by the stacked bar graphs. Bacterial communities B and C have the same number of observed
species (n = 9) but their relative abundance is different, with community C being dominated by one species. While the alpha diversity can be computed with
different metrics, when accounting for community richness, communities B and C species have the same alpha diversity.

Dysbiosis in the Infant Gut

and provisioning services that underlie the overall function of the
infant gut microbiome ecosystem (Table 1).

In addition to their role as pioneer substrates in the gut,
organic acids and SCFA can enter circulation and directly
affect the adipose tissue, brain, and liver (69-71). Acetate
has been proposed to have an important role in inducing
anti-inflammatory effects via the modulation of regulatory T-
cells and anti-inflammatory cytokines (70), as well as improve

mucosal epithelial integrity in the gut leading to protection
from infectious disease in animal models (64). Lactate crosses
the blood-brain barrier and functions as a modulator of
neural activity, and is actively transported by gut epithelial
cells (72-74). Acetate and lactate are also precursors of
butyrate, which has anti-tumorigenic and anti-inflammatory
properties and provides energy to gut epithelial cells (64).
Opverall, these microbially-produced organic acids have a major
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BOX 2 | Advantages of an ecosystem services paradigm to evaluate the infant gut microbiome.

The application of concepts drawn from applied macroecology research has provided important insights into the mechanisms shaping the gut microbiome, especially
as it relates to how microbial communities assemble, function and evolve (38, 49-53), and how these processes influence human health (54, 55).

Unlike abiotic geographies for macroecology, hosts have faced millennia of coevolution to shape the populations of microbes that colonize them. Exquisitely
specific mechanisms to select for specific microbial symbionts have been described for plants (56) invertebrates (squid, insects) (57), and vertebrates (58-60).
Selective pressures have shaped these interactions between host and microbe over time, and in the gut microbiome, toward selection for the key ecosystem services
that improve host health (i.e., fitness). Evaluation of the infant gut microbiome through the lens of ecosystem services will facilitate the identification of key ecosystem
“service providers” as those species whose functions are critical for the delivery of a given service. Colonization resistance and access to specialized foods or diets
(provisioning services) are examples of ecosystem services where research may offer clues as to how services in the gut microbiome have been maximized by
host-microbe interactions under strong selective pressures.

The ecosystem services framework is widely applied to evaluate terrestrial and marine ecosystems (47) and was recently adapted to evaluate the mammalian gut
(16). Viewed through the lens of ecosystems services, the goods and services humans obtain from their microbiomes can be categorized as supporting, provisioning,
or regulating (Table 1). Provisioning services are those obtained directly from the production of goods, e.g., microbial production of vitamins, antimicrobials, organic
and short-chain fatty acids. Regulating services are those involved in maintaining stable ecosystem conditions, e.g., resistance to pathogen invasion. Supporting
services are those necessary for the production and maintenance of all other ecosystem services, e.g., generation of pioneer products.

One main advantage of applying the ecosystem service model to evaluate the infant gut microbiome is that it facilitates the systematic identification of key “service
providers” whose functional traits underpin the delivery of a given service (61, 62). By explicitly linking functional traits to ecosystem service delivery, it is possible to
assign “functional importance” and “irreplaceability” indices, and correspondingly, predict the extent to which the loss of key “service provider” species can impact
the ecological processes that sustain ecosystem functioning (35, 62).

TABLE 1 | Ecosystem services, functions, traits, measures, and dysfunction consequences.

Ecosystem service*

Description of benefit

Underpinning functional traits of
ecosystem service providers

Measures of ecosystem’s
functionality

Consequences of ecosystem
dysfunction

Supporting

Basic ecosystem processes
that maintain the generation
of all other

services

Provisioning

Products, nutritional
compounds and energetic
outputs from ecosystems
Regulating

Moderation and

Generation of pioneer products

(primary production)

Recovery of energy from
non-digestible/absorbable
substrates from the host’s diet

Resistance to invasive species
and prevention of pathogenic

Capacity to stably colonize and
generate pioneer products efficiently
from the available ecosystem
resources

Ability to efficiently access and
metabolize the available resources
(i.e., HMOs)

Establish abundant and stable
populations.

Bioconversion rate

Production of organic acids
and bacterial biomass from
fermentation of HMOs
Residual HMOs in stool.

Ecosystem stability index
Mucosal and epithelial

Decreased ecosystem functions

Inefficient resource utilization.
Loss of HMOs in the stool

Increased vulnerability to invasion
and/or to the overgrowth of

overgrowth
Maintenance of mucosal and
epithelial integrity

maintenance of essential
ecological and conditions
and processes.

Effectively deplete the utilize the
available resources (i.e., HMOs)
without cross-feeding

Reduce intestinal pH through the

virulent and antibiotic resistant
gene-carrying bacteria

Elevated endotoxin levels
Overgrowth of mucolytic bacteria

barrier integrity
Fecal pH

production of organic acids

*As outlined in by McKenney et al. (16) according to criteria established in the Millennium Ecosystem Assessment (47).

influence on host physiology. Thus, the presence of taxa able
to efficiently metabolize HMOs into these key metabolites
is critical to the delivery of fundamental ecosystem services
that can affect the short- and long-term health of the
growing infant.

COLONIZATION RESISTANCE AND
STABILITY ARE CRITICAL REGULATING
SERVICES OF THE INFANT GUT
MICROBIOME

One of the critical functions of the gut microbiome is to protect
the immunologically naive infant from acquiring exogenous
pathogens and to prevent the overgrowth of opportunistic
commensals (10, 75), a process known as colonization resistance

(76, 77). Direct competition for resources, metabolic exclusion
by production of organic acids, and indirect stimulation of the
mucosal barrier system are well-characterized mechanisms by
which the microbiome provides the host with this regulatory
service (78). More competition for resources increases ecological
stability at the expense of diversity by favoring the growth of
specialized taxa, and limits the ability of invading microbes to
establish and replicate (79). Thus, increased stability is central
to the delivery of this regulatory service (Table1) as stable
ecosystems are inherently more resistant to external disturbances
(42). In a clinical study, it was shown that colonization with
B. infantis EVC001 significantly increases the stability of the
infant microbiome (17). Moreover, consumption of HMOs by
B. infantis produces acidic end-products mainly lactate and
acetate, thereby altering the intestinal environment to prohibit
the growth of pH-sensitive populations (e.g., Enterobacteriaceae
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and Clostridia) (69, 80, 81) including known enteric pathogens
(17, 82), many of which carry antibiotic resistant genes (83-
85). Further, the resulting high abundance of bifidobacteria
contributes to maintaining intestinal barrier function through
the production of acetate and tryptophan metabolites, and
the reduction of mucus-eroding bacteria (86-89). Thus, the
regulating services infants obtain from a microbiome abundantly
colonized by B. infantis represents an archetypal model of
protection, in which the host selects (via HMOs) microbial taxa
most adept at strengthening epithelial defenses as well as creating
biotic (i.e., competition for resources) and abiotic (i.e., pH)
resistance barriers against invasion (28). A conceptual depiction
of these concepts is shown in Figures 1, 3.

INTEGRATING ECOSYSTEM SERVICES IN
THE EVALUATION OF THE INFANT GUT
MICROBIOME

The application of traditional concepts from macroecology
has proven successful in providing relevant insight into the
ecological dynamics that govern the human microbiome (38,
49). According to ecological theory, ecosystem productivity
can be measured by total biomass and by changes in the
concentration of a limiting substrate (35, 62, 91). In the
gut, dietary and host-derived carbohydrates are the primary
resources for microbial metabolism (31, 32). Productivity of
the ecosystem can thus be determined based on the efficiency
of their utilization, and in concert, determining bacterial
biomass (Table 1; Figure 3). Together, these two functions
offer complementary and independent approaches to monitor
productivity and to identify states in which the delivery of
the ecosystem services is maximized. Thus, by combining
evaluations of ecosystem productivity and the generation of
ecosystem services we propose a model for the definition
of dysbiosis of the breastfed infant gut as a low-functioning
ecosystem, in which the gut microbiome community is
characterized by (1) low stability even without perturbations (e.g.,
diet change or antibiotics); (2) high susceptibility to invasion by
external taxa; and (3) low utilization of the available resources
(i.e., HMOs). The alternative to dysbiosis or a “healthy” state
is characterized as being a high-functioning ecosystem when
the gut microbiome community is: (1) stable over time, (2)
resistant to invasion by allochthonous bacteria; and (3) shown
to exhibit a high conversion of HMOs to pioneer products and
biomass of benefit to the host (Figure 3). Overall, by focusing on
function, this model is agnostic to method and index of choice
and provides a quantifiable and objective approach to evaluate
the microbiome.

APPLICATION OF THE MODEL TO
EVALUATE THE SYMBIOSIS BETWEEN
B. INFANTIS AND THE

BREASTFED INFANT

Humans live in symbiosis with the composite of microbial
inhabitants residing in their intestinal tracts but the contribution

of specific species to the overall ecosystem function and terms
of the individual symbiotic relationships, which can range from
commensal to parasitic, are less understood. Considering the
ecosystem services the infant host obtains from selectively
favoring the growth of B. infantis, it is evident that the symbiotic
relationship is mutualistic. Free selectively consumed resources
like HMOs are extremely rare in nature and the composition of
HMOs is unique among mammals (92, 93). Of the thousands
of species able to colonize the human gut, only a very limited
number of species have the molecular machinery to utilize them
(24). Within the genus bifidobacteria, only B. infantis encodes the
complete set of genes required to transport, and intracellularly
deconstruct and metabolize all the chemical structures found
among HMOs (65), thus indicating maintenance of these
genes is under strong selection. Indeed, since its discovery, B.
infantis has so far been exclusively found in association with
human beings (94) and phylogenetic analysis indicates humans
and bifidobacteria have co-speciated (95). Taken together, the
association of B. infantis and the breastfed infant host presents
strong characteristics of an exclusive symbiotic alliance that has
persisted over evolutionary timescales, whereby the human host
requires the symbiont to access a significant portion of its diet
(i.e., HMOs), while concurrently the symbiont benefits from the
nutritional niche provided by the host. This concept is congruent
with well-established models of coevolved symbioses (57, 96, 97).

Interdependent biological alliances are best understood in
binary symbiotic models (57). One invariable lesson from
decades of research in these model systems has been that
aposymbiosis (i.e., the absence of the symbiont) can represent
a major stressor to the host and often results in physiological
and developmental deficiencies. For example in the well-
characterized Squid-Vibrio model, external perturbations are
markedly different between apo- and symbiotic squids (98, 99).
Indeed, the presence of V. fischeri may help modulate the host
stress responses (100). Similarly, the removal of nutritional
symbionts (i.e., symbiotic bacteria that help their animal partners
digest, absorb, and metabolize complex nutrients) is known
to pose appreciable fitness costs to the host (96, 101, 102).
Notably, the removal of vertically transmitted (from parent
to offspring) nutritional symbionts has been shown to have
the greatest negative impact on host fitness (102), which
bears surprising parallels to the conspicuous depletion of B.
infantis among infants with severe acute malnutrition (103)
and with the inverse correlation between fecal pH and stunting
(104). Further examples include aposymbiotic pea aphids which
have reduced growth rates, attain a lower adult size, and are
reproductively sterile (101) and fruit flies, for which the presence
of the facultative symbiont Lactobacillus plantarum is critical
to the growth and maturation of larvae ingesting nutritionally
suboptimal diets (9). Together, these examples demonstrate
broadly that the disruption of ancient symbiotic associations can
have negative implications on the host.

All data indicate human infants have evolved to partner
with key symbiotic gut bacteria specialized in metabolizing
host-provided resources in the form of HMOs; however, it
appears over time the role of B. infantis and the impact of
its absence from the infant gut have become obscured, likely
because the generational loss of B. infantis predates the advent
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FIGURE 3 | Characteristics of a high and a low functioning infant gut microbiome based on delivery of ecosystem services. (A) A low functioning infant gut
microbiome ecosystem where the resources (HMOs) are inefficiently utilized leading to their loss in the stool (17) and potential cross-feeding to non-adapted
opportunistic taxa. Prevalence of non-adapted opportunistic taxa leads to loss of ecosystem stability and decreased ecosystem function along with increased
abundance of virulence factors and antibiotic resistance genes (82, 84, 85). Overgrowth of mucus-degrading bacteria and elevated levels of endotoxin compromise
the intestinal barrier leading to chronic enteric inflammation and/or increased susceptibility to bacterial translocation (5, 89, 90). (B) A high functioning gut microbiome
where ecosystem functions and stability are maintained over time, corollary to an increase in biomass of B. infantis. HMOs are efficiently utilized by B. infantis and
converted into cell biomass, organic and SCFA. Production of organic and SCFA reduces the luminal pH (17) creating an unfavorable environment for opportunistic
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of high resolution tools to investigate the gut microbiome. For
instance, substantial fecal excretion of HMOs and high fecal
pH are not considered abnormal, and considerable instability
of the gut microbial ecosystem is considered normal in early
life (33). However, historical records suggest bifidobacteria was
once more prevalent among infant populations in developed
nations than what contemporary reports indicate (105), and
correlative evidence from large cohort studies suggest absence
of this key symbiont comes with important negative acute and
chronic health consequences during a critical developmental
stage (2, 4, 103, 104, 106).

WHAT ARE THE ACUTE AND CHRONIC
HEALTH CONSEQUENCES OF THE
ABSENCE OF B. INFANTIS IN THE INFANT
GUT?

The importance of individual species to ecosystem function, and
ultimately to the services, can become apparent through their
loss. There is growing appreciation that interventions known

to disrupt microbiome development may lead to the extinction
of certain taxa across entire populations (107). Widespread
antibiotic use, cesarean section delivery, and formula feeding
are associated with altered gut microbiome compositions and
subsequent negative health outcomes, including obesity and
autoimmune diseases (3, 108, 109). In particular, the increased
prevalence of these dietary and medical interventions has been
associated with the decline of Bifidobacterium over the past
century (20, 21, 60, 105, 110, 111). We pose the loss of
critical functions in the gut resulting from the decline in the
prevalence of B. infantis may have selected for microbiota
that lack the resilience and stability during critical stages of
immune and metabolic development. In fact, lower abundance
of bifidobacteria has been associated with greater risk for
developing colic, atopic dermatitis, asthma, food allergies,
type I diabetes and chronic inflammation (2, 10, 11, 15,
112). Additionally, infants lacking B. infantis show signs of
chronic enteric inflammation during the first 60 days of life
(5), which has been directly linked to an increased risk of
certain chronic disorders such as atopy and asthma later in
life (113).
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Interestingly, in geographic locations where breastfeeding
rates are high and vaginal birth is widespread, Bifidobacterium
is normally abundant in infant microbiomes (66, 114, 115).
In contrast, the gut communities of infants in developed
countries are largely unstable and highly variable (25, 111)
and the distribution of Bifidobacterium is notably bimodal
(26). This variation is clearly evident in a recent comparison
of the gut microbiome of infants in geographically similar
but developmentally diverse locations in which the level of
Bifidobacterium was found to be higher in infants in more
resource-limited locations, which correlated with decreased
incidence of autoimmune and allergic diseases (2). Together
these findings raise the question of whether the modern infant
gut microbiome has been fundamentally altered from that of
our ancestors and how the loss of key symbiotic species and the
resulting disruption in immune development could be connected
to the increased incidence of metabolic, autoimmune, and
allergic diseases observed in developed countries today.

Fecal pH is another factor that has changed significantly
over the past century and is consistent with the loss of
Bifidobacterium (105). Fecal pH values directly correlates with
the bacterial species colonizing the infant gut, particularly
pertaining is the direct association between lower fecal pH
and significantly decreased abundance of potentially harmful
bacterial populations (i.e., Clostridiaceae, Enterobacteriaceae,
Peptosteptoccocaceae, and Veillonellaceae) (105). These findings
are intriguing, as an abundance of specific Enterobacteriaceae
species induce gut inflammation (21), which has been positively
associated with colic and crying in infants (116, 117).
These adverse conditions may be due to the fact that
Enterobacteriaceae-derived lipopolysaccharides induce stronger
inflammatory activity compared with other lipopolysaccharide-
producing bacteria (2, 118). In addition, lower fecal pH has been
shown to be associated with better anthropometric growth scores
(104) and improved thymic growth, a sign of immune system
development (1). This may partially explain why B. infantis-
colonized infants exhibit more robust vaccine responses (66, 119)
and why there is a reduced incidence of autoimmune diseases
in populations colonized with high levels of Bifidobacterium (2).
Taken together, these data indicate functions provided by key
symbiotic partners (i.e., B. infantis) during infancy have a strong
impact on development and conversely, the absence of these taxa
can have negative health consequences, underscoring the need to
restore specific beneficial taxa to the infant gut.

RELEVANCE, APPLICATIONS, AND
LIMITATIONS OF THE MODEL

With the growing recognition of the role of the microbiome
in human health, the incorporation of microbiome-based
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Dysbiosis in the Infant Gut

GLOSSARY

Allochthonous: An organism whose origin is different than that
in which is found.

Biomass: Total quantity of living organisms of a species
per unit area of a given habitat.

Dysbiosis: Vague/imprecise term often used to describe a
microbiome composition that is different from the control
and/or observed in subjects with a particular disease or
condition. No scientific consensus has been reached on its
definition. The origins and use of the term are reviewed by
Hooks and O’Malley (122), and the casual obfuscation of its use
to progress in the field, is discussed in Olesen and Alm (123) and
Brussow (124).

Ecosystem services: Refers to the benefits to be gained
from properly functioning ecosystems.

Ecosystem functioning: Refers to all processing and
transport of energy and matter in an ecosystem,
integrating multiple individual functions of the ecosystem
including the production of biomass, the biochemical
cycling of resources and the ability to resist invasion by
allochthonous species.

Fitness (ecology): An organism’s adaptation to the environment
that increases its ability to propagate its genes. Genotypes with
higher fitness are therefore selected for in the next generation
(see natural selection). Fitness is environment-specific and
directly related to the number of offspring produced.

Insurance hypothesis: Suggests that stabilization of communities
against decline in function resulting from invasion, species loss,

or fluctuations in abiotic features of the environment is improved
by increasing diversity, and that diminishing fluctuations over
time increases the overall productivity or services provided by
the community.

Limiting substrate: Specific resource by which the productivity
rate of an ecosystem depends on.

Mutualistic: Exchange of goods and services between species.

Niche (Hutchinsonian): Environmental conditions (biotic
and abiotic) of a given habitat under which a species can persist
and maintain stable populations without immigration from
external sources.

Opportunistic commensal: Otherwise non-harming members
of the gut microbiome that bloom upon a disturbance to the
ecosystem and exert pathogenicity to the host.

Primary production: First level of nutrient generation in
the tropic chain (food web).

Productivity: Rate at which energy is converted to biomass.

Stability (ecology): Measure of the temporal variability of
an ecosystem, depends on its resistance to environmental
change, and its rate of return to equilibrium following a
perturbation (resilience).

randomness, the

Stochastic: With inherent

of deterministic.

opposite

Symbiosis (From Greek: sym “with” and biosis “living”)
long-term  associations between organisms of distinct
genetic makeup.
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Lipids in milk are secreted as a triacylglycerol core surrounded by a trilayer membrane,
the milk fat globule membrane (MFGM). This membrane, known to have important roles
in infant brain and intestinal development, is composed of proteins, glycoproteins, and
complex lipids. We hypothesized that some of the beneficial properties of MFGM are due
to its effects on the gastrointestinal microbiota. This study aimed to determine the effect
of a commercial phospholipid concentrate (PC) and enriched bovine, caprine, and ovine
MFGM fractions on ileal and hindgut microbiota in vitro. Digestion of PC and MFGMs was
conducted using an in vitro model based on infant gastric and small intestine conditions.
The recovered material was then in vitro fermented with ileal and caecal inocula prepared
from five piglets fed a commercial formula for 20 days before ileal and caecal digesta
were collected. After each fermentation, samples were collected to determine organic
acid production and microbiota composition using 16S rBNA sequencing. All substrates,
except PC (5%), were primarily fermented by the ileal microbiota (8-14%) (P < 0.05). PC
and caprine MFGM reduced ileal microbiota alpha diversity compared to ileal inoculum.
Caprine MFGM increased and PC reduced the ileal ratio of firmicutes:proteobacteria
(P < 0.05), respectively, compared to the ileal inoculum. Bovine and ovine MFGMs
increased ileal production of acetic, butyric, and caproic acids compared to other
substrates and reduced the proportions of ileal proteobacteria (P < 0.0001). There was
a limited fermentation of bovine (3%), caprine (2%), and ovine (2%) MFGMs by the caecal
microbiota compared to PC (14%). In general, PC and all MFGMs had a reduced effect on
caecal microbiota at a phylum level although MFG source-specific effects were observed
at the genus level. These indicate that the main effects of the MFGM in the intestinal
microbial population appears to occur in the ileum.

Keywords: milk fat globule membrane, ileal and caecal fermentation, caprine, bovine, ovine
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Milk Fat Globule Membrane Fermentation

INTRODUCTION

Milk fat is secreted from the mammary gland in the form of milk
fat globules (MFG) composed of a triacylglycerol core covered by
a trilayer membrane, the milk fat globule membrane (MFGM).
The MFGM is a source of bioactive proteins, glycoproteins, and
complex lipids known to improve body (1), brain (1-4), immune
(5), and intestinal development (6, 7).

MEFG are digested and absorbed in different areas of the
intestinal tract, which affects the nutritional and functional role
of the MFGM components. Initially, it was thought that MFGM
components were digested and absorbed in the small intestine
(8, 9). Recent studies, however, indicate that specific components
of the bovine MFGM, such as glycoproteins, could reach the
large intestine (10). In vitro digestion of MFGM components
has mainly been tested using adult conditions (time, pH, and
enzyme concentration) (11, 12). The infant’s gastrointestinal tract
is immature with suboptimal pH for digestive enzymes and lower
concentrations of bile acids and enzymes (13, 14). This could
reduce the digestion of MFGM components in the stomach and
small intestine and, therefore, increase the amount of undigested
MFGM reaching the large intestine.

Digestion of MFGM is affected by the MFGM structure and
composition (15). Human and ruminant MFGMs share the
same structure, but their different protein and lipid composition
may affect digestion and functionality. For instance, proteomic
analysis has identified 312, 554, 175, and 140 proteins in human,
bovine, caprine, and ovine MFGM, respectively, of which only 87
proteins were common among these species (16, 17). Differences
in the profile of complex lipids among MFGMs have also been
reported. Phosphatidylcholine, phosphatidylethanolamine, and
sphingomyelin, the three major constituents of MFGM polar
lipids, account for 62-80% of the total phospholipids in human
and bovine MFGM and 90% in ovine and caprine MFGMs
(18-22). Thus, differences in MFGM composition may lead to
different rates of digestion (15), absorption, and subsequently,
different portions of the MFGM reaching the lower small
intestine (ileum) prior to being released into the large intestine,
where they are available for microbial fermentation.

The effects of a commercial bovine MFGM concentrate,
known as phospholipid concentrate (PC), on large intestinal
mucosa, microbial profile, and organic acid concentration were
recently demonstrated using animal models (6, 23, 24). Bhinder
etal. (6), using a “pup-in-a-cup” rat model (5-15 post-natal days
of age), show that addition of PC to infant formula restored
small and large intestinal growth, microbial composition, Paneth
and goblet cell numbers, and tight-junction protein patterns to
conditions found in pups fed maternal milk. Another study (24)
shows that a combination of PC and prebiotics improved small
(duodenum, jejunum, ileum) and large intestinal (ascending
colon) maturation (e.g., greater enzymatic activity) and reduced
opportunistic bacteria (Escherichia/Shigella, Klebsiella) in piglets
compared to those fed a control formula.

Recent studies demonstrate that the ileum harbors a
significant population of microbes (25) and is associated with
variable retention times (72-392 min in healthy individuals) (26),
which may have an important role on fermenting undigested

food components prior to the large intestine (27). It has been
reported, for example, that close to 30% of the digesta entering
the ileum of pigs fed a humanized diet was fermented in the
ileum (27). In another study, 80% of soluble kiwifruit fiber was
fermented in the upper gastrointestinal tract of pigs (28), and this
occurred mainly in the ileum. In human adults, a considerable
degree of fiber fermentation has also been reported in the upper
gastrointestinal tract [47% for pectin (29), 66% for a resistant
starch (30)]. Therefore, we hypothesized that dietary bovine,
caprine, and ovine MFGMs differently modulate the ileal and
caecal microbiota population, resulting in different fermentation
end products.

This study aimed to determine the effect of PC and enriched
bovine, caprine, and ovine MFGM fractions on ileal and caecal
microbiota and production of organic acids in vitro. In vitro
gastrointestinal digestion of PC and MFGMs was conducted
using conditions that modeled those in infants. The undigested
material was then recovered and fermented in vitro with ileal
inoculum (ileal fermentation) followed by caecal (proximal
colonic fermentation) inoculum of formula-fed piglets. After
each fermentation, samples were collected to determine organic
acid production and microbial profile using 16S rRNA gene
amplicon sequencing (Figure 1).

MATERIALS AND METHODS

Milk and Milk Fat Globule Membrane
Enrichment Method

A commercial bovine PC product was donated by Tatua Co-
operative Dairy Company Ltd., New Zealand. Tatuas PC was
obtained by microfiltration of the liquid stream derived from
the production of anyhydrous milk fat. Raw, non-homogenized
bovine, caprine, and ovine milk were collected from local
farms (Palmerston North, New Zealand) and refrigerated at 4°C
until processing.

MFGM was enriched according to the method previously
described (31) with some modifications. The raw milk was
centrifuged at 3,500 x g for 15min at 4°C and the cream layer
collected. The cream layer was washed once using phosphate-
buffered solution (4.3mM Na,HPQ4, 2.7mM KCl, 1.8 mM
KH,POy4, and 137mM NaCl) followed by tri-distilled water
(twice for bovine milk and only once for caprine and ovine milk).
Each washing step was followed by centrifugation at 4,500 x g
for 20 min at 4°C. Tri-distilled water was added to the cream
sample (1:1 v/v) and stirred for 10 min at 50°C in a water bath.
The mixture was then sheared using a kitchen mixer (Kenwood
Kitchen machine, KMC 510, 1000W, Auckland, NZ), for 10 min
at speed 2 to release the fat from the cream. The fat fraction was
separated from the MFGM material by centrifugation at 12,000 x
g for 30 min at 4°C. After removing the fat fraction and aqueous
phase, the pellet was freeze-dried and stored at —20°C.

Digestion

MFGM and PC were digested following the in vitro static Infogest
model (32) with modifications (pH, enzyme concentration, and
time) to represent those found in 5-months-old infants (14).
Simulated digestion fluids [such as simulated salivary fluids
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FIGURE 1 | Study design.

(SSF), simulated gastric phase solution, and small intestinal phase
solution (SIF)] were made up of the corresponding electrolyte
stock solutions [containing KCI, KH,PO4, NaHCOs3, NaCl,
MgCl,(H,0)s, and (NHy4),CO3], enzymes, CaCl,, and water as
described in Minekus et al. (32).

Oral Phase

Dry MFGM or commercial PC treatment samples (5g) were
mixed with 3.5mL of SSF (pH 7) (32). Salivary a-amylase
solution (0.5 mL, 960 U/mL a-amylase from human saliva Type
XII-A; A1031, Sigma, St. Louis, MO, USA, made up in SSF)
was added, followed by 25 pL of 0.3 M CaCl, and water to a
final volume of 10 mL. All reagents were pre-warmed to 37°C
before being mixed with MFGM or PC samples. Immediately
after mixing, the gastric phase digestion was conducted as milk
is swallowed without mastication.

Gastric Phase

The total oral digested sample was mixed with 7.5 mL of SGF (pH
6) (32), 1 mL porcine pepsin (2,000 U/mL; P6887, Sigma, made
up in SGF), 1 mL gastric lipase (800 U/mL; 62305, Sigma, made
up in SGF), 5 pL of 0.3 M CaCl,, and water to a final volume
of 20 mL. The digestion solution was incubated at 37°C for 1.5h
with the first hour at pH 6 followed by pH 5.

Intestinal Phase

The total gastric digested sample was neutralized by adjusting
the pH to 6.5. The neutralized sample was then mixed with
11mL of SIF (32), 2.5mL of bile salts stock (16 mM; B8756,
Sigma), 40 pL of 0.3M CaCl,, and water to a final volume
of 40 mL. The solution was incubated for 10 min at 37°C with
shaking. Pancreatin solution (5.0 mL, 800 U/mL, based on trypsin
activity (P1750, Sigma, made up in SIF) was then added to the
solution and incubated at 37°C for 2 h. Digestion was stopped by
putting the samples on ice prior to dialysis. The small intestinal
sample was then dialyzed against deionized water (Spectra, New
Brunswick, USA, CE Membrane 100-500 MWCO 31 mm width,
20mm diameter) for 24h at 4°C. After dialysis, the samples
remaining inside the dialysis tubes (i.e., undigested fraction) were
freeze-dried and stored at —20°C. Dialysis is often used as a
simulation model for the absorption of free amino acids and
small peptides (di- or tripeptides) in the small intestine (10).
After in vitro digestion and dialysis, the recovered material was
calculated as:

((Ci - Cf )* 100)
Ci

>

Recovery material (%) =

where C; and Cy are the amounts of digested material added to
the dialysis tube and recovered after dialysis, respectively.
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Fermentation

All procedures involving animals were approved by the
Grasslands Animal Ethics Committee under the New Zealand
Animal Welfare Act 1999 (AEC#12997). Five male piglets 11
days old were used. During acclimatization (4 days), piglets
were housed together and fed a bovine-based infant formula.
Thereafter, piglets were housed individually for 16 days. The
bovine-based infant formula (51.3% protein, 36.2% fat, 5.2% ash,
1.5% moisture) (Fonterra, Palmerston North, New Zealand) was
provided ad libitum every 4h during the whole study. On post-
natal day 31 (11 days old on arrival and 20 days of study), piglets
were euthanized and ileal (last 30 cm of the small intestine) and
caecal digesta were collected in plastic bags previously flushed
with CO; (to maintain anaerobic conditions) and kept on ice
until fermentation (27).

The pig ileal and caecal inocula were prepared in an anaerobic
cabinet. Ileal and caecal digesta were pooled (to reach the
volume necessary to ferment all substrates) in similar amounts
between piglets and homogenized (1:5, w/v) with a sterilized
and anaerobic phosphate buffer saline solution (PBS, 0.1M +
0.5 g/L cysteine) at pH 7 for ileum and pH 6.5 for caecum.
The initial pH (pH 7 for ileum and pH 6.5 for caecum) was
determined by measuring the pH in the animal ileum and
caecum at the time digesta samples were collected. The pH
at the end of the fermentation was not determined. Inoculum
was filtered through sterilized layers of cheesecloth and stirred
constantly. Ileal inoculum (5mL) was added first to sterilized
McCartney bottles containing 5mL PBS (blank) or 5mL PBS
containing 100 mg of freeze-dried substrate (digested bovine,
caprine, or ovine MFGMs, PC, or undigested citrus pectin).
Citrus pectin (Spectrum Chemical, New Brunswick, USA), a
highly fermentable dietary fiber, was used as a fermentation
control (Figure 1). Pectin was not in vitro digested previously to
the fermentation as mammalian enzymes do not cleave pectin.
Thus, citrus pectin (100 mg) was fermented directly with the
ileal inoculum.

Blanks (inoculum and PBS) were divided into initial and final
blank. PBS was used in blanks as a high concentration of ileal and
caceal digesta has been shown to provide nitrogen and minerals
required by the microbiota (27). Initial blanks were kept on ice
until processing, and final blanks were incubated at 37°C for 2h
for ileal or 12 h for caecal fermentation (Figure 1).

Twelve bottles per blank (initial and final) or per substrate
were used (three technical replicates for each analysis). After
2h of ileal fermentation, half of the bottles (n 6) were
removed from the incubation and kept on ice to reduce microbial
activity. The remaining bottles were inoculated with the caecal
inoculum using a pipette (5mL, 1:5, w/v in PBS); initial caecal
fermentation blanks were kept on ice or otherwise fermented
for an additional 12 h (Figure 1). Half of the bottles (blanks and
substrates) were placed in an autoclave (121°C for 20 min) to
completely inactivate microbial fermentation and to remove the
end products of organic matter fermentation (e.g., SCFA) before
determination of fermentability. The other half of the bottles
were thoroughly mixed, and an aliquot (1 mL) was collected into
Eppendorf tubes. The Eppendorf tubes were centrifuged (14,000
x g for 15min at 4°C) and the supernatant (0.5mL) collected

and stored at —20°C for subsequent determination of organic
acids. The precipitate was used to determine the composition of
the microbial population.

Organic matter fermentability of the MFGM substrates was
calculated accordingly to Montoya et al. (33). In short,

Organic matter fermentability;, ..., (%)
(OM_(OMH_(OMblank initia1+OMblank ﬁnal))
2

x 100,
oM,

where OM};, and OM, are the amounts of organic dry matter
in the substrate (undigested MFGM) either before or after in
vitro fermentation. OMpjank initial» OMplank final are the amounts
of OM in the blank bottles (which contained inoculum
but no substrate) before (initial) and after (final) in vitro
fermentation, respectively.

Chemical Composition Analysis

Proteins

Samples of MFGMs and PC before and after digestion were
resuspended in water and protein concentration determined by
Qubit Protein Assay (ThermoFisher, Auckland, New Zealand).
The protein concentration in bovine, caprine, and ovine MFGMs
and PC before and after in vitro digestion was adjusted to 1.6
mg/mL. The samples were further diluted (1:1) in 2x Laemmli
sample buffer (5% B-mercaptoethanol) (Bio-Rad Laboratories,
Inc., Hercules, CA, USA), denatured by heating at 95°C for
5min, and centrifuged at 2,500 x g for 30 min at 4°C. Samples
(10 pL) with a total protein concentration of 8 g were then
loaded onto SDS-PAGE gels (4-15% Mini-PROTEAN® TGX™
Precast Protein Gels, Bio-Rad Laboratories). A molecular weight
(MW) marker (Precision Plus Protein Unstained Standards
3.5-260 kDa; Bio-Rad Laboratories) was used. The gels were
electrophoresed in a mini-protein system (Bio-Rad Laboratories)
at 110V using a Bio-Rad power supply unit for 50 min. The
SDS gels were stained for 1h by Coomassie Brilliant Blue
R-250 staining solution (Bio-Rad Laboratories) and destained
overnight. Putative identification of proteins was conducted
based on the estimated MW of the bands and the MW
reported for each protein in previous studies for bovine
(34, 35), caprine (36), and ovine (16) MFGMs. To visualize
glycoproteins, other SDS-PAGE gels were loaded as described
above but using a glycoprotein MW marker (CandyCane™)
(ThermoFisher P21857) and a total protein concentration of
5 pg. Glycoproteins were stained using Pro-Q® Emerald 300
Glycoprotein Gel and Blot Stain Kit (ThermoFisher P21857) as
per supplier instructions.

Lipid Profile

Lipid extraction and phospholipid analysis were conducted as
previously described (37, 38). Total fatty acid analysis was
conducted by rinsing the samples of MFGM and PC before and
after digestion with 1:1 chloroform methanol and drying prior
to methylation. The samples were then methylated in a two-
stage process. First, 1.5mL of 0.5M NaOH in methanol was
added to the samples and incubated for 10 min at 80°C. Second,
2.5mL of boron trifluoride complex in methanol (10%) was
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added to the samples and incubated for 30 min at 80°C. After
cooling, the fatty acid fraction was extracted by adding 1 mL
of iso-octane to the mixture and vortexed, followed by 5mL of
saturated NaCl, which was mixed by shaking for 30 s by hand.
The sample was centrifuged (500 x g for 10 min) and the iso-
octane layer transferred to a vial. The extraction was repeated
a second time with 1 mL of iso-octane and combined with the
first fraction. Samples (1 pL) were injected onto a Polar FAME
(Restek RTX 2330 column, 105m x 0.25mm i.d, 0.20 um film
thickness; Restek Corporation, Bellefonte, USA), and fatty acid
profiles were analyzed by gas chromatography (GC).

Organic Acid Detection

The preparation of samples for organic acid analysis was
a two-step procedure. In the first step, organic acids were
extracted into an aqueous solution for GC Flame Ionization
Detection (GC-FID). GC-FID analysis of acetic, butyric,
propionic, valeric, iso-valeric, iso-butyric, and caproic acids
were conducted (39). The second step was an ether extraction
followed by derivatization with N-methyl-N-t-butyl-dimethyl-
silyl-trifluoroacetamide (Sigma-Aldrich) for GC analysis of lactic,
formic, and succinic acids. These latter three organic acids have
to be derivatized because formic acid responds poorly to FID, and
lactic and succinic acids both have low volatility and high polarity
(40). In short, 100 pL concentrated HCI and 800 pL diethyl
ether were mixed vigorously with 200 L of acidified fermented
medium fluid supernatant containing the internal standard, 2-
ethyl butyric acid (W242918, Sigma-Aldrich). After allowing
the mixed sample to settle for 1 min, the top ether layer was
transferred into a 2-mL vial. This extraction process was repeated
by adding a further 800 L diethyl ether to the aqueous phase of
the first vial. The two extracts were then combined. The extract
(800 L) was derivatized with 100 iL of derivatization reagent
with N-methyl-N-t-butyl-dimethyl-silyl-trifluoroacetamide and
heated in a crimp-top GC vial for 20 min at 80°C. Samples
were left at room temperature for ~48h to allow for complete
derivatization of lactic acid.

The analysis was carried out using a Shimadzu GC-2010
Plus gas chromatogram (Shimadzu Corporation, Kyoto, Japan)
with helium ionization detector and a Zebron ZB-5MS 30m x
0.25mm LD. x 0.25 um film capillary column. A split injection
ofal nL sample was made at a ratio of 20:1 with a column helium
flow rate of 21 mL/min. Injector and detector temperatures were
both 240°C. The column temperature was initially held at 50°C
for 2min and then increased at 5°C/min to 130°C, followed by
15°C/min to 240°C (held for 4.7 min).

Microbial Profile

Microbial DNA was extracted from pellets using Machey
Nagel NucleoSpin Soil kits (Macherey-Nagel, Duren, Germany)
following the manufacturer’s instructions with the addition of
a bead-beating step using a BioSpec Mini-Beadbeater 96 set to
4 min and 0.1 mm silica beads (BioSpec, Bartlesvile, USA). DNA
samples were analyzed by 16S rRNA gene amplicon sequencing
using the Illumina MiSeq Platform with 2 x 250 bp paired-end
sequencing. Primers targeting the V3 and V4 region of the
16S rRNA gene were used for amplification as follows: forward

primer: 5'-TCGTCGGCAGCGTCAGATGTGTATAAGAGACA
GCCTACGGGNGGCWGCAG; reverse primer: 5-GTCTCGT
GGGCTCGGAGATGTGTATAAGAGACAGGACTACHVG
GGTATCTAATCC.

PCR thermal cycler conditions were used as specified in the
Mlumina library preparation protocol (95°C for 3 min; 25 cycles
of 95°C for 305, 55°C for 30s, 72°C for 30s; 72°C for 5 min;
hold at 4°C; Tllumina 2015). Sequence reads were paired and
quality trimmed using Qiime 1.9 (41) with the default parameters
except for the following: chimeric sequence removal and OTU
picking was performed using Usearch61 and taxonomy assigned
against the Silva 128 small subunit ribosomal RNA database.
Following quality trimming, the median number of reads was
29,295 with a minimum of 13,019, maximum of 51,579, and a
standard deviation of 9,315. Alpha diversity was assessed using
Faith’s phylogenetic diversity indices and differences between
means analyzed by ANOVA.

Statistical Analysis

Overall microbial communities were compared using
permutation multivariate analysis of variation (MANOVA)
using distance matrices as implemented using the adonis
function in the vegan package for R (42). Comparisons of relative
abundances for individual taxa were performed by permutation
ANOVA using the aovp function in the ImPerm package (43)
for R. P-values were adjusted for multiple testing using the
Benjamini-Hochberg false discovery rate (FDR) method. Fisher’s
LSD test was used for post-hoc pairwise analysis.

A two-way ANOVA model was used to determine the effects
of MEGMs/PC (n = 4), inoculum (n = 2), and the interaction
on OM fermentability using the Proc Mixed of the statistical
software SAS. For organic acid production, a one-way ANOVA
model was used. The model diagnostics for each response
variable were tested using the ODS graphics procedure and the
repeated statement of SAS. The repeated statement was used
to test for homogeneity of variances by fitting models with the
restricted maximum likelihood method and comparing using the
log-likelihood ratio test. The selected model for each response
variable had adjusted equal variances across treatments. When
the F value of the model was significant (P < 0.05), the means
were compared using the adjusted Tukey test.

RESULTS

Milk Fat Globule Purification and
Composition

The enrichment method increased the concentration of proteins
putatively identified in Figure 2 as part of the MFGM [mucin
1 (250-450 kDa), xanthine oxidase (band a), PAS III (band
b), CD36 (band c), butyrophilin (band d), adipophilin and/or
lactadherin (PAS 6/7; 52-58 kDa bovine, 55 kDa caprine)
(band e or f), compared to bovine (lanes 2 and 3), caprine
(lanes 4 and 5), and ovine lanes 6 and 7)] milk. Skim
milk proteins (caseins, bands g-i) and whey proteins (B-
lactoglobulin, a-lactalbumin, band j and 1) were observed in
all MFGM samples after enrichment. Based on band intensity,
a higher proportion of caseins was observed in commercial
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FIGURE 2 | SDS-PAGE pattern of milk fat globule membrane (MFGM) proteins in milk and MFGM purified before and after digestion. MW, molecular weight marker
(KDa). The MFGM proteins are from phospholipid concentrated (lane 1), bovine milk (lane 2), bovine MFGM (lane 3), caprine milk (lane 4), caprine MFGM (lane 5), ovine
milk (lane 6), ovine MFGM (lane 7), material remaining after digestion for bovine MFGM (lane 9), caprine MFGM (lane 10), ovine MFGM (lane 11), and phospholipid
concentrated (line 12). Proteins were identified accordingly with MW as (a) xanthine oxidase (~145 kDa), (b) PAS Il (~100 kDa), (c) CD36 (~75 kDa), (d) butyrophilin
(64 kDa bovine, 67 kDa caprine), (e) or (f) adipophilin (50-52 kDa) or lactadherin (PAS 6/7; 52-58 kDa bovine, 55 kDa caprine), (g) a-caseins (~22-25Kda), (h)
B-caseins (~23-24 kDa), (i) k-caseins (~19 kDa), () B-lactaglobulin (~18 kDa), and (|) a-lactalbumin (~14 kDa).

TABLE 1 | Protein and lipid composition (%) of phospholipid concentrated (PC) and purified milk fat globule membrane from bovine, caprine, and ovine before and after

infant simulated in vitro digestion.

Before digestion After digestion
PC Bovine Caprine Ovine PC Bovine Caprine Ovine

Total protein 451 25.3 22.7 222 3.2 4.2 45 6.3
Total lipids 141 36.1 14.5 30.3 12.5 33.0 10.9 11.8
Total polar lipids 5.22 4.24 5.83 3.06 2.13 1.78 1.05 1.16

Phosphatidylinositol 0.29 0.25 0.47 0.27 0.12 0.16 0.09 0.11

Phosphatidylethanolamine 1.15 0.92 0.66 0.06 0.03 0.12 0.01 0

Phosphatidylserine 1.06 0.51 1.62 0 0 0 0 0

Phosphatidylcholine 1.69 1.52 1.92 1.29 0.24 0.48 0.13 0.2

Sphingomyelin 1.08 1.04 1.25 1.44 1.74 1.01 0.82 0.85

PC (lane 1) compared to purified bovine MFGM (lane
3). Total protein concentration in PC and purified bovine,
caprine, and ovine MFGMs were 45.1, 25.3, 22.7, and 22.2%,
respectively (Table 1).

After in vitro digestion and dialysis, the recovered material
(content remaining in the dialysis tube) was 59, 35, 15, and 47% of
the original PC, bovine, goat, and sheep MFGM, respectively. The
SDS-PAGE pattern of MFGM after digestion showed only a small
number of uncharacterized protein bands with a MW similar to
PAS III and CD36 in bovine, ovine, and caprine MFGM samples
but not in PC (Figure 2, lanes 10-13, respectively). The total
protein in the recovered digested MFGM was 3.2, 4.2, 4.5, and
6.3% for PC, bovine, caprine, and ovine, respectively (Table 1).

The SDS-PAGE pattern of glycoproteins in milk, enriched
MFGM samples, and PC (before and after digestion) are
shown in Figure 3. Bands were putatively identified, based on
MW, as xanthine oxidase, PAS III, CD36, butyrophilin, and
lactadherin. After gastrointestinal digestion, a large proportion
of glycoproteins were observed (lanes, 2, 5, 8, and 11), especially
with lower MW than the parent glycoproteins observed in the
intact MFGM (lanes, 1, 4, 7, and 10).

The total polar lipid content in PC, bovine, caprine, and
ovine MFGM was 5.2, 4.2, 5.8, and 3.0%, respectively (Table 1).
Phosphatidylcholine was the most concentrated phospholipid in
PC (1.7%), bovine (1.5%), and caprine (1.9%) enriched MFGM
and sphingomyelin was for ovine MFGM (1.4%). For all samples,
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FIGURE 3 | SDS-PAGE pattern of milk fat globule membrane (MFGM) glycoproteins in milk and MFGM purified before and after digestion. MW, molecular weight
marker. The MFGM proteins are from phospholipid concentrate (lane 1), digested phospholipid concentrate (lane 2), bovine milk (lane 3), bovine MFGM (lane 4),
digested bovine MFGM (lane 5), caprine milk (lane 6), caprine MFGM (lane 7), digested caprine MFGM (lane 8), ovine milk (lane 9), ovine MFGM (lane 10), and digested
ovine MFGM (line 11). Proteins were identified accordingly with MW as (a) xanthine oxidase (~145 kDa), (b) PAS Il (~100 kDa), (c) CD36 (~75 kDa), (d) butyrophilin (64
kDa bovine, 67 kDa caprine), (e) lactadherin (PAS 6/7; 52-58 kDa bovine, 55 kDa caprine).

the concentration of polar lipids was reduced after digestion to
1.0-2.1% of total lipids.

Palmitic acid (C16) and the fatty acids C18:1c9, C:18, and
C14 were the most abundant fatty acids in PC (23, 29, 12, and
8%), bovine (29, 16, 17, and 11%), caprine (32, 19, 16, and 9%)
and ovine (25, 20, 17, and 8%) MFGM fractions, respectively
(Table 2). Digestion of PC, bovine, caprine, and ovine MFGM
fractions had a small effect (<10% variation) on the proportions
of the fatty acids C18:2n6, C15:0, C20:3n6, C9 t11-CLA, iso C17,
iso C16, C20:0, anteiso C17, C17:1, and C16:0. In contrast, a
reduction of >65% on the proportion of the medium chain fatty
acids (MCFA) (C10:0, C12:0) and C14:1 was observed after the
digestion of all samples.

lleal and Caecal Fermentation

There was a significant interaction between the location of
fermentation (i.e., inoculum) and the substrate (i.e., digested
MFGMs) on the organic matter fermentability (P < 0.05;
Table 3). All substrates, except PC, were primarily fermented
by the ileal microbiota (P < 0.05). As expected, pectin had the
highest ileal and caecal fermentability (28 and 31%, respectively,
P < 0.05) compared to bovine (ileal, 7.7% and caecum, 11.2%),
caprine (8.8 and 10.6%), ovine (14.0 and 16.2%), MFGMs and PC
(5.5 and 19.3%).

After 2h of ileal microbiota incubation at 37°C, a decrease
in the proportions of Fusobacteria was observed in the final
blank compared to the initial blank (Table 4). At the genus level,
higher unclassified Peptostreptococcaceae and lower proportions
of Turicibacter and Fusobacterium genera were observed in the

final blank compared to the initial blank (Table 5). Incubation of
digested ovine and bovine MFGM fractions for 2 h had no effect
on ileal microbial alpha diversity (Figure 4A) but increased the
firmicutes:proteobacteria ratio (Table 4) compared to the initial
and final blanks.

PC and caprine MFGMs reduced the ileal microbial
alpha diversity compared to blanks and bovine and ovine
MFGMs (Figure 4A). Although PC maintained the ratio
of firmicutes:proteobacteria to the levels observed in the
initial blank (Table4), caprine MFGM increased the ratio
of firmicutes:proteobacteria compared to the initial and final
blanks (Table4). In general, PC reduced the proportions
of unclassified Peptostreptococcaceae, unclassified Clostridiales,
Veillonella, Lactobacillus, Prevotella, and Rothia and increased
the proportions of unclassified Enterobacteriaceae, Turicibacter,
and Escherichia/Shigella compared to the other substrates and
the final blank (Table 5). In general, caprine MFGM increased
Streptococcus and decreased Prevotella genera compared to both
blanks and other substrates. Bovine, caprine, and ovine MFGMs
decreased the proportions of Escherichia/Shigella genera and
unclassified Enterobacteriaceae compared to the final blank.

A higher concentration of acetic acid was produced by
ileal microbiota fermenting ovine MFGM, whereas higher
concentrations of butyric and caproic acids were produced when
fermenting bovine and ovine MFGMs (Table 6) compared to
other substrates. Formic and lactic acid production did not differ
between the different types of digested MFGMs (P > 0.05).

Incubation of the caecal inoculum (initial blank) for 12h
reduced the alpha-diversity (final blank) (Figure4B) and
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TABLE 2 | Fatty acid profile (% of total fatty acids®) of phospholipid concentrated (PC) and purified milk fat globule membrane (MFGM) from bovine, caprine, and ovine
before and after infant simulated in vitro digestion.

Substrate Before digestion After digestion

PC Bovine Caprine Ovine PC Bovine Caprine Ovine
C10:0 1.84 2.45 5.60 4.05 0.18 0.28 0.40 0.36
C12:0 3.44 3.21 3.25 2.65 1.06 0.73 0.66 0.51
C14:0 8.65 11.16 9.34 8.31 6.28 7.71 5.47 4.54
iso C14 0.00 0.10 0.00 0.08 0.00 0.05 0.00 0.00
C14:1 0.45 0.43 0.07 0.06 0.16 0.10 0.00 0.00
C156:0 0.82 1.16 0.94 0.94 0.77 1.07 0.84 0.81
iso C15 0.16 0.33 0.14 0.21 0.15 0.25 0.11 0.15
Anteiso C15 0.34 0.46 0.20 0.34 0.28 0.33 0.13 0.22
C16:0 23.28 29.28 32.17 25.91 25.12 30.11 34.74 25.74
iso C16 0.17 0.25 0.25 0.21 0.17 0.26 0.27 0.22
Cc16:1 1.33 0.67 0.34 0.41 1.10 0.45 0.24 0.32
C17:0 0.44 0.67 0.83 0.83 0.51 0.73 1.02 0.93
iso C17 0.58 0.67 0.49 0.74 0.59 0.70 0.55 0.80
Anteiso C17 0.43 0.45 0.36 0.44 0.45 0.47 0.42 0.51
C17:1 0.30 0.22 0.21 0.20 0.32 0.17 0.19 0.20
C18:0 12.69 17.25 16.98 17.75 14.08 19.33 22.31 21.25
C18:1cl1 1.03 0.68 0.64 0.73 117 0.86 0.83 0.98
c18:1 t11 2.91 5.90 0.82 4.49 3.36 7.34 1.1 6.30
C18:119 0.26 0.19 0.29 0.26 0.35 0.31 0.44 0.40
C18:1c9 28.93 16.08 19.47 20.89 32.61 20.49 23.62 27.15
C18:2 n6 2.74 0.68 2.15 1.04 2.54 0.78 1.85 1.06
C18:3n3 0.99 0.40 0.43 0.58 0.76 0.34 0.25 0.37
C20:0 0.17 0.23 0.35 0.29 0.17 0.26 0.51 0.37
C20:18 0.00 0.03 0.00 0.06 0.00 0.00 0.00 0.00
C20:3n6 0.29 0.06 0.00 0.04 0.28 0.10 0.00 0.00
C20:4 n6 0.39 0.10 0.20 0.13 0.32 0.12 0.17 0.17
C20:5n3 0.00 0.04 0.00 0.04 0.00 0.00 0.00 0.00
C22 0.22 0.19 0.20 0.15 0.25 0.26 0.28 0.23
C22:1 0.00 0.03 0.00 0.00 0.00 0.00 0.00 0.00
C22:2 0.33 0.08 0.08 0.10 0.20 0.10 0.20 0.17
C22:5 0.58 0.13 0.40 0.31 0.52 0.19 0.27 0.31
C22:6 n3 0.08 0.00 0.12 0.09 0.00 0.00 0.00 0.00
C24:0 0.13 0.14 0.11 0.12 0.17 0.16 0.15 0.18
C24:1 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
C9t11-CLA 1.21 0.76 0.26 1.44 1.22 0.81 0.00 1.01
MCFA 5.28 5.66 8.85 6.69 1.24 1.01 1.06 0.87
LCFA 87.35 87.52 86.67 84.98 91.52 92.32 95.07 92.48
VLCFA 2.55 1.33 1.16 2.21 2.35 1.561 0.90 1.91
SFA 53.35 67.99 71.20 63.02 50.23 62.71 67.85 56.82
UFA 41.82 26.52 25.48 30.86 44.88 32.14 29.18 38.44
MUFAs 356.21 24.27 21.84 27.10 39.06 29.71 26.43 35.35
PUFAs 5.40 1.49 3.39 2.32 4.62 1.62 2.74 2.08

MCFA, medium-chain fatty acids (C6-10). LCFA, long-chain fatty acids (C13-21). VLCFA, very long-chain fatty acids (C22 or higher). SFA, saturated fatty acids. UFA, unsaturated fatty
acids. MUFAs, mono-unsaturated fatty acids. PUFAs, polyunsaturated fatty acids.
aThe results for the fatty acid profile analysis are in % fatty acid but do not add up to 100% as unidentified fatty acid were observed in the samples.

changed microbial composition as observed in the principal  compared to the initial blank (Table 7). At the genus level, higher
coordinates analysis (PCoA; Figures S1-S3). An increased  unclassified Peptostreptococcaceae, unclassified Lachnospiraceae,
firmicutes:proteobacteria ratio was observed in the final blank  Clostridium, Oscillibacter, Turicibacter, Caprococcus, and
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TABLE 3 | In vitro ileal and caecal organic matter (OM) fermentability of digested bovine, caprine, and ovine milk fat globule membrane (MFGM); phospholipid concentrate

(PC); and pectin substrates in piglets.

Substrate PC! Bovine' Caprine!

Ovine' Pectin’ P-value

Location lleum Caecum Illeum Caecum Illeum Caecum

lleum Caecum

lleum Caecum SEM Location (L) Substrate(S) L xS

OM fermentability % 5.5¢ 19.3%  7.7%  q12¢d  ggde  {0.p°k

14.0%4

16.2°¢  27.78% 3052 1.8 <0.001 <0.001 0.030

"lleal fermentation (2 h) was conducted with the undigested substrates prior to caecal fermentation. Means without a common letter differ, P < 0.05. SEM, Standard Error of the Mean.

TABLE 4 | Relative abundances of bacteria at the phylum level for the piglet’s ileal inoculum (initial blank) and after 2 h of incubation alone (final blank) or with bovine,

caprine, and ovine MFGM; phospholipid concentrate (PC); and pectin substrates.

Phyla Initial blank’ Final blank! PC! Bovine' Caprine'! Ovine'! Pectin’ P-value
Firmicutes 74.2 +£1.3° 77.5 £ 0.6° 74.6 £0.7° 79.9 £2.3% 80.8 £ 0.22 79.6 £ 0.9% 78.3 £2.7% 0.002
Proteobacteria 225 +1.12 20.2 4+ 0.8° 24.3 +£0.82 17.1+£1.4° 17.5+0.2° 18.0 4 0.7°° 20.1 +2.4° <0.001
Fusobacteria 23+0.22 1.2 4 0.2%° 0.6 +£0.01° 1.8 +0.9% 0.9 £0.1° 1.2 +0.1%° 1.0+ 0.3° 0.006
Actinobacteria 0.31 £0.07°°  0.37 £ 0.04% 0.15 + 0.05¢ 0.47 £0.122 0.41 £ 0.02%0 0.48 +0.032 0.25 + 0.09%¢ <0.001
Bacteroidetes 0.25+0.03®  0.24 +0.01% 0.04 +£0.01° 0.27 + 0.072 0.07 + 0.006° 0.20 +0.002°  0.078 4+ 0.03° <0.001
™7 0.11£0.08° 017 +£0.03® 0.04+0.007¢ 0.17£0.04® 0.12+£0.002°  020+0.05  0.10 £ 0.04% 0.003
Firmicute:Proteobacteria 3.30 £ 0.24% 3.83 4+ 0.20% 3.07 £0.13° 4.70 £ 0.512 4.62 £ 0.092 4.41 4 0.24% 3.94 4+ 0.65% <0.001
TValues are presented as mean + standard deviation. Means within each phylum without a common letter differ, P < 0.05.

TABLE 5 | Relative abundances of significant bacteria classified to the lowest identified taxonomic level in the piglet’s ileal inoculum (initial blank) and after 2 h of
incubation alone (final blank) or with bovine, caprine, and ovine MFGM; phospholipid concentrate (PC); and pectin substrates.

Taxa' Initial blank?  Final blank? PC? Bovine? Caprine? Ovine? Pectin? P-value
Unclassified Peptostreptococcaceae (f) ~ 22.6 + 0.69 271 +0.72 21.6+0.59 255+0.1%° 26 + 0.3% 25.74+0.8°  246+0.7° <0.001
Turicibacter (g) 15.7 +£0.8° 11.9+0.9° 171 +£0.78 12.3 £ 0.5° 11.8+0.2° 12.6 + 1.5% 14.2 £0.4° <0.001
Escherichia/Shigelia (g) 11.4 £0.7° 107 £0.8°  129+042  9.040.3° 9.1 +0° 9.6+04% 103401  <0.001
Unclassified Enterobacteriaceae (f) 6.8 + 0.3% 5.9 4+ 0.6°4 7.4 +£0.12 4.6 +0.9¢ 4.940.1% 5.1 +0.34% 5.7 4+ 1.2¢d <0.001
Streptococcus (g) 5.2 4+ 0.3% 5.9 + 0.2 4.8 +£0.4° 6.8 £ 0.8% 7.8 +£0.42 5.9 + 1.5 5.1 + 1.8 0.010
Fusobacterium (g) 21 +0.22 1.0 +0.1%° 0.6 £0.0° 1.5+ 0.8% 0.8 £0.1° 1.0 4 0.0° 0.9 +0.2° 0.005
Enterobacter (g) 2.0+0.12 1.6 +0.1% 22+0° 1.4 4+ 0.2° 1.1+£0° 1.3 4 0.1° 22+092 0.002
Unclassified Clostridiales (o) 1.8 4 0.28%° 2.0+0.12 1.2 +0.19 2.0 +£0.3% 1.6 + 0% 1.8 + 0.22%° 1.6+ 0.2° 0.005
Veillonella (g) 0.4 4 0% 0.5 +02 0.2+0° 0.3 +0.1P° 0.4 £ 0°° 0.5 + 0% 0.3+ 0.1%° 0.004
Lactobacillus (g) 0.4 £ 0.1%° 0.5+ 0.1% 0.3 +0° 0.5+ 0.1% 0.6 £ 0° 0.5+ 0% 0.4 + 0.13>° 0.050
Prevotella (g) 0.09 +£0.022  0.09+0.01% 0.01 +£0.01° 0.094+0.04% 0.02+001" 0.07+0.01% 0.02+0.01° 0.001
Rothia (g) 0.24 £0.05°° 0.27 £0.01%° 0.12+0.05° 0.36+0.08% 0.324+0.03% 0.36+0.022 0.2040.09°  <0.001

"Taxa identified to the lowest rank; (g) genus, (f) family, (c) class, (o) order.

2Values are presented as mean + standard deviation. Means within each bacterial taxon without a common letter differ, P < 0.05.

unclassified Clostridia genera and lower proportions of
Escherichia/Shigella, unclassified Ruminococcaceae, Prevotella,
Megasphaera, Bacteroides, unclassified Prevotellaceae, and
Fusobacterium genera were observed in the final blank compared
to the initial blank (Table 8).

In general, after 12h of incubation with caecal inoculum,
PC and all MFGMs had no effect of caecal microbiota diversity
(Figure 4B) and composition (phylum; Table 7), and genus
(Table 8) compared to the final blank. Some MFG source-specific
effects were observed. For instance, ovine MFGM increased the
proportions of Escherichia/Shigella, Oscillobacter, Fusobacteria,
Bacteroides genera, and unclassified Clostridia and decreased the
proportions of unclassified Ruminococcaceae, Prevotella, Blautia

Lactobacillus, and Clostridium genera compared to the final
blank. PC and caprine MFGM increased the proportions of
unclassified Clostridiales, whereas caprine MFGM also increased
the proportions of Oscillobacter and Fusobacteria compared to
the final blank. Higher concentrations of butyric acid were found
in the caecal fermentation when incubated with ovine and bovine
MFGM compared to other substrates (Table 9).

DISCUSSION

In this study, bovine, caprine, and ovine MFGMe-enriched
fractions were digested with gastric and small intestine enzymes
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FIGURE 4 | Microbial alpha-diversity after 2 h in vitro ileal fermentation (A) followed by 12 h of in vitro caecal fermentation (B) of undigested bovine, caprine, ovine milk
fat globule membrane (MFGM), and phospholipid concentrate (PC) in piglets. Pectin was used as a fermentation control. Values are presented as mean =+ standard
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TABLE 6 | Organic acid production (mmol/kg incubated substrate) after in vitro ileal fermentation of digested bovine, caprine, and ovine milk fat globule membrane

(MFGM); phospholipid concentrate (PC); and pectin (control substrate).

Organic acid® Substrate’ SEM P-value?
PC Bovine Caprine Ovine Pectin

Acetic 0.3° 0.0° 0.0° 1.02 0.0° 0.1 <0.001

Butyric 0.0° 33.02 0.0° 35.6% 0.0° 0.9 <0.001

Caproic 0.0° 12.02 0.0° 15.22 0.0° 0.3 <0.001

Formic 30.72 25.22 29.42 30.72 5.3° 2.0 <0.001

Lactic 126.42 121.52 121.62 126.82 23.3° 2.5 <0.001

"Values are means and pooled standard error of the mean (SEMs) for each organic acid, n = 3 for each substrate and organic acid combination.
2Means within each organic acid without a common letter differ, P < 0.05. Organic acids succinic and propionic acid were not detected in the ileal fermentation.

3Concentration substrate from values found in the final blank.

simulating the infant GIT prior to being fermented by ileal
and caecal microbiota from piglets fed an infant formula from
11 to 31 days post-natally. As stated in the study’s hypothesis,
fermentation of MFGM substrates produced organic acids and
changed the ileal and caecal microbiota composition in an MFG
source-specific manner.

The enriched MFGM fraction obtained in this study
contained proteins and polar lipids characteristic of the native
MFGM as previously reported for bovine (44), caprine (36),
and ovine milk (16). The molecular diversity of lactadherin,
for example, was observed in the SDS-PAGE gel with one
band identified for caprine and ovine MFGMs and two for
bovine MFGM (ranging from 52 to 58 kDa) (45). Higher
glycosylation of caprine xanthine oxidase compared to bovine
xanthine oxidase may have led to the observation of a

xanthine oxidase band in SDS-PAGE gel stained with ProQ
Emerald (Figure3, Lane 7 and band a), which has been
described elsewhere (36). The composition of commercial
PC was different from bovine MFGM with an increased
concentration of total proteins and polar lipids, in particular,
caseins and phosphatidylserine. Differences in composition
between commercial PC and bovine MFG are likely due to
variations in enrichment methodology and composition of
starting material (46).

This study is the first to report the digestion of a bovine,
caprine, and ovine MFGM-enriched fractions using an in vitro
model with enzymatic concentrations, time of incubation, and
pH adapted to simulate conditions found in 5-months old infants
(14). Caprine MFGM had a lower recovery after digestion and
dialysis (15%) compared to other substrates (35-49%), probably
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TABLE 7 | Relative abundances of bacteria at the phylum level in the piglet's caecal microbiota inoculum (initial blank) and after 12 h of incubation alone (final blank) or
with bovine, caprine, and ovine MFGM; phospholipid concentrate (PC); and pectin substrates.

Phyla Initial blank’ Final blank’ PC! Bovine' Caprine’ Ovine' Pectin' P-value
Firmicutes 61.6 +1.0° 701 +1.62 67.0£0.82 66.8 + 4.82 67.7 £0.62 67.0 £0.82 69.2 + 3.6% 0.04
Proteobacteria 17.3 +£0.3% 15.5 4 0.4 16.9 + 0.28b¢ 17.2 4+ 1.8% 151 £1.1° 18 £0.52 16.5 + 1.480¢ 0.06
Bacteroidetes 16.3 +£0.82 10.2 4 0.9° 11.241.1° 111 £20 11.7 £ 0.1° 10.1 £0.7° 10.3 4 1.6° 0.005
Fusobacteria 2.0 + 0.430° 1.24£0.1° 1.9 & 0 2.1 +£0.78% 2.4+05° 22+083° 1.3 £ 0.4 0.06
Other 0.92 + 0.042° 0.8 +0.07° 1.07 £ 0.01% 14+0.15% 1.1+£0.112 0.96 &+ 0.13%°  0.88 + 0.06°° 0.04
Verrucomicrobia 0.39 £ 0.12 0.12 4+ 0.02° 0.13 4+ 0.01° 0.08 4 0.02° 0.13 + 0.01° 0.06 £ 0.03° 0.08 4 0.03° 0
Actinobacteria 0.35 4 0.02%° 0.59 + 0.062 0.30 £ 0.01° 0.42 4 0.04° 0.36 4 0.02%° 0.34 4 0.03%° 0.41 & 0.10%° 0.003
Spirochaetes 0.35 + 0.05° 0.38 +0.012°°  0.47 + 0.008%° 0.49 4 0.09° 0.46 £ 0.07°%° 0.54 £0.012 0.37 £0.10° 0.031378
Synergistetes 0.31 £0.01° 0.45 4 0.009%° 0.57 £ 0.022 0.41 4+ 0.15% 0.43 4+ 0.03%° 0.47 4+ 0.06%° 0.47 4+ 0.04%° 0.0396
™7 0.13 £ 0.02° 0.15 + 0.02° 0.18 + 0.04% 0.14 4+ 0.02° 0.22 £0.012 0.16 + 0.01° 0.13 4+ 0.02° 0.0284
Euryarchaeota 0.08 4+ 0.02° 0.14 £ 0.032 0.11 £ 0.01% 0.07 4+ 0.03° 0.15 £ 0.032 0.07 £ 0.02° 0.08 4 0.02° 0.0278

Firmicute:Proteobacteria ~ 3.54 4 0.003° 4.50 £ 0.222 3.96 + 0.01° 3.92 + 0.67%° 4.49 £+ 0.412 3.72+£0.10°  4.22 £+ 0.56% 0.05

TValues are presented as mean + standard deviation. Means within each phylum without a common letter differ, P < 0.05.

TABLE 8 | Relative abundances of significant bacteria classified to the lowest identified taxonomic level in the piglet’s caecal microbiota inoculum (initial blank) and after
12h of incubation alone (final blank) or with bovine, caprine, and ovine MFGM; phospholipid concentrate (PC); and pectin substrates.

Taxa' Initial blank?  Final blank? PC? Bovine? Caprine? Ovine? Pectin? P-value
Unclassified Lachnospiraceae (f) 13.4 £ 1.4° 21.2 +£1.6% 20.7 £ 1.5% 24.2 + 6.42 22.8 +2.0? 26.0 +2.42 16.9 4 1.9% 0.001
Escherichia/Shigella (q) 11.24£06%  99+04%  109+0.3% 109+0.8% 96+£1.0¢ 11.8+03 105+0.7°%4  0.02
Unclassified Ruminococcaceag (f) 9.540.32 7.440.6° 7.440.6° 7.0 4+ 0.2%° 7.6+0.1° 6.3+ 0.3° 7.4 404° 0.0006
Unclassified Clostridiales (o) 8.2 +0.2¢ 8.2 +0.1¢ 9.2 +£0.02 8.3 +0.2%¢ 8.74+0.1%  81+05° 8.1+£0.2°¢ 0.005
Prevotella (g) 7.3+0.4% 4.2 £0.25 3.7 £ 0.6°% 3.5 £ 0.4% 3.9 £ 0.20d 3.2+0.2° 47 £0.1° <0.0001
Megasphaera (g) 4.4 +0.42 114020 1.4 40.1° 1.0+0.1° 12401°  1.0400° 12401°  <0.0001
Blautia (q) 42+01%  40+403%  39+02%  35+06° 37405 28403 36407 0.02
Unclassified Enterobacteriaceae (f) 3.2 +0.0°° 3.2 +0.1P¢ 3.3 +0.1b¢ 3.5 + 0.4 29+0.1° 354 0.2 3.4 + 0.4b¢ 0.04
Bacteroides (g) 3.2+ 042 1.6 4 0.0° 25+ 0.1° 29406%  27401®  27402® 17404 0.0006
Unclassified Peptostreptococcaceae (f) 3.1+0.39 5.7 +0.9° 3.1+0.39 3.7 £ 0.2¢d 36+02¢9 30+0.29 8.2+0.72 <0.0001
Clostridium (g) 2.1+ 0.2 2.9+03° 1.4 +0.1° 174£00%  18£01%  14x+0° 45+05°  <0.0001
Unclassified Prevotellaceae (f) 21 +£0.42 1.4 +£0.2% 1.4 £ 0.0%° 1.3 £ 0.4 144012  1.0+0.1%° 1.5 +0.6% 0.02
Oscillibacter (g) 2.0 + 0.2 304£02°  33+£01°  32+02°  39+03 36+02% 33+03°  <0.0001
Unclassified Bacteroidetes (p) 1.9+0.02 1.5 4 0.3% 1.8+0.32 1.8 +0.42 1.9+0.12 1.7 £0.12 1.240.1° 0.009
Fusobacterium (g) 1.8 4 0.48 1.1 +£0.1%d 1.8 4 0.02b° 1.9+0.72 2.24+0.4° 2.0+0.3% 1.2 4 0.40cd 0.004
Turicibacter (9) 1.1 +£0.0° 1.7 £0.22 0.8 +£0.0° 1.4 40.2° 0.9 +£0.0° 1.1+£0.1° 1.8+0.12 <0.0001
Lactobacillus (9) 1.0 £ 0.0% 1.1 £0.02 0.7 £0.0° 0.8 +0.1%° 0.8 +£0.1°¢ 0.8 +£0.1° 1.0+ 0.1 0.003
Coprococeus (g) 0.9+ 0.1° 134008 1.0 4 0.0 1.0+0.1° 1.0401°  09401°  1.040.1° 0.001
Unclassified Clostridia (c) 0.6 +£0.0° 1.0+ 0.0° 1.1 4 0.0%® 1.0+ 0.0° 1.0+0.1° 1.2+0.12 0.8 +0.0° <0.0001
Barnesiella (q) 06+00®  05+00%  06+00%  05+01% 05+018 04+00° 0.4+ 00° 0.05

" Taxa identified to the lowest rank; (g) genus, (f) family, (c) class, (o) order; (o) phylum.
2\alues are presented as mean =+ standard deviation. Means within each bacterial taxon without a common letter differ, P < 0.05.

due to a low concentration of both total protein and total lipids (16, 17,45). Indeed, a different band pattern in the ProQ-Emerald
in the purified caprine MFGM. stained SDS-PAGE gel was observed after the digestion of

The SDS-PAGE profiles of PC, bovine, caprine, and ovine ~ MFGMs from different sources (bovine, caprine, and ovine).
MFGMs after digestion were similar to the reported data for  Previous studies using adult in vitro digestive conditions showed
bovine MFGM digestion using an adult in vitro model (10, 15).  that MFGM glycoproteins (i.e., butyrophilin, xanthine oxidase,
Different levels of proteolysis after MFGM digestion may be  PAS6/7, and mucins) were hydrolyzed to different extents (9, 10).
explained by the MFG source-specific profile and concentration =~ Mucin 1 had the highest resistance to digestion compared to
of MFGM proteins, especially glycoproteins, in the start material ~ other glycoproteins (i.e., butyrophilin), and a part of this protein
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TABLE 9 | Organic acid production (mmol/kg incubated substrate) after in vitro ileal and caecal fermentation of undigested bovine, caprine, ovine milk fat globule

membrane (MFGM); phospholipid concentrate (PC); and pectin (control substrate).

Organic acid® Substrate’ SEM P-value?
PC Bovine Caprine Ovine Pectin

Acetic 178.120 182.22 172.43 166.4° 151,720 4.5 0.007

Butyric 25.20 41.52 23.9° 40.12 20.0° 0.6 <0.0001

Caproic 0.0° 9.6° 0.0° 10.82 0.0° 0.1 <0.0001

Valeric 9.82 9.6% 9.4° 0.0° 9.4° 0.05 <0.0001

Succinic 78.72 81.72 81.92 78.32 4410 1.4 <0.0001

TValues are means and pooled standard error of the means (SEMs) for each organic acid, n = 3 for each substrate and organic acid combination.
2Means within each organic acid without a common letter differ, P < 0.05. No differences on propionic, formic, and lactic concentrations were observed after incubation with ileal and

caecal digesta.
3Concentration substrates from values found in the final blank.

was still detected with the original MW after gastric and small
intestine digestion (10). Human milk N-glycans were also shown
to resist gastrointestinal digestion and were detected in infant
stools (47).

Recently, the INFOGEST 2.0 in vitro gastrointestinal food
digestion method recommended the use of rabbit gastric lipase
due to its similar stereospecificity for TAG hydrolysis when
compared to human gastric lipase (48). At the time this study was
performed, however, rabbit gastric lipase was not commercially
available, and the fungal lipases from Rhizopus orizae were used.
R. orizae lipase was shown to have greater lipolysis rate (46 vs.
10%) and be insensitive to FA chain length compared to human
gastric enzyme, which released only C8:0 and C10:0 under both
gastric and intestinal conditions (49).

To understand the effect of PC and enriched bovine, caprine,
and ovine MFGM fractions on ileal and caecal microbiota and
production of organic acids, piglet ileal and cacecal inoculum
were used to ferment the material remaining after in vitro
digestion of PC, bovine, caprine, and ovine MFGM preparations.
In these in vitro assays, PBS was used to homogenize the
microbiota instead of nutritive medium used by some authors
(50). The PBS is used when a high concentration of feces is
used. This high concentration provides the nitrogen and minerals
required by the microbiota (51), which must be provided in
a nutritive medium when small amount of feces (or cultures)
are used. In all our in vitro fecal fermentation studies, we have
followed the PBS approach to avoid any confounding effect of
adding nutrients in a different amount (or ratio) to that in ileal
and hindgut (27).

In vitro ileal organic matter fermentation for MFGM
substrates showed different fermentability, ranging from 6 to
14%, whereas pectin was higher (28%). Despite the high ileal OM
fermentability of pectin, this fermentation produced the lowest
concentration of organic acids compared to MFGM and PC.
This may indicate fermentation products not measured in this
study (e.g., pyruvic acid) could have been produced during pectin
fermentation in greater amounts before being converted to other
organic acids (e.g., lactic acid) later in the fermentation (52).

In general, Ileal microbiota had substantial proportions of
Turibacter and Streptococcus, which are known lactate producers

(53, 54) and may explain the link between ileal lactate and
microbiome composition. Bovine and ovine MFGMs produced
higher concentrations of acetic, butyric, and caproic acids with
limited effects on the ileal microbiota composition. Increase
concentration of actinobacteria and bacterioidetes, however,
were observed after bovine and ovine MFGM ileal fermentation
and may explain the increased concentration of acetic acid
observed (55). Butyric acid are mainly produced by members of
Clostridiaceae family (56), which were also increased after bovine
and ovine MFGM fermentation compared to other substrates.

Bovine and ovine substrates reduced the proportions of ileal
proteobacteria, which, at elevated levels, have been linked in
other studies to dysbiosis (57, 58). Proteobacteria are facultative
anaerobes known to consume oxygen, altering the pH and
lowering the redox potential, making the intestine suitable for
colonization by strict anaerobes. Proteobacteria, in the neonatal
small and large intestine, are affected by the type of feeding
with a higher frequency of these bacteria in formula-fed infants
compared to breast-fed infants [reviewed in (59)].

PC and caprine MFGMs had the largest effect on the ileal
microbiota as observed by the reduced alpha diversity, clear
separation in the principal coordinate analysis (Figure S1), and
changes in the taxonomic composition compared to blanks
and other substrates. Differences in composition found after
digestion in PC (i.e., lower total protein and increased polar
lipid concentration, in particular, sphingomyelin and MCFA)
and caprine MFGM (lower total fat and polar lipids, in
particular very long-chain fatty acids or VLCFA) may have
led to the different effects observed in the ileal microbiota.
We speculate that components of caprine MFGM and PC
may have benefited more dominant members of the ileal
microbiota, which consequently may have caused a decrease of
rarer microbial taxa, decreasing alpha diversity. Caprine MFGM,
for example, increased the ratio of firmicutes:proteobacteria,
whereas PC reduced the proportions of unclassified Clostridiales,
Prevotella, and/or Lactobacillus and increased the proportions
of Enterobacteriaceae in the ileal microbiota compared to the
initial and final blanks. These changes are consistent with the
microbial profile observed in the ileal microbiota of piglets fed
infant formula compared to piglets fed sow milk (60, 61). The
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relevance of these findings to human infants, however, still needs
to be determined as studies on the ileal microbial in infants are
still lacking. In one study, Barret at al. (62) reported that human
infant’s ileal microbiota is dominated by actinobacteria (94%) up
to 40 days of life and then mostly by proteobacteria and firmicutes
from 50 to 217 days of life (62).

Fermentation of the organic matter in bovine, caprine, and
ovine MFGMs was relatively minor after ileal fermentation
(~3% increased after ileal fermentation) although PC was greater
(~14% after ileal fermentation). Thus, the total ileal-caecal
in vitro fermentation ranged from 11% (bovine and caprine
MFGM substrates) to 19% (PC). Although lower fermentability
of organic matter was observed from the caecal microbiota,
production of organic acids was observed for all substrates. This
may be explained by (1) products of ileal fermentation (i.e.,
organic acids, glycans) being used by the caecal microbiota as
a carbon source, (2) the presence of a larger array of caecal
microbial enzymes that are able to degrade resistant non-dietary
components (63, 64), and/or (3) longer time of fermentation.
Increased concentration of butyric and caproic acids observed
after caecal fermentation of bovine and ovine MFGM substrates
may originate from ileal fermentation, which was inoculated
with caecal microbiota. In contrast, acetate, succinate, and valeric
acids, observed for all substrates, are known to be produced by
specific microbes [i.e., Bacteroides spp., Prevotella spp. (65) and
Clostridium spp (66)], which were present only in the caecal
inoculum in the current study.

This study was not designed to demonstrate which specific
component (protein, lipid, glycan) of the enriched MFGM from
ruminant milks were responsible after in vitro gastrointestinal
digestion for the effects observed in the ileal and caecal
microbiota. However, changes in the proportions of bacterial
genus observed in this study are likely due to the combination
of fermentable substrates (e.g., glycans) and antimicrobial
components (e.g., linolenic acid, C18:3, and polyunsaturated fatty
acids or PUFAs) within the enriched MFGM fraction. After
digestion, PC, for example, was enriched in sphingomyelin and
unsaturated fatty acids (UFAs) compared to the other substrates.
Unsaturated fatty acids with 18 carbon long chains—oleic acid
(C18:1), linoleic (C18:2), and linolenic acid (C18:3)—have potent
antibacterial activities against Gram-positive bacteria (67, 68).
Degradation products of sphingomyelin, such as sphingosine,
have shown bactericidal activities against E. coli and other
pathogenic bacteria (69, 70).

In conclusion, the enriched MFGM fractions from bovine,
caprine, and ovine milk contain proteins and polar lipids
characteristic of the native MFGM. The material of the enriched
MFGM fractions remaining after in vitro gastric and intestinal
digestion, using infant conditions, were mainly fermented in
vitro by the ileal microbiota, demonstrating the potential
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Background: Human milk bioactives may play a role in infant health and development.
Although the variability in their concentrations in milk is well-established, the impact of
differential milk profiles on infant growth outcomes remains unclear. Thus, the aim of the
present study was to investigate whether different concentrations of metabolic hormones
are associated with different weight and BMI in infants beyond the first year of life.

Methods: Milk samples at 2.6 (+0.4) months after birth and anthropometric measures
at 13 months, 2, 3, and 5 years were collected as part of the Finnish STEPS cohort study
from 501 mothers and the respective 507 infants. Leptin, adiponectin, insulin-like growth
factor (IGF)-1 and cyclic glycine-proline (cGP) in milk were analyzed. Multiple regression
models and a repeated measures mixed model were used to examine associations
between milk hormone concentrations and weight and BMI z-scores across time, at
each time-point, and weight gain from birth to each follow-up visit. All models were
corrected for birth weight, infant sex, duration of exclusive and total breastfeeding, time
of introduction of solid foods and maternal pre-pregnancy BMI.

Results: Higher milk IGF-1 was associated with higher weight at 13 months (o = 0.004)
but lower weight at 3 (p = 0.011) and 5 years of age (p = 0.049). Higher cGP was
associated with lower weight across the 5 years (p = 0.019) but with higher BMI at 5
years (p = 0.021). Leptin and adiponectin did not display associations with infant growth
at this time. Sex interactions were also absent.

Conclusions: Our results suggest that the interplay between human milk-borne IGF-1
and cGP is similar to that reported in other mammals and may have an important role
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Breastmilk IGF-1 and Infant Growth

in defining infant growth trajectories beyond the first year of life. Further research should
explore the determinants and origins of these milk-borne compounds and evaluate their
effect on infant growth and metabolism.

Keywords: BMI, cGP, human breastmilk bioactives, IGF-1, growth factors, adiponectin, leptin, infant growth

INTRODUCTION

Breastfeeding is the gold standard for infant nutrition. However,
the importance of human milk (HM) for infants goes beyond
meeting their nutritional needs. It is well-established that
HM consumption is associated with lower risk of longer-term
morbidities, including obesity (1, 2) and metabolic syndrome (3),
which constitute major public health issues worldwide (4). As the
concept of nutritional programming during “the first 1,000 days
of life” is gaining recognition (5, 6), HM-borne hormones that
regulate metabolic function are seen as potential programming
factors (7-9). Evidence from animal models suggests that
HM leptin (10) influences infant eating behavior and body
composition (11) and may underpin the protective effects of
breastfeeding against obesity (12). The presence of adipokine
receptors in the epithelial cells of the infant gastrointestinal tract
(13, 14) together with the knowledge that human neonates are
capable of absorbing intact macromolecules during the early
neonatal period (15, 16) reinforces the hypothesis that these HM-
borne molecules have a functional role in infant metabolism.
Additionally, other hormones, including insulin-like growth
factor (IGF)-1, together with its binding proteins and regulatory
metabolites, including cyclic Glycine-Proline (cGP), also have
a potential role in programming infant growth trajectories
due to their well-established roles in linear growth, and body
composition (17).

As variations in circulating adipokines (18), IGF-1 and cGP
(19, 20) have been linked to various health and disease outcomes
and significant differences in HM hormone concentrations have
been described across mother-infant dyads (21-23), research
has focused on associations between hormone concentrations
in HM and infant growth outcomes (24-36). However, while
some studies suggest that individual hormonal signatures in
HM are associated with different infant growth trajectories, the
findings of research in this area remains conflicting (37). Yet, the
pattern of early postnatal growth beyond the first year of life is
a known predictor of later metabolic health (38) and previous
studies have shown that the composition of milk received
by the infant plays an important role in determining growth
trajectories (39).

In a recent study we reported on the association between
HM concentrations of adiponectin, leptin, IGF-1 and cGP
with maternal-infant characteristics in the STEPS cohort (40).
We identified significant differences in the concentrations
of HM-borne total protein, IGF-1, leptin and adiponectin

across mother-infant dyads, particularly in association
with  maternal/perinatal/infant  characteristics  including
pre-pregnancy BMI, maternal education, birth mode,

gestational diabetes (GDM), and infant sex. Following our
initial observations, in the present study we hypothesized that

differences in HM composition would correlate with different
weight and BMI z-scores in the infants from birth to 5 years
of age.

MATERIALS AND METHODS

Study Design and Population

Characteristics

This study utilizes HM samples obtained from 501 mothers and
507 children participating in the Finnish longitudinal cohort,
Steps to healthy development of Children (the STEPS Study)
between 2008 and 2010, as described previously (40). HM
samples from consenting mothers were collected 2.6 + 0.4
months after birth by manual expression in the morning, from
a single breast, as detailed previously (41). Study visit retention
decreased from birth (N = 507) to 5 years (N = 391) but
remained high at almost 80%. Maternal pre-pregnancy BMI was
calculated from self-reported height and weight and clustered
into the following categories: underweight < 18.5 kg/m?, normal
weight 18.5-24.9 kg/m?, overweight 25-29.9 kg/m?, obese
>29.9 kg/m?. Information regarding infant sex, birth weight
and length were obtained from the Longitudinal Census Files.
Information on feeding practices was collected through follow-
up diaries completed by mothers (42). Exclusive breastfeeding
was defined as the infant not receiving anything other than HM,
with the exception of water, supplements or medicines. Total
breastfeeding was defined as the infant receiving HM and any
other liquid or food. Infant anthropometric measures (weight,
length/height) were taken during follow-up visits at 13 months,
2, 3, and 5 years of age as previously detailed (42). These
measurements were used to calculate the BMI and respective z-
scores using references specific to the Finnish population (43).
Weight gain was calculated as difference between each clinical
visit and birth weight. The study protocol was approved by the
Ethics Committee of the Hospital District of Southwest Finland
in February 2007 and March 2015. Written informed consent was
obtained from all participants.

HM Analysis

HM analysis was undertaken in 2018 as described previously (40).
In brief, leptin, adiponectin and IGF-1 in HM were analyzed
using commercially available ELISA kits (human sensitive
leptin ELISA, human adiponectin ELISA, human IGF-1 ELISA,
Mediagnost, Germany), while cGP was analyzed via liquid
chromatography tandem mass spectrometry (LC-MS). HM total
protein was quantified by infrared spectrometry using the Direct
Detect® technology (Merck, Germany) in order to normalize
hormone concentrations. The intra- and inter-assay coefficients
of variation, respectively, for the ELISAs (QCs supplied) were
adiponectin (5, 6%), IGF-1 (3, 9%), and leptin (4, 8%).
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TABLE 1 | Characteristics for the study population at each clinical visit.

Population characteristics Birth 13 months 2 years 3 years 5 years
Anthropometry, Mean (SD)

N (%) 507 (100) 504 (99) 448 (88) 405 (80) 391 (77)
Missing (%) 0 3(1) 59 (12) 102 (20) 116 (23)
Weight (kg) 3.490 (0.506) 10.352 (1.108) 12.941 (1.351) 15.260 (1.613) 19.987 (2.521)
Weight (z-score) 0.18 (0.889) —0.19 (1.197) 0.08 (0.964) 0.09 (0.938) 0.22 (0.901)
BMI (kg/m?) NA NA 16.5(1.2) 16.2 (1.1) 16.0 (1.9)
BMI (z-score) NA NA 0.04 (1.048) 0.21 (0.958) 0.08 (0.897)
Weight gain (kg) NA 6.86 (1.05) 9.44 (1.31) 11.76 (1.52) 16.49 (2.43)
Infant sex, N (%)

Male 273 (54) 270 (54) 245 (55) 219 (54) 212 (54)
Female 234 (46) 234 (46) 203 (45) 186 (46) 179 (46)
Maternal pre-pregnancy BMI, N (%)

Underweight 20 (4) 19 (4) 20 (4) 19 (5) 16 (4)
Normal weight 343 (68) 343 (68) 302 (67) 281 (69) 277 (71)
Overweight 91 (18) 91 (18) 85 (19) 70 (17) 63 (16)
Obese 51 (10) 51 (10) 41 (9) 35 (9) 35(9)

Statistical Analyses

For the purpose of this study we only used weight and BMI
z-scores and weight gain as outcome variables, since these are
the primary predictors for childhood obesity (44). The power
provided by the smallest sample size (n = 391) amongst the
follow-up visits was above 90% for multiple linear regression
analyses at 5% significance level for the detection of small
effect sizes (G*Power 3.1.9.2). Similar to our previous study,
HM concentrations of leptin adiponectin, IGF-1 and ¢cGP were
corrected for total protein concentration in each sample (mg/ml)
and reported as ng/mg of protein per ml (ng/mg). Outcome
variables were assessed for normality with the Shapiro Wilk
test. Since the distribution of weight gain was not normal,
all weight gain variables were logl0 transformed. Associations
between adipokine and growth factor concentrations in HM
and weight and BMI z-scores from 13 months to 5 years
were analyzed using multiple linear regression models (to assess
associations between HM composition and individual infant
outcomes at single time-points) and repeated measures mixed
models (to assess associations between HM composition and
individual infant outcomes across time-points from 13 months
to 5 years of age). Associations between hormone concentrations
in HM and weight gain from birth to each clinical visit (13
months, 2, 3, and 5 years) was also analyzed through multiple
linear regression models. Interactions of HM composition with
infant sex were examined in each model. Maternal BMI class
before pregnancy, birth weight, total duration of breastfeeding
as well as the time of introduction of solid foods were used
as correcting factors (45, 46) (fixed factors) in each regression
model (both multiple linear regression and repeated measures),
as they were significantly associated with infant growth outcomes
which was the dependent variable in our cohort (weight z-
scores, BMI z-scores and weight gain) during simple regression
analysis. Gestational age and birth-mode were also considered
as co-factors. However, since both variables strongly correlated

with birth weight, we only used the latter (47). No random
effects were evaluated in this study, but the use of repeated
measures mixed models was adopted in order to appropriately
deal with the missing data (e.g., any dropouts between clinical
visits). All statistical analyses were performed using IBM
SPSS (version 25).

RESULTS

Population Characteristics

Of the 507 infants whose mothers had consented for HM
hormone and growth factor analysis, 391 (77%) were followed up
until 5 years of age.

The overall characteristics of the study population are
reported in Table 1. Although the number of infants decreased
from one visit to the other, the proportion in infant sex, and
maternal pre-pregnancy BMI remained consistent throughout
the study. As shown by the mean z-scores for weight and
BMI, our study population did not differ from the general
Finnish population.

HM Adipokine and Growth Factor

Composition and Infant Growth

As shown in Table 2, higher concentrations of HM IGF-1 were
associated with higher weight at 13 months and lower weight
at 3 and 5 years, while higher milk-borne cGP was associated
with lower weight at 13 months and overall with lower weight
z-scores across the 5 years, as indicated by the results of the
repeated measures regression (Table 2). Higher IGF-1 was also
associated with lower weight gain from birth to 2 years (Table 3)
and higher ¢GP was associated with higher BMI at 5 years of
age. No significant associations were found between HM leptin
and adiponectin and infant growth and there were no sex-specific
interactions (data not shown).
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0.623
0.745
0.187
0.019

Weight z-score across time
B (95% Cl)

0.020 (~0.062, 0.103)
0.108 (~0.178, 0.395)
0.026 (~0.013, 0.065)

-0.023 (-0.042, -0.004)

P
0.835
0.25
0.046
0.215

Weight 5 years

B (95% Cl)
0.227 (—1.917, 2.372)
0.242 (—0.171, 0.655)

~0.742 (-1.471, -0.014)

0.304 (0.784, 1.538)

~0.097 (~0.228, 0.034)

~0.022 (~0.060, 0.017)

p
0.939
0.164

0.011
0.714

Weight 3 years

B (95% CI)
0.088 (~2.172, 2.348)
0.304 (—0.124, 0.732)
-0.961 (~1.705, 0.218)
0.075 (—0.327, 0.134)
~0.109 (~0.228, 0.011)
~0.016 (~0.058, 0.541)

Weight z-scores

p
0.985
0.245
0.27
0.174

Weight 2 years

B (95% CI)
~0.019 (=2.018, 1.980)
0.236 (—0.169, 0.640)
~0.367 (—1.020, 0.286)
~0.324 (~0.790, 0.143)
0.035 (—0.128, 0.199)
~0.017 (~0.059, 0.024)

p
0.628
0.955
0.004
0.009
0.018

Weight 13 months

B (95% CI)
0.019 (~0.058, 0.096)
0(~0.017, 0.018)
0.033 (0.011, 0.056)
-0.024 (~0.042, ~0.006)

TABLE 2 | Associations between weight z-scores at each follow-up visit and over time and HM composition.

Adiponectin (ng/mg)
IGF-1 (ng/mg)

HM composition
Leptin (ng/mg)
cGP (ng/mg)

0.146 0.005 (—0.005, 0.015) 0.292
0.265 0.883

0.075

0.674

0.006 (0.001, 0.012)
3.817 * 1079 (—0.002, 0.002)

IGF-1/cGP ratio
Protein (mg/ml)

0 (~0.002, 0.002)

0.414 0.462

0.962

Values represent parameter estimates obtained by each individual fitted regression model with the following cofactors: maternal pre-pregnancy BMI, birth weight, infant sex, total breastfeeding duration and introduction of solid foods.

IGF-1, Insulin-like growth factor-1; cGR, cyclic Glycine Proline; B, unstandardized beta coefficients. BMI and weight z-scores were calculated using reference values specific to the Finnish population (43). Weight gain was calculated as

difference between each clinical visit and birth weight. Bold values indicate significant p-values.

DISCUSSION

The present study shows that HM bioactive concentrations
3 months after birth were significantly associated with infant
growth, even when adjusted for important confounding factors
including birth weight, maternal pre-pregnancy BMI, total
duration of breastfeeding and timing of introduction of solid
foods. Our results suggest that milk-borne IGF-1 and cGP are
related to weight and z-scores up to 5 years of age and weight
gain up to 2 years of age.

While IGF-1 is the main growth factor during infancy (48),
results on the relationship between different concentrations of
IGF-1in HM and infant growth outcomes are conflicting (49, 50).
In the current cohort, concentrations of IGF-1 in HM collected 3
months after birth were associated with higher weight z-scores at
13 months and associated with lower weight z-scores at 3 and 5
years of age. Previous work by Ong et al. reported that circulating
concentrations of IGF-1 at 5 years of age were inversely correlated
to birth weight and positively correlated to current weight
and weight gain from birth to 2 years of age, concluding that
circulating IGF-1 in childhood is linked to growth rates in
infancy (51). In the present study we found that HM IGF-
1 concentrations were significantly associated with the same
outcomes (i.e., weight, weight gain) but in the opposite direction
compared to serum IGF-1. This suggests that HM IGF-1 could be
involved in production pathways for endogenous IGF-1.

In this context, previous studies in both experimental animal
models and clinical settings have reported that circulating IGF-
1 during infancy is strongly regulated by nutrition (52, 53). In
particular, breastfed infants have lower circulating IGF-1 and
lower weight gain compared to formula fed infants (53). The only
study to our knowledge that has examined IGF-1 concentrations
in infant formula reported undetectable amounts of bovine IGF-
1 [identical to human IGF-1 (54)] in the milk used in the formula
production (55). While we do not know if bovine IGF-1 would
be active in human infants or not (56), the presence of IGF-
1 in HM as opposed to its absence/inactivity in infant formula
might contribute to differences in endogenous IGF-1 regulation
between breastfed and formula-fed infants.

While the impact of dietary IGF-1 on endogenous IGF-1
synthesis is not known, a previous study in a murine
IGF-1R knock out model suggested an effect of IGF-1
signaling in adipocytes on systemic concentrations of IGF-1
(57). Such effects on systemic concentrations of IGF-1 was
independent of alterations in growth hormone (GH) secretion
and resulted in changes in somatic growth. Interestingly,
decreased IGF-1 signaling resulted in higher weight gain and
adipocyte hypertrophy. The study also found that increased
IGF-1 signaling exerted a negative feedback on circulating
IGF-1 (57). In light of this, we speculate that dietary and HM
IGF-1 during early life might play a role in adipose tissue
IGF-1 signaling, so that higher HM concentrations of IGF-1
may downregulate circulating IGF-1 and reduce infant weight
gain and weight z-scores in the long term. Although in the
present study we did not have the means to examine circulating
concentrations of IGF-1 in the infants, it is possible that HM
IGF-1 may explain why breastfed infants display lower circulating
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TABLE 3 | Associations between weight gain and BMI z-scores and HM composition.

A Weight from birth [log10(Kg)]

Weight gain from birth to 13 months

Weight gain from birth to 2 years

Weight gain from birth to 3 years

Weight gain from birth to 5 years

HM composition B (95% CI) p B (95% Cl) P B (95% Cl) P B (95% CI) p

Leptin (ng/mg) —0.008 (—0.142, 0.125) 0.905 0(—0.146, 0.145) 0.995 0.012 (-0.131, 0.155) 0.872 0.073 (—0.087, 0.232) 0.371
Adiponectin (ng/mg) 0.016 (—0.011, 0.043) 0.256 0.018 (—0.009, 0.045) 0.193 0.014 (-0.012, 0.040) 0.281 0.002 (—0.027, 0.031) 0.882
IGF-1 (ng/mg) —0.023 (—0.068, 0.021) 0.305 -0.060 (-0.107, —0.014) 0.011 —0.047 (—0.094, 0) 0.051 —0.050 (—0.1086, 0.006) 0.083
cGP (ng/mg) —0.022 (—0.055, 0.010) 0.177 0.005 (—0.021, 0.030) 0.73 0.019 (-0.012, 0.050) 0.228 0.009 (—0.028, 0.047) 0.627
IGF-1:cGP ratio 0.002 (—0.009, 0.013) 0.667 —0.007 (—0.014, 0.001) 0.075 —0.006 (—0.015, 0.002) 0.148 —0.009 (—0.019, 0.002) 0.102
Protein (mg/ml) —0.001 (—0.004, 0.002) 0.428 —0.001 (—0.004, 0.002) 0.435 —0.001 (—0.004, 0.001) 0.243 —0.003 (—0.006, 0) 0.086

BMI z-scores
BMI 2 years BMI 3 years BMI 5 years BMI across time

HM composition B (95% CI) P B (95% CI) p B (95% CI) p B (95% CI) P

Leptin (ng/mg) 0.522 (—1.898, 2.942) 0.672 —0.643 (—2.675, 1.390) 0.535 0.067 (—2.0.40, 2.175) 0.95 0.059 (—1.477, 1.596) 0.939
Adiponectin (ng/mg) 0.039 (—0.435, 0.513) 0.871 0.348 (—0.053, 0.749) 0.089 0.089 (-0.315, 0.492) 0.666 0.104 (—0.235, 0.442) 0.548
IGF-1 (ng/mg) —0.818 (—1.755, 0.119) 0.087 —0.542 (—1.336, 0.252) 0.181 —0.480 (—1.270, 0.309) 0.233 —0.615 (—=1.301, 0.070) 0.078
cGP (ng/mag) —0.213 (-0.813, 0.387) 0.486 0.276 (—0.144, 0.696) 0.197 0.507 (0.076, 0.938) 0.021 0.149 (-0.202, 0.500) 0.405
IGF-1:cGP ratio 0.020 (—-0.191, 0.232) 0.851 -0.212 (-0.312, -0.113) p < 0.001 —-0.235 (-0.350, —0.120) p < 0.001 —0.130 (—0.300, 0.040) 0.133
Protein (mg/ml) —0.015 (—-0.067, 0.038) 0.583 —0.010 (—0.056, 0.035) 0.656 —0.017 (—0.061, 0.026) 0.435 —0.013 (-=0.047, 0.020) 0.436

Values represent parameter estimates obtained by each individual fitted regression model with the following cofactors: maternal pre-pregnancy BMI, birthweight, infant sex, total breastfeeding duration and introduction of solid foods.
IGF-1, Insulin-like growth factor-1; cGF, cyclic Glycine Proline; B, unstandardized beta coefficients. BMI and weight z-scores were calculated using reference values specific to the Finnish population (43). Weight gain was calculated as

difference between each clinical visit and birth weight. Bold values indicate significant p-values.
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IGF-1 concentrations as compared to formula-fed infants.
Considering that weight gain during infancy is a predictor of
adiposity later in life (38) further studies investigating the role
of HM IGF-1 as a mediator of weight gain during infancy
are required.

While we did not measure IGF-1 binding proteins in our
cohort, we analyzed cGP, a metabolite of IGF-1. cGP has been
reported to play a regulatory function in relation to IGF-1
activity by maintaining IGF-1 homeostasis through competing
against IGFBP-3 binding sites on IGF-1 (58). In our study, the
analysis of the associations between weight and BMI z-scores
and c¢GP concentrations in HM highlights a reversed action of
cGP compared to that observed for IGF-1. This, together with
the fact that both ¢GP and IGF-1 concentrations in HM were
significantly associated with infant growth, further suggests that
c¢GP may be modulating IGF-1 bioactivity in humans, as reported
previously, with the ratio between the two indicating IGF-1
bioactivity (58). In this context, a higher ratio between IGF-1 and
cGP (IGF-1/cGP), was associated with BMI at 3 and 5 years of
age. Lastly, higher HM c¢GP concentrations were associated with
lower weight z-scores trajectories over time suggesting that cGP
may exert regulatory effects on IGF-1 activity in both directions
(i.e., cGP may enhance the activity of IGF-1 when at low
concentrations and reducing activity when IGF-1 is in excess).

Neither leptin nor adiponectin displayed significant
associations with infant growth outcomes in the long term,
despite some studies suggesting that these compounds may
also have a role in infant development and growth (28, 59, 60).
Opverall, the existing literature in this context is conflicting [see
(37) for review] and disparities in the findings are, in part, likely
due to different approaches as regards sample collection and
storage, laboratory approaches used and statistical analysis of the
data, as infant growth is influenced by a complex array of factors.
While some of these, including basic characteristics, that can be
identified and controlled for, other factors, including potential
synergism/antagonism between our hormones of interest and
other bioactive factors in HM (37), are difficult to control for.
The lack of associations in the present cohort between HM
adipokine concentrations and infant BMI and weight does
not preclude associations with infant body composition per se,
as leptin in particular has been linked to eating behavior and
fat mass (11).

The main strength of the present study was the large sample
size and the prolonged follow-up data that allowed us to
investigate associations between HM composition around 3
months postpartum and infant growth trajectories up to 5 years
of age. Unfortunately, due to the lack of infant blood samples,
we could not investigate the relationship between maternal
HM bioactive concentrations and the respective circulating
concentrations in the infant. Furthermore, while we were able
to detect the concentrations in the samples given, the actual
amount of bioactive IGF-1 received by the infant (ie., not
bound to binding proteins that limit its bioavailability) remains
unknown. Certainly, the collection of maternal and infant blood
samples as well as that of HM at more than one time-point
would have aided in the formulation of hypothesis around
possible mechanisms underlying our observations. While only
one HM sample per mother was available, this was representative

of mature milk, which is fairly stable across lactation (61),
thus ideally representative of the entire lactation period from
the first month to weaning. Of note, despite HM collection
occurring on average 3 months after birth, we did not find any
association between hormone concentration and exact time of
collection, indicating that hormone concentrations were stable
across slightly different collection times. The interpretation of
the current findings are also limited by a number of factors (e.g.,
infant diet and physical activity) that were not available to us and
that will impact on growth trajectories up to 5 years. Evaluating
the eating behavior and body composition of the infant would
also been valuable in relation to HM leptin.

Overall, although the variation in BMI and weight z-scores in
the present population was generally small with values proximal
to zero, IGF-1, and cGP displayed significant associations
with infant growth outcomes. This, together with evidence
arising from other studies in the same cohort (62), suggests
a role for HM-borne compounds in contributing to postnatal
growth trajectories. As the role of IGF-1 in association with
adiposity in infancy remains poorly understood and current data
remain conflicting, more comprehensive studies are required to
investigate the mechanistic role of IGF-1 and ¢GP in HM and
early development.
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Human milk (HM) is a complex and dynamic biological fluid, which contains appreciable
concentrations of the glucocorticoids, cortisol and cortisone. Experimental studies in
non-human primates suggest the HM glucocorticoids’ impact on infant growth and body
composition. In this current study, analysis is made of the relationships between HM
glucocorticoid concentrations and the infant growth and development over the first year
of life. HM was collected by lactating healthy women (n = 18), using a standardized
protocol, at 2, 5, 9, and 12 months after childbirth. Cortisol and cortisone concentrations
in the HM were measured using liquid chromatography mass spectrometry. Infant weight,
length and head circumference were measured by standard protocols and percentage
fat mass (% FM) determined by whole body bioimpedance. Cortisol and cortisone
concentrations were unaltered over the analyzed lactation period (2—12 months), and
were altered by infant sex. Although, HM cortisol was positively associated with infant
percentage fat mass (% FM) (o = 0.008) and cortisone positively associated with infant
head circumference (p = 0.01). For the first 12 months of life, the concentration of
HM glucocorticoids levels was positively associated with infant adiposity (%FM) and
head circumference. This preliminary evidence provides insight to a possible relationship
between ingested HM glucocorticoids and infant body composition. Further studies are
required to determine the mechanisms regulating HM glucocorticoids.

Keywords: cortisol, cortisone, lactation, mass spectrometry, fat mass, head circumference

INTRODUCTION

Nutrition during the first 1000 days of life, a period from conception to the child’s second year,
has a major impact on the infant’s growth and development (1). It is during this critical period of
life where subtle changes in growth and developmental trajectories can have substantial impact on
the health of that individual later in life, including obesity and non-communicable disease risks
through childhood and into adulthood (2, 3). Numerous studies demonstrate that the infant intake
of mothers’ milk (human milk: HM) and establishment of breastfeeding for longer periods confer
benefits for both the mother and infant, from nourishment, cognitive benefits, immune protection
and reduces the risk of childhood obesity (4-8).
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Milk Stress Hormones and Growth

Human milk (HM) is complex and dynamic, not only
containing nutritive factors (9), but also being recognized as
a rich source of hormones, which have been demonstrated to
impact directly or indirectly on infant body functions (10).
The presence of hormones, such as leptin, insulin, ghrelin,
adiponectin, and insulin like growth factor-1 (IGF-1) is of
great importance, due to their involvement in the key aspects
of appetite and metabolic regulation (10-13). Thus, amoungst
infants where HM is the predominant source of nourishment for
the first year of life, subtle variation in HM composition, may
modify early growth, and development.

One major class of hormones present in HM are the
glucocorticoids, cortisol, and cortisone. All are involved in the
regulation of metabolic homeostasis and inflammation (14).
However, far less is known of the potential biological functions
of HM derived glucocorticoids in the developing infant. It has
been demonstrated that the glucocorticoids are predominantly
transferred from the maternal circulation into HM. Unlike
plasma, the concentration of cortisone in HM is higher than
cortisol and also greater than the levels measured in the
maternal plasma circulation (15-17). Furthermore, differences
exist in salivary cortisol concentrations between breastfed infants
and formula feed infants (18) and plasma cortisol strongly
correlates with HM cortisol over the first year of life (15). Whilst
the role of HM cortisol has not been fully elucidated, HM
cortisol correlates with infant mood and aspects of behavioral
development, including sex specific temperament issues (19, 20).
Hahn et al. (21) demonstrated that higher HM cortisol was
associated with lower body mass index percentile (BMIP) at 2
years of age, suggesting that HM cortisol is protective against later
life excess adiposity. However, it is difficult to examine closely
the impacts of HM glucocorticoid composition and growth and
body composition in toddlers, given the increased role exerted
by increasing solid food and supplemental milk, including
varying formula based beverages on the childs development (22).
Therefore, studies are still required in younger children.

Much is known about the nutritional composition of HM
and its dynamicity, to meet the changing demands of infants
at every stage of lactation (9, 23, 24). Studies have provided
considerable details of the changing HM macronutrients over the
first 12 months of lactation (25). There remains little data on
the variation and regulation of HM glucocorticoids throughout
lactation. To the best of our knowledge, there has been only
one human study (26) that has analyzed the concentrations of
cortisol over an extended period of 12 months of lactation.
In this study, HM samples were analyzed to determine the
changes in HM cortisol measured by radioimmunoassay and
corticosteroid binding globulin (CBG) assay at different stages of
lactation, largely between late pregnancy and after the cessation
of breastfeeding, reporting lower concentrations during the
established lactation (26). However, this study did not quantify
cortisone, the predominant glucocorticoid in HM, nor did
it examine the relationship between HM glucocorticoids and
infant growth. Therefore, in the current study, we aimed to
measure the concentration of HM cortisol and cortisone using
liquid chromatography mass spectrometry (LC-MS/MS), and
investigate their relationships with the development of breastfed

infant body composition and growth over the first 12 months
of life.

METHODS

Study Design and Subjects

Between 2013 and 2015, breastfed infants (n 18) of
predominantly Caucasian and mothers of higher social-
economic status were recruited from the community, primarily
via the Australian Breastfeeding Association, Perth, Western
Australia. Inclusion criteria were: healthy singletons, gestational
age > 37 weeks, exclusively breastfed at 2 and 5 months (27),
and maternal intention to breastfeed until 12 months, without
the introduction of formula. Exclusion criteria were: infant
factors that could potentially influence growth and development
of BC, maternal smoking and low milk supply. All mothers
provided written informed consent to participate in the study,
which was approved by The University of Western Australia
Human Research Ethics Committee (RA/1/4253, RA/4/1/2639)
and registered with the Australian New Zealand Clinical Trials
Registry (ACTRN12616000368437).

Maternal and infant anthropometric measurements were
made at the time of sample collection. Participants visited
the research laboratory at King Edward Memorial Hospital
for Women (Subiaco, Perth, WA) for up to 4 monitored
breastfeeding sessions between March 2013 and September
2015. At each study session, the infants were weighed pre-feed,
and then the mother breastfed her infant. Infant bioelectrical
spectroscopy (BIS) measurements were taken pre-feed, unless
impractical, then they were taken post-feed (28). Anthropometric
measurements were taken post-feed. Clothing was removed for
the measurements except for a dry diaper and a singlet.

Anthropometric Measurements

Infant's weight was determined before breastfeeding using
Medela Electronic Baby Weigh Scales (£2.0g; Medela Inc,
McHenry, IL, USA), whereas maternal weight was measured
using Seca electronic scales (£0.1kg; Seca, Chino, CA, USA).
Maternal and infant BMI was calculated as Bodyweight
(kg)/(Height (m))?. Infant crown-heel length was measured once
to the nearest 0.1 cm using non-stretch tape and a headpiece and
a foot piece, both applied perpendicularly to the hard surface.
Infant head circumference was measured with a non-stretch
tape to the nearest 0.1 cm. Maternal height measured against a
calibrated marked wall (accuracy~0.1 cm).

Bioimpedance Spectroscopy Measurements

Whole body bioimpedance (wrist to ankle) of infants and
mothers was measured using a bioelectrical impedance
analyzer (ImpediMed SFB7, Brisbane, Queensland, Australia).
Mothers were measured in a supine position on a non-
conductive surface. A series of ten consecutive measurements
of percentage fat mass (% FM) were taken within 1-2min
and averaged for data analysis. Within the participant
coefficient of variation (CV) for maternal % FM was 0.21%
(29). Infants whole body bioimpedance was measured by
applying an adult protocol as used previously with data
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analyzed using settings customized for infants (30, 31). Values
of resistance (ohm) at a frequency of 50kHz (Rsyp) were
determined from the curve of best fit, averaged for analysis
purposes and used in BIS age-matched equations for fat-free
mass. BIS-based prediction equations for infant BC (31—
33) were sourced from the literature, evaluated compared
with the reference data (30) and selected according to the
following criteria: the absence of significant difference from
the reference distribution, closest age match, predominantly
Caucasian population. Within participant CV for infant Rsy was
1.5% (28).

Milk Collection

All sample sets with the exception of one were collected
between 9:30 and 10:30 am at the time of measurements at
King Edward Memorial Hospital for Women (Perth, Western
Australia) at 2 and/or 5, 9, and 12 months postpartum.
Small (1-2mL) pre- and post-feed milk samples were
collected into polypropylene 5mL polypropylene vials
(Disposable Products, Adelaide, Australia) and frozen at
—20°C. Samples were shipped on dry ice to The University
of Auckland, Auckland, New Zealand for glucocorticoid
analysis, and were subsequently kept frozen at —80°C
until analysis.

Milk samples were divided into four intervals and were
classified as T2 (samples collected between 1.9 and 2.3 months)
(13 milk samples), T5 (samples collected between 4.8 and 5.5
months) (18 milk samples), T9 (samples collected between 8.8
and 9.8 months) (18 milk samples) and T12 (samples collected
between 11.6 and 12.7 months) (13 milk samples). These time
periods were used in the subsequent analysis as four major time
points. Milk samples were analyzed for all participants on a
minimum of 3 timepoints.

HUMAN MILK GLUCACORTICOID
ANALYSIS

Sample Preparation

HM steroids were measured by liquid chromatography mass
spectrometry (LC-MS), as described previously (17). The
internal standard consisted of 12 ng/ml cortisol d4, 60 mg/ml
corticosterone d8, prepared in water. All milk samples were
warmed to 37°C and vortexed for 10s before 100 pl of the
sample was added to a glass tube containing 100 pL of the
internal standard solution. Steroids were then extracted using
Iml ethyl acetate (Merck, Germany); the top organic layer
was removed into a separate tube and then vacuum dried
(Savant, SC250EX, Thermo Scientific, USA) for ~1h. The
dried residues were reconstituted with 80 Ll of 50% methanol
(Merck, Germany)/water and transferred to HPLC injector
vials. All samples were run in duplicate, and average values
are reported.

Liquid Chromatography Tandem Mass

Spectroscopy
The HPLC tandem mass spectrometer (MS) used an Accela MS
pump and auto sampler followed by an Ion Max APCI source

on a Thermo Scientific Quantum Ultra AM triple quadrupole
mass spectrometer, all controlled by Finnigan Xcaliber software
(Thermo Electron Corporation, San Jose, CA.). The mobile phase
was a methanol-water gradient starting at 60:40(v/v) (peaking
at 80:20 before returning back to 60:40) at 300 pl/min. The
chromatography was performed using a Phenomenex Luna C18
(2)-HST column (100 x 3mm, 2.5um particle size) at 40°C.
The instrument was set up in selective reaction monitoring
(SRM) mode with the following mass transitions: m/z 363.2 —
121.09 for cortisol, 361.1 — 163.04 for cortisone, 367.1 — 121.04
for cortisol d4 and 3552 — 125.10 for corticosterone d8.
Dissociation voltage was 24V, and the collision gas (Argon) was
set at 1.2m Torr for all steroids. Steroid concentrations were
calculated from a standard curve generated for each steroid
relative to its internal standard (cortisol d4 for cortisol and
corticosterone d8 for cortisone).

Statistical Analysis

Results are expressed as mean =+ SD unless mentioned otherwise.
Normality was checked and normal distribution was observed.
ANOVA was used to compare the differences in cortisol and
cortisone concentration between different stages of lactation.
Spearman correlation was run to assess the relationship between
HM glucocorticoids and maternal and infant characteristics.
Linear mixed models were employed to investigate associations
between HM glucocorticoids concentration and both maternal
and infant characteristics. Linear regression was performed
at four timepoints to investigate associations with HM
glucocorticoids. A p < 0.05 was considered significant. There
was no imputation carried out for missing values. Means and
standard deviations were used for reporting. Statistical analysis
was carried out using SPSS software (SPSS version 23.0 for

TABLE 1 | Maternal (M) and infant (Inf.) characteristics of longitudinal study
measuring the concentration of glucocorticoids in HM samples at T2, T5, T9, and
T12 months postpartum.

Mean + SD
Mothers (n = 18)
Age (years) 33.88 + 4.88
Lactation stage T2.0 T5.0 T9.0 T12.0
(months)
M weight (kg) 73.06 + 17.35 62.79 + 16.34 68.02 + 18.66 65.83 + 20.71
M %FM (BIS) 35.04 £ 527 3221 +£7.07 31.68 +7.24 2897 +£7.47
Infant sex Female (n = 8) Male (n = 10)
Inf. Length (cm) 57.64 + 1.95 64.76 + 2.35 70.25 +£2.05 74.15 4+ 2.43
Inf. Weight (kg) 559 +0.88 7.46+098 876+0.95 966+ 0.79
Inf. BMI 16.30 £1.38 17.74 +£1.70 1759 £ 1.68 17.30 £ 1.116
Inf. Head circum. 39.62 &+ 1.35 42.91 £ 1.72 4545 + 1.68 46.32 £+ 1.42
(cm)
Inf. %FM (BIS) 21.74 £ 217 2824 £ 326 2513 +4.65 24.26 £ 3.35

BIS, bioelectrical impedance spectroscopy; BMI, body mass index; %FM, percentage
fat mass; T2 (1.9-2.3 months), T5 (4.8-5.5 months), T9 (8.8-9.8 months), and T12
(11.6-12.7 months).
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windows, IBM SPSS Inc, IL USA) and GraphPad Prism 7.0
software was used for Figures (California, USA). Lattice plots
were produced using R software version 2.15.2.

RESULTS
Participants

The demographics and characteristics of the study participants
are described in Table 1. Of 18 mothers, 16 were Caucasian
and 2 Asian; 17 mothers were married; 15 mothers completed
last year (year 12) of school, 12 indicated various diplomas as
further education. Three mothers reported depression and one
exhibited hypertension.

All 18 infants were exclusively breastfed at 2 and 5 months
and continued to breastfeed at 9 months. Fifteen infants
(83%) continued to breastfeed on demand at 12 months. One
male infant ceased breastfeeding 8 days before the 12-month
appointment, one male infant was being weaned at the time of
12-month appointment, no samples were provided; one female
infant stopped at 10 months after birth; these three infants were
measured at the time of the 12-month appointment. One male
infant was sick and did not attend the last appointment.

Infant % FM (p < 0.00) changed significantly with an increase
from 2 to 5 months, followed by a decrease at 9 and 12 months.

Changes in HM Glucocorticoid

Concentration Throughout the Year

The concentration of cortisol and cortisone in each individual
and at each time point is shown in Figure 1. The concentration
of cortisol ranged between 0.01 and 5.82ng/ml and cortisone
ranged between 2.60 and 13.23 ng/ml (Table 2). For all analyzed
samples, cortisone was the predominant glucocorticoid at all the
four time points. Mean concentrations of cortisol (p = 0.10),
cortisone (p = 0.06) and cortisol/cortisone ratio (p = 0.39) did
not differ significantly over the period of 12 months.

Relationships Between Maternal

Characteristics and HM Glucocorticoids

HM cortisol (r; = —0.29, p = 0.02), cortisone (r; = —0.27,
p = 0.03) and cortisol/cortisone ratio (r; = —0.24, p = 0.05)
showed associations with maternal height. Furthermore, an
overall significant positive correlation was found between HM
cortisol/cortisone ratio and maternal BMI (r; = 0.33, p = 0.009).
Maternal % FM showed no correlation with cortisol (r; = 0.21,
p = 0.09) and cortisol/cortisone ratio (r; = 0.24, p = 0.06).
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FIGURE 1 | HM glucocorticoids (cortisol and cortisone) during the first 12 months of established lactation. Each box of the lattice plot indicates a single mother milk
glucocorticoid profile with symbol (o) representing cortisol and (A) representing cortisone. Each solid line indicates cortisol and dashed line cortisone. Time points are
categorized as T2 (1.9-2.3 months), T5 (4.8-5.5 months), T9 (8.8-9.8 months), and T12 (11.6-12.7 months).
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TABLE 2 | Summary of glucocorticoids in HM samples (n = 63) collected from 18
breastfeeding Western Australian mothers at different stages of lactation (2, 5, 9,
and 12 months).

Mean =+ SD (ng/ml)

T2.0 T5.0 T9.0 T12.0
1.62+096 2.68+1.65 2324113 218+ 1.11
6.19£200 857 +£272 7.76+215 7.83+1.90
0.22+0.13 0.30+£0.13 0.29+0.11 0.27 £0.11

Lactation stage (months)
Cortisol (ng/ml)
Cortisone (ng/ml)
Cortisol/cortisone ratio

TABLE 3 | Linear regression: associations between milk glucocorticoids and
infant characteristics.

Infant factors Unstandardized §  Standardized p  SE p
Infant percentage fat 0.08 0.24 0.04 0.05
mass (with cortisol)

Infant head 0.21 0.26 0.10 0.08
circumference (with

cortisone)

The regression analysis identified a positive relationship between
HM cortisol and maternal height (p = 0.02), and maternal BMI
(p = 0.04). However, no association was found between HM
cortisone and maternal BMI (p = 0.81) or maternal height (p
= 0.60).

Relationships Between Infant
Characteristics and HM Glucocorticoids

Overall, a weak positive correlation was found between cortisol
and infant head circumference (r; = 0.25, p = 0.05) and % FM (r;
= 0.27 p = 0.03). Furthermore, the HM cortisol/cortisone ratio
showed a positive correlation with infant % FM (r; = 0.34 p =
0.01) and BMI (r; = 0.28, p = 0.032), while cortisone showed no
significant associations with any of the infant parameters (p =
0.07, head circumference, r; = 0.23). The mixed model analysis
showed a positive relationship between HM cortisol and infant %
FM (p = 0.008), and head circumference (p = 0.05); and showed
no associations with infant length (p = 0.37), weight (p = 0.56),
and BMI (p = 0.26). Whereas, cortisone showed a significant
positive association with infant head circumference (p = 0.01)
and showed no association with infant % FM (p = 1.00), length
(p = 0.61), weight (p = 1.00), and BMI (p = 1.0). Furthermore,
cortisol/cortisone ratio showed a significant association with
infant % FM (p = 0.04) and no associations were found between
cortisol/cortisone ratio and infant length (p = 0.50), weight (p
= 0.81), BMI (p = 0.72), and head circumference (p = 0.11).
Follow-up analysis using linear regression (Table 3) established
that infant % FM and head circumference significantly associated
with cortisol (PE+/-SE; p = 0.05) and cortisone (PE+4/-SE; p =
0.03) in HM, respectively.

DISCUSSION

The concentrations of the glucocorticoid hormones in HM,
cortisol and cortisone, exhibited unique individual variation

at the measured timepoints during the first year on life.
Averaged across the sampled cohort, there was no consistent
pattern in the HM glucocorticoid concentrations throughout the
first year of lactation. However, this study providing evidence
that higher concentrations of HM cortisol were positively and
significantly related to greater infant adiposity (% FM). Higher
concentrations of HM cortisone were positively associated
with larger infant head circumferences. These data provide
preliminary evidence that HM glucocorticoids exert influence on
infant growth and body composition. HM cortisol was correlated
with maternal BMI and height, but not HM cortisone, suggesting
a more complex relationship between HM glucocorticoids and
maternal adiposity.

The composition of HM is influenced by the complex
interplay between maternal, infant and diverse environmental
factors (10); and also varies depending upon the stages of
lactation (34-36). In the current study, it was demonstrated that
cortisol, cortisone and their ratio did not significantly change
over the first 12 months of lactation. These data further confirm
the prior demonstration that HM cortisol remained unaltered
between 1 and 12 months of lactations (26). Interestingly, the
apparent concentration of cortisol measured in this earlier study
(26) ranged between 0.2 and 32 ng/ml, which was on average, 5.5-
fold higher than that of the current study. Given the quantitative
nature of the current LC-MS technique and the ability to
accurately discriminate between differing glucocorticoids, it is
then likely that the previously used immunoassay may have
exaggerated the abundance, potentially due to antibody cross-
reactivity.

In this study, HM cortisol is significantly associated with
adiposity (% FM) in infants, with higher levels of HM cortisol
being associated with greater infant adiposity (over the first
12 months of lactation). Elevated circulatory cortisol is known
to be a potent stimulator of body fat mass gain and the
mechanisms are well-described (37, 38). However, majority of
these studies have been done in adults with metabolic syndrome
and hence require more robust studies on the long term effect
of glucocorticoids on the breastfeed infants. A recent study by
Hahn et al. (21) provided prior evidence that HM cortisol is
the predictor of infant obesity. In this study, infants exposed to
higher milk cortisol concentration exhibited reduced infant body
mass index percentile (BMIP) at 2 years of age. Furthermore,
they reported that the milk cortisol did not predict weight gain,
but infants exposed to elevated level of cortisol grew taller,
causing the variations in BMIP. However, not much is known
about the impact of milk-ingested glucocorticoids, particularly
cortisoneThis study did not examine the relationship of HM
cortisone. Unlike cortisol, cortisone is the biologically inactive
steroid, requiring type 1-11p-hydroxysteroid dehydrogenase (11
BHSD) enzyme conversion into physiologically active cortisol
and 11 BHSD type-2 for converting cortisol into cortisone
(39). Since cortisone is not secreted in measurable amounts in
maternal plasma, 11 BHSD type-2 could potentially be present
within the milk or mammary gland. However, the function and
mechanisms of this conversion in milk remains largely unknown.

During infancy or early childhood, head circumference is
commonly used as an indicator of infant brain size (40) and is also
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used as a proxy for infant’s neurological development, cognitive
function and intracranial volume (41). Numerous prospective
studies have shown that chronic prenatal maternal stress during
pregnancy influences infant brain development and is associated
with smaller head circumference, although the underlying
mechanisms are unclear (42-46). Head circumference is an old
method of measuring infant brain development, but still is
considered reliable. Dupont el al. (47) investigated the predictive
value of head circumference during the first year of life on
early child development. They demonstrated that post-natal head
circumference growth positively predicted gross motor skills as
well as behavioral growth at 2 years of age. However, only a
few studies have investigated the relationship between maternal
perceived stress and infant neurodevelopmental outcomes (48).
Studies examining these associations have pronounced mixed
results in humans; some found a negative association between
maternal stress and infant head circumference (45, 49), while
others failed to show any association (43). Chronic prenatal
stress disrupts cognitive performance and reduces brain volume
in the area related to learning and memory (44). A negative
association between prenatal maternal stress and fetal head
growth development suggests a key role of maternal stress
in regulating fetal head growth (45). Recently the role of
glucocorticoids has become evident in infant development (50,
51), and in this current study, we identified that increasing head
circumference could be associated with HM glucocorticoids.
Although, correlation does not imply causation, hence results
should be read with caution.

An association between early glucocorticoid exposure and
infant metabolism is complex and regulated by many maternal
related factors such as maternal circulating levels. Excessive
exposure to both endogenous and exogenous glucocorticoids
during pregnancy and lactation have been previously linked to
obesity risk factors (52, 53). This study has shown a significant
association between maternal BMI and HM cortisol levels.
There are several factors that contribute to the plasticity of
HM, including maternal BMI, an important contributor to the
hormonal profile of HM, further affecting the developmental
trajectories of HM fed infants (29). Evidence suggests that
individuals with higher BMI are more likely to have an increased
level of circulating cortisol (54, 55). This study is the first to
demonstrate an association between maternal BMI and HM
cortisol concentration. This is in accordance with previous
studies that report obesity or higher BMI to be an indicator of
increased circulatory or saliva cortisol level (56, 57).

A limitation of the current study was the absence of
maternal plasma samples. Therefore, this study is unable to
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Composition of Human Milk Is
Modulated by Maternal, Infant, and
Methodological Factors
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Valérie Verhasselt* and Sagar K. Thakkar®*

! Nestlé Research, Lausanne, Switzerland, 2 Department of Paediatrics and Paediatric Infectious Diseases, Institute of Child’s
Health, Sechenov First Moscow State Medical University, Moscow, Russia, ° Inflammation, Repair and Development Section,
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Nice Sophia Antipolis, Nice, France, ° Nestlé Research, Singapore, Singapore

Human milk (HM) is dynamic and shows a high inter- and intra-individual variability. To
characterize HM with precision, it is necessary to understand the factors that modulate its
composition. The objective of this narrative review is to summarize the maternal, infant
and methodological factors that affect HM composition. We searched SCOPUS and
PubMed databases for articles related to factors that are known to or could potentially
influence HM composition and volume across lactation periods. Our comprehensive
review encompasses various maternal-, infant-related, and methodological factors that
modulate aspects of HM composition including macro- and micronutrients, vitamins and
minerals, as well as volume. The most profound changes were observed in HM lipids
and lipophiles. Evidence exists for many of the infant-related factors known to affect the
nutritive and non-nutritive components of HM (e.g., birth weight, gestational age, infant
age/stage of lactation). In contrast, less is known with respect to maternal factors; where
there is either limited research or conflicting evidence (e.g., maternal lifestyle, obstetric
history, medical conditions), except for the mother’s diet, for which there is a relatively
well-established understanding. Equally, although many of the methodological factors
(e.g., HM sampling, handling and analytics) are known to impact HM composition, few
studies have investigated this as a primary outcome, making it an important area of
future research in HM. Here we propose a systematic capture of numerous maternal- and
infant-related characteristics to facilitate associative comparisons of HM data within
and across studies. Additionally, it would be prudent to standardize the methodological
aspects known to affect HM composition in analytics, not only for HM lipids and
lipophiles, but also for those nutrients whose variability is yet less well-understood.
Defining the factors determining HM composition with accuracy will open perspectives
for maternal intervention to optimize milk composition for specific needs of infants.

Keywords: human milk, lactation, maternal, infant, human milk sampling, standardization, human milk
composition
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INTRODUCTION

Breastfeeding i.e., human milk (HM') feeding either from the
infant’s own mother, or wet nurses as in the past, was and
continues to remain the feeding norm for new-born infants.
Benefits of breastfeeding for both infants and mothers, in short-
and long-term are well-documented (1-5). A recent publication
indicates a protective effect of breastfeeding against childhood
infections and malocclusion, increases in intelligence, and
probable reductions in overweight and diabetes later in life (6).
Mothers may also benefit from breastfeeding in that risk of breast,
uterine and ovarian cancer is reduced, and post-partum weight
loss is promoted (6). With multiple benefits of breastfeeding,
it is no surprise that characterization of HM composition is of
increasing interest in order to gain insights into the underlying
factors that contribute to the benefits of breastmilk.

HM is a highly complex, and dynamic biological fluid rich
in nutritive (e.g., lipids, proteins, carbohydrates, fatty acids,
amino acids, minerals, vitamins, trace elements, etc.) and
non-nutritive bioactive components (e.g., cells, Ig, cytokines,
chemokines, hormones, growth factors, glycans, mucins, etc.).
It provides protection against infection and inflammation,
and contributes to immune maturation, organ development,
microbiota colonization and overall infant health (7-9).

It is hypothesized that HM is tailor-made by each mother
to meet the nutritional needs of her growing infant; plasticity
of HM composition may be key to early infant growth and
programming of health in later life. Studying HM composition
is essential to not only understand the nutritional needs
but also to correlate with other developmental outcomes of
infants (e.g., neurodevelopment, immune development, and
gut maturation). Understanding the associations between HM
composition and developmental outcomes can also lead to
strategies for modifying maternal nutrition in cases where needed
and to adapt fortification strategies for preterm infants.

While there exist published reviews in which a selection
of factors that influence the composition of HM is described,
to our knowledge no review considers the numerous aspects
that affect the composition and volume of HM. With our
narrative review we aim to collate the most relevant factors that
influence nutritional and non-nutritional composition of HM,

Abbreviations: HM, human milk; PUFA, polyunsaturated fatty acid; LA, linoleic
acid; ALA, alpha-linolenic acid; DHA, docosahexaenoic acid; FA, fatty acid; AA,
arachidonic acid; EPA, eicosapentaenoic acid; DPA, docosapentaenoic acid; GPC,
glycerylphosphorylcholine; TMAO, trimethylamine N-Oxide; BMI, body mass
index; Ig, immunoglobulin; EGE epidermal growth factor; PCBs, polychlorinated
biphenyl; PCDDs, polychlorinated dibenzo-p-dioxins; PCDFs, polychlorinated
dibenzo-furans; GDM, gestational diabetes mellitus; IL, interleukin; MFG, milk fat
globule; HMO, human milk oligosaccharides; b-FGE, fibroblast growth factor; IGF-
1, insulin-like growth factor-1; TN, total nitrogen; NPN, non-protein nitrogen;
HMA, human milk analyser.

12 FL, 2'-fucosyllactose; i, 3'-Fucosyllactose; 3 SL, 3'sialyllactose; AA, Amino
acid; BCA, bicinchoninic acid assay; EGE epidermal growth factor; FM, fat
mass; b-FGE fibroblast growth factor; GDM, gestational diabetes mellitus;
GPC, glycerylphosphorylcholine; HM, human milk; HMO, human milk
oligosaccharides; IR, infrared; IGF-1, insulin-like growth factor-1; MFG, milk
fat globule; NPN, non-protein nitrogen; PCBs, polychlorinated biphenyl; PCDFs,
polychlorinated dibenzo-furans; PCDDs, polychlorinated dibenzo-p-dioxins; TN,
total nitrogen; TMAO, trimethylamine N-oxide.

namely both maternal- and infant-related factors. In addition,
we highlight methodological aspects that affect the quantification
of HM components in research settings, which in turn leads
to a set of scientific recommendations for HM sampling,
handling, and analytical characterization when embarking on
research in this field. On the one hand, we attempt to be as
comprehensive as possible. On the other, it would simply be
too much for one paper to provide an in-depth review of all
topics that modulate HM composition and volume. Therefore,
the purpose here is to identify and focus on the most important
factors including maternal diet, supplementation, galactagogues,
maternal anthropometry, obstetric history, socio-demographic
factors, medical conditions, as well as infant-related factors such
as infant birth weight and sex. Temporal changes in HM volume
and composition are also included. In addition, methodological
factors affecting the quantification of HM components are
assessed. Other factors are deprioritized but summarized and
listed as further reading.

METHODOLOGY

Literature Search

We conducted a narrative literature review and search using
SCOPUS and PubMed database with predefined keywords for
all scientific literature related to factors that are known to
or could potentially influence HM composition and volume
across lactation.

An initial search was performed limited to titles, key words,
and abstracts to assess the potential yield of the search strategy.
Based on the results, search terms were modified (e.g., wild
characters) or additional terms were included. A subsequent
search included MeSH terms. The search terms were grouped
into 2 different concepts, which were combined with Boolean
term “AND.” Terms within each concept were combined with
the Boolean term “OR.”

Concept 1: human milk, breast milk, mothers’ milk, mothers’
own milk, colostrum

Concept 2: maternal/mothers’ diet, supplementation,
anthropometry, smoking, alcohol consumption, coffee
consumption, physical activity, breastfeeding frequency,

parity, mode of delivery, cesarean section, age, socioeconomic
status, psychology, drugs, galactagogues, infant sex/gender,
gestational age at birth, small for gestational age, low
birth weight, foremilk/midmilk/hindmilk, preterm, feeding
time, type of expression, storage temperature/length,
milk processing/pasteurization.

The search was limited to English language abstracts and
articles only.

Selection Criteria

We did not eliminate any kind of study design for
initial screening as long as it met search criteria. Articles
include original research, literature review and conference
abstracts/papers/presentations that were published up to
December 2018. After a final selection by reading the abstract of
each article, 260 relevant papers were included.
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TABLE 1 | Maternal factors affecting nutritive and non-nutritive components of human milk.

Factors Effect on nutritive or non-nutritive components of HM Evidence References
Dietary or Changes in maternal intake modify amino acids, (n-3) FA, iodine, selenium, Evidence probable (10-67)
supplementary intake thiamine, riboflavin, niacin, vitamin B6, vitamin B12, choline, vitamin C,
vitamin A, provitamin A carotenoids, vitamin D, vitamin K
Changes in maternal intake do not modify calcium, magnesium, copper Evidence probable
Changes in maternal intake do not modify HM volume, energy, Inconsistent or lacking
macronutrients, phosphorus, potassium, sodium, chromium, cobalt,
fluoride, iron, manganese, molybdenum, zinc, folate, non-provitamin A
carotenoids, vitamin E
Anthropometry The higher the BMI the higher the concentration of SFA, n-6/n-3 FA ratio, Evidence probable in (68-82)
leptin in HMI high-income countries
Lacking in low-middle
income countries
The higher the BMI the higher the HM intake by the infant Inconsistent or lacking
Parity Higher parity increases amounts of proteins, lipids, and improves FA profile Inconsistent or lacking (83-89)
Multiparous women show increased concentrations of iron and Ig Inconsistent or lacking
Mode of delivery Affects iodine, microbiome, IgA, or bacterial diversity Inconsistent or lacking (88, 90-93)
Age Influences the content of lactose, lipids, protein, TN, NPN, Na, K, Ca, P, Cu, Lacking (83, 84, 86, 87,
colostrum Ig 94, 95)
Maternal age is negatively correlated with FA profile and Zn Lacking
Socioeconomic status Socioeconomic status is associated with lipids, proteins, IgA, and FA profile Inconsistent or lacking (83, 95-98)
Medical conditions Maternal GDM delays the initiation of lactation or reduces hormones Inconsistent or lacking (99-127)
Maternal post-partum depression is associated with a shorter duration of Inconsistent or lacking
lactation and perceived HM production
Celiac disease reduces immune protective compounds (TGF-81, slgA) and Lacking
bifidobacteria
Allergies affects levels of interleukins, growth factors, beta-casomorphin, Inconsistent or lacking
selective proteins, pro-inflammatory markers, cytokines
Mastitis results in higher levels of minerals, MFG, and chlorides as well as Lacking
higher catalase activity and increased concentration of IL-6
Mastitis results in lower contents of lactose, lipid, protein, and casein Lacking
Use of galactagogues Increase HM volume Inconsistent or lacking (63-66)

RESULTS

Factors that impact HM composition and/or volume are
summarized into the following two categories:

1. Maternal and infant characteristics affecting HM components
2. Methodological parameters affecting the quantification of
HM components

The resulting information leads to a set of scientific
recommendations for reproducible HM analysis in
interventional as well as observational studies (see
Methodological factors affecting the quantification of HM
components in a research setting).

Maternal Factors Affecting HM Volume and
Composition

Maternal Diet

Maternal diet is an important factor that influences the volume
and composition of HM. Some components have been studied
extensively, while others require further research to draw strong
conclusions. The results of our analysis are summarized in

Table 1. Furthermore, a systematic analysis of the influence of
maternal diet on HM composition, micro- and macronutrients,
emphasized the relation of fatty acid intake, the intake of fat-
soluble vitamins, vitamin B1, and vitamin C to their content in
HM (10).

Effects of maternal diet on macronutrient content in HM

The macronutrient composition of HM is relatively constant
across populations despite variations in the nutritional status
of the mother (7). The effect of maternal energy intake on
HM volume has shown conflicting results. Some studies showed
that provision of additional calories (11, 128), energy restriction
(12), or fasting (13) had no impact on HM volume, while
others showed that a low calorie diet (1,200 kcal per day for 3
days) (14) or low energy intake (15) resulted in reduced HM
production. In terms of macronutrient composition, an isocaloric
high fat diet (16) and increased dietary consumption of proteins
(17) and carbohydrates (18) demonstrated an increased HM
fat concentrations at different stages. No significant differences
in energy content of HM were found up to 12-weeks post-
partum supplemented with a commercially available product,
despite the higher energy intake (19). The same study revealed
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a greater volume of HM in mothers with a low mid upper arm
circumference (<24.1cm) following supplementation. Several
reviews have highlighted the population differences in HM fatty
acid composition and the influence of maternal diet on levels of
PUFAs [including HM linoleic acid (LA), a-linolenic acid (ALA),
and DHA] (20-22). A study provided supporting evidence that
the quality of fatty acid intake during pregnancy and lactation
is important (23). In this study the abundance of n-6 fatty
acids (FA) and low n-3 FA, was reflected in the fatty acid
composition of HM, in as such that DHA concentrations were
significantly reduced particularly during lactation compared to
pregnancy, while arachidonic acid (AA) did not follow the
same development. On the contrary, women who consumed 2
portions of salmon per week from 20 week of pregnancy until
delivery showed higher proportions of EPA (80%), DPA (30%),
and DHA (90%) on day 5 post-partum (24). The impact of
omega-3 supplementation during pregnancy and/or lactation on
HM FA is well-studied: a systematic review found a positive
relationship between the consumption of omega-3 sources and
their concentration in HM, despite differences in the methods
used, timing of supplementation, source of omega-3 source used,
and the sample size (25). Supplementation with fish oil starting
at 20 weeks of pregnancy until delivery not only increased the
long-chain omega-3 FAs in HM during early lactation (up to 6
weeks post-partum), furthermore DHA levels at day 3, 6, weeks
and 6 months were positively associated with infant DHA status
at 1 year (26). Supplementing lactating women 4-6 weeks post-
partum with either 200 mg or 400 mg DHA for 6 weeks with
usual diets led to a 50 and 123% respective increase in HM DHA
levels (27).

In terms of carbohydrate type, a randomized crossover study
revealed that the consumption of a high-fructose corn syrup-
sweetened beverage increased concentrations of fructose in HM,
which stayed elevated for 5h (28). No such effects were found for
glucose or lactose. The consequences of habitual consumption of
high-fructose sweetened beverages for early development need to
be further investigated, but evidence exists that fructose in HM is
positively associated with infant’s body composition (29).

Effect of maternal mineral supplementation on mineral
content of HM

Iodine supplementation (75-400 mg iodine/day) increased HM
iodine concentrations (30-32), although a lower dose (75 or
150 pg/d) through either supplementation (31) or fortification
(33) may be insufficient to ensure adequate iodine status in
women or their infants. Equally, administering a single dose
of 400 mg iodine as oral iodized oil to mothers may be an
effective strategy to provide adequate iodine to their infants
through HM for at least 6 months compared with direct
supplementation to infants (30). The results of Mulrine et al.
where jodine concentrations in HM were 1.3 and 1.7 times higher
in women supplemented with 75 and 150 pg per day would
also suggest a dose-response relationship (31). A systematic
review of epidemiological and clinical data suggested that a
high dose as well as daily iodine supplementation were effective
in increasing iodine concentrations in HM (34). The same
authors also concluded that iodine concentrations of around

150 g/l during the first 6 months of lactation are enough to
meet infants’ needs. Selenium (Se) supplementation at a dose
of 20 pg/day, approximating the quantity secreted into HM,
(35) or 200 pg/day (36) increased HM selenium concentrations
accompanied by an increase in infant Se intake. It is known
that HM concentrations of minerals such as zinc and iron are
not largely altered by deficiency or excesses in the maternal diet
as these have well-regulated homeostatic processes (37). Zinc
supplementation studies (10-50 mg/day) provided inconsistent
findings, with some reporting an increase or prevention in
decline in HM zinc concentration compared with placebo (38),
while others did not find an effect of zinc supplementation
(39, 40). Observational studies show reduced levels of iron in the
HM of anemic mothers (41) and iron supplementation among
women with low baseline levels of iron, was shown to increase
HM iron concentrations (42). However, studies among healthy
lactating women have failed to demonstrate an association
between iron intake of the mother and HM iron concentrations
(37, 43). There are physiological changes that happen during
lactation, such as changes in calcium and bone metabolism, that
provide sufficient calcium for HM production independent of
maternal calcium supply in populations where calcium intakes
are close to current recommendations (44). Furthermore, dietary
nutrient consumption had no strong association with calcium
concentrations in HM of three different ethnic groups in New
Zealand (45). In this study, calcium intake of the mothers varied
from 736 to 1,041 mg/day, but had no significant effect on the
calcium concentration in HM.

Effect of maternal vitamin supplementation on vitamin
content of HM

Maternal supplementation of B vitamins during lactation is
known to rapidly increase their concentrations in HM as
reviewed extensively Allen et al. (46). Evidence suggests that HM
concentrations of thiamine, similar to those observed in well-
nourished mothers, can be maintained by maternal thiamine
intake of 2 mg/d (47). The concentrations of vitamin B6 in
HM (ranging from 0.89 to 1.31 nmol/L) appear to be saturated
at an intake of 2.5 mg/d of vitamin B6 (48, 49). Vitamin B12
supplementation (50 pg/d) was shown to maintain elevated
concentrations of B12 in HM only during the supplementation
period (6-week post-partum) (50) and the concentrations
observed were much lower than those reported with a higher
dose of 250 wg/d dose (97 vs. 235 pmol//L) (51). Choline
supplementation of 750 mg/d increased HM concentrations of
free choline, betaine, and phosphocholine (52), while a higher
dose (930 mg/d) resulted in significantly higher concentrations
of phosphocholine and glycerylphosphorylcholine (GPC), the
main choline metabolites in HM as well as HM trimethylamine
N-Oxide (TMAO), which is essential for maintaining osmotic
balance and glycine concentrations (critical for production of
glutathione that appear limiting in early development) (53).
Similarly, higher lutein and zeaxanthin concentrations in HM
have also been observed with lutein supplementation of 6 mg/d
(140% higher) and 12 mg/d (250% higher) compared with the
placebo (54). Further evidence comes from a study with Korean
mothers, where a higher dietary intake of lutein was associated
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with higher lutein content in HM (55). In this study, the mean
intake of lutein was 4.7 mg/day, with a range from 0.64 to
17.05 mg/day, while the mean lutein concentration in HM was
3.5 pg/dl, with a range from 0.5 to 31.3 pg/dl. Although no
intervention studies have been reported so far, observational data
suggest that the concentrations of biotin in the HM decreased
over the course of lactation despite an intake of 57 mg biotin/d
which is 63% higher than the adequate intake of 35 mg biotin/d,
suggesting that a low intake of biotin may accelerate the decrease
(56). There is strong evidence that retinol or beta carotenoid
concentrations in colostrum (1-5 days) or mature (>14 days)
HM are increased through supplementation of vitamin A during
lactation either as retinyl palmitate (658-7,218 pg per day), as
multivitamins containing 3-carotenoids (providing 90 mg/d beta
carotene) or as part of a diet enriched with vegetable oils like
red palm oil (providing 90 mg/d beta carotene), soybean oil
or sunflower oil (22). The same is true for a higher vitamin A
consumption (range of 50-7,205 pg retinol activity equivalents),
which led to higher, but non-significant, retinol concentrations
(57). A strong positive association was demonstrated between
maternal vitamin D intake during exclusive breastfeeding and
infant serum 25-hydroxyvitamin D levels (58), although doses
at the current recommended daily intake of vitamin D may not
be sufficient for adequate transfer from mother to the breastfed
infant (58) and supplementation during lactation with 4,000-
6,400 TU/d of vitamin D may be needed to prevent vitamin
D deficiency in the mother and her breastfed infant (59). The
mode of supplementation needs to be taken into account, as a
randomized controlled study demonstrated that a single bolus
led to a higher production of vitamin D, compared with a daily
dose (60), and levels remained elevated for at least 28 days.
Among women with adequate folate status, HM folate secretion
was shown to reach a maximum threshold and was not affected
by the maternal folate status, except in clinically folate-deficient
mothers (46). Maternal supplementation with alpha-tocopherol
was shown to increase the vitamin E concentrations in colostrum,
although the evidence is limited (61).

Galactagogues

Adequate lactation is fundamental for the (premature) infant’s
health, hence there is an increasing interest in galactagogues.
Galactagogues are substances that have the potential to assist
in various stages of milk production, such as initiation,
continuation, or augmentation (62). Pharmaceutical agents, such
as domperidone, or more recently herbs such as silymarin-
phosphatidylserine and galega are widely used (63, 64). Many
herbal concoctions have been proposed as galactagogues around
the world. However, there is more anecdotal evidence rather
than scientific rigor. There is a huge cultural as well as regional
aspects on what is considered or promoted as a galactagogues.
From many herbal galactagogues, fenugreek has most number
of clinical trials reported in the literature and a recent network
meta-analysis demonstrated its efficacy against placebo (65).
Moreover, a study reported that a herbal tea containing stinging
nettle, among other herbs, increased milk production in 36
mothers with premature infants by 80%, a significant increase
when compared with the placebo and control group (66). Overall,
the quality of galactagogue literature was found to be poor and

the field would benefit from well-designed double blinded and
randomized controlled studies.

Maternal Anthropometry

Influence of maternal weight/body composition on HM lipids
and fatty acid profile

HM of overweight women is reported to contain higher
amounts of SFAs, lower amounts of n-3 FAs, a lower ratio
of PUFAs to SFAs and a higher ratio of n-6 to n-3 FAs,
compared with normal weight women, even after adjusting
for maternal diet (68). A study with 80 women reported a
significant maternal age and body mass index (BMI) interaction
with calorie and fat. BMI alone was significantly associated
and protein content (69). Calorie and fat contents were
found to be lower in overweight mothers in their 20s but
higher in older, overweight mothers. The reason for this
unique finding is not fully understood. The overall nutritional
status of the mother and the stage of lactation may be
important factors that deserve attention while studying the
association between maternal BMI and HM macronutrient
concentrations. To exemplify this, studies among well-nourished
lactating women have failed to demonstrate any association
between maternal fat stores and HM lipids (70), while those
conducted among marginally nourished populations showed
a positive relation both in early (<90 d) and late (>90 d)
lactation (71, 72).

Influence of maternal weight/body composition on volume of
HM

Maternal body composition not only influences the composition
of HM in terms of its macronutrient composition, but is also
associated with the volume of HM transferred to infants when
assessed using the “dose to the mother” deuterium dilution
method (73). This was shown in infants from Kenya, where
HM intake was positively correlated to maternal triceps and mid
upper arm circumference during pregnancy (74). In contrast,
among low-income Honduran women maternal anthropometric
status was not found to be a significant predictor of HM
volume or infant energy intake between 4 and 6 months of age
after accounting for confounding factors such as birth weight
and milk energy density. This highlights the ability of the
infant to self-regulate intake in response to milk energy density
and infant weight (75). Furthermore, studies reported positive
associations between maternal BMI and HM leptin levels (76-
79). One study found higher maternal %FM associated with
higher leptin but not adiponectin concentrations (80). The same
authors hypothesized that HM adiponectin levels are less likely
to be impacted by maternal adiposity as the majority of HM
adiponectin may be synthesized and controlled by the mammary
gland. Others reported positive associations between HM leptin
and adiponectin concentrations with infant weight gain (77, 78,
81) as well as HM adiponectin concentrations and fat mass in the
infants up to 2 years (82).

Maternal Obstetric History

The influence of parity on HM composition

Parity has been found to be an independent factor influencing
proteins and lipids content (83) and FA profile (84). However,
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findings are not consistent in the literature. Bachour et al. (83)
reported an increased lipid concentration of HM associated with
higher parity among Lebanese mothers. In contrast, among rural
Gambian women, the amount of HM fed to the infant and
the proportion of endogenous FAs in HM was markedly lower
among those who had borne 10 or more children, implying
an impairment of the ability to synthesize HM FAs de novo
for high parity women (85). In terms of mineral content,
increased amounts of iron were found in multiparous women
(86). Islam et al. (87) did not find an association between parity
and colostrum Ig concentration (including IgA, IgM, IgG, and
peripheral immune cells) among women from Bangladesh, yet
another study showed, increased IgA and IgM in colostrum
of primiparous compared with multiparous Brazilian women
(88). It is further hypothesized that a mother’s breastfeeding of
higher birth-order infants would be exposed to a wider array of
organisms from their other children, and these could affect milk
cytokine levels (89).

The influence of mode of delivery

Mode of delivery, including cesarean and vaginal delivery, was
shown to affect protein content in colostrum (90), HM choline
level (91), HM iodine concentration (92) and IgA concentration
(88). Some data also suggested that vaginal delivery is associated
with higher protein content in colostrum when compared with
cesarean delivery (90). Ozarda et al. (91) found higher levels
of choline in HM after cesarean vs. vaginal delivery. Iodine
concentration in the transitional milk was found to be higher
in women with cesarean section (349.9 pg/kg) in comparison
with those with vaginal delivery (237.5 pg/kg, p < 0.001) (92).
Higher IgA concentration was found in colostrum of women
having undergone cesarean section rather than vaginal delivery,
because of the occurrence of labor together with surgical stress
(88). However, in a multi-center study, mode of delivery was not
found to be a significant factor in IgA concentrations in HM (93).
The effect of the mode of delivery on HM IgA concentration is
suggested to be confirmed in larger cohorts (89). While we have
started to observe the differences in HM composition between
groups, further studies should focus on the implications of such
differences on the health outcomes of the infants.

Maternal and Socio-Demographic Factors

Maternal age

The potential influence of maternal age on HM composition is
still being debated. Early studies indicated that the lactose, fat,
total nitrogen, protein nitrogen, non-protein nitrogen, sodium,
potassium, calcium, and phosphorous concentrations differed
little between adolescent and adult breastfeeding mothers
(94). Likewise, maternal age was not related to colostrum Ig
concentration (including IgA, IgM, IgG, and peripheral immune
cells) (83, 87), milk lipids (83, 95), proteins (83), and copper
contents (86). In contrast, Antonakou et al. reported maternal
age as an independent factor, demonstrating a strong negative
association between maternal age and MUFAs, including oleic
acid proportions particular during the first months of lactation
(84). Also, Silvestre et al. reported lower zinc contents in HM

from older women when compared with HM from younger
women (86).

Maternal socioeconomic status

There is no consistent evidence about the influence of maternal
socioeconomic status on HM lipid contents. Rocquelin et al.
did not find an association between socioeconomic status, e.g.,
mothers’ education/occupation and HM lipid content among
Congolese mothers of 5 month old infants (95). Bachour et
al. found a notable but not statistically significant association
between maternal residential area and milk lipids, proteins
and IgA levels (83). In contrast, Al-Tamer and Mahmood
demonstrated an effect of maternal socioeconomic status of
lactating mothers in Iraq on HM lipid content, TG and FA
composition, especially the proportions of long-chain omega-
3 FAs decreased with decreasing socioeconomic status (96).
Similarly, a study in low-income Indian women demonstrated
an association of socioeconomic factors, particularly maternal
education, with HM composition in as such that a higher
education resulted in lower concentrations of SFAs and PUFAs
(97). In Chinese women a higher education was positively
associated with concentrations of carotenoids and tocopherol in
HM (98).

Geographical location

There is consistent evidence in the literature that HM FA
composition varied according to geographical location, and
variation was frequently attributed to the differences in maternal
diet (129-133). For example, Chulei et al. reported different
concentrations of DHA and AA: DHA ratio in HM in five
distinct geographical regions (pastoral, rural, urban 1, urban
2, and marine) of People’s Republic of China (130). Roy et al.
revealed differences in HM n-6 and n-3 PUFAs between urban
and suburban mothers in Bengali, India, and contributed the
rural and urban differences to the mothers’ alimentary habits
(134). A study comparing the levels of omega-3 and omega-6
PUFAs in HM of Swedish and Chinese women demonstrated
a more favorable balance of those FAs in Swedish women
(135). In addition to lipid content, mineral composition of
HM, namely phosphorous was found to vary among three
different regions among 444 Chinese lactating women (92).
Oligosaccharide profiles in colostrum varied between Italian
and Burkinabe women, in as such that in contrast to Italian
women, the Burkinabe women had higher concentrations of 2
fucosyllactose and lower concentrations of lacto-N-fucopentaose
in colostrum (136). The relevance of these findings is not
clear. Like FAs, growth factors vary according to geographical
location. For example, 228 breastfeeding mothers from 3 regions
in People’s Republic of China revealed significant differences
in the content of epidermal growth factor (EGF) and TGF-
a content in HM by region (137). Differences in diet may
explain some of the findings as the concentration of EGF in HM
significantly decreased with increasing intake of proteins, total
energy, vegetables, fruits, soy products and dairy foods, while
the TGF-a content in HM significantly increased with increasing
intake of carbohydrates and dairy products and decreased with
increasing intake of proteins and meat. Overall, we hypothesize
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that geography is a proxy factor for underlying factors that
drives the differences in HM composition. The major factor
that remains common to a cohort in geography such as diet
or life style are usually the underlying causes of demonstrated
differences in HM composition.

The influence of maternal exposure to toxins on levels of
toxins in HM

Human milk of mothers with different childhood exposures
differs significantly. It might be possible that exposure of
the mother during her own infancy primes her intestinal
immune cell development in as such that when immune
cells migrate from the maternal intestine to the mammary
gland, results in altered HM composition. It was reported
that women who were breastfed during infancy and grew
up on the Baltic coast of Sweden had high levels of
polychlorinated biphenyl (PCBs) and polychlorinated dibenzo-
p-dioxins (PCDDs)/polychlorinated dibenzo-furans (PCDFs)
in HM. Exposure early in life to HM and consumption of
contaminated fish from the Baltic sea were the reasons for
high toxic level of PCBs and PCDDs in their HM (138). Also,
toxic metal contamination in HM is of concern (139). The
authors found, for example, arsenic in 64% of HM samples in
Lebanese women and identified an association with cereal and
fish intake. In general, inter-country studies reported varying
levels of perfluorinated carboxylic acids in HM samples from
Japanese, Chinese and Korean mothers, with the highest levels
in Japanese mothers (140). More specifically, a strong positive
association of perfluoroalkyl substances in HM with maternal
age, BMI and parity was reported from an analysis of HM
from 128 Korean mothers (141). The same authors reported
the consumption of snack, milk, and eating-out frequency to be
associated with increased levels of perfluoroalkyl substances.

Maternal Medical Conditions

Effects of gestational diabetes mellitus (GDM) on
composition of HM

Maternal prenatal metabolic profile influences the composition
of HM (99). It was shown that mothers with diabetes experienced
lactogenesis II later than healthy mothers (100). A relatively
small study showed that levels of ghrelin, an appetite-stimulating
hormone, were lower in HM of early lactation of mothers with
GDM as compared with mothers without GDM, but that ghrelin
levels were restored to normal in mature HM (101). These data
need to be confirmed in a larger group of women. Moreover,
mothers with a higher pre-pregnancy BMI combined with GDM
or lower insulin sensitivity had higher insulin concentrations in
mature HM compared with normal glycaemic mothers (102).
Galipeau et al. found that the presence of gestational diabetes
increased the risk of an elevated HM sodium level at 48 h after
delivery (127). However, Klein et al. did not find any significant
differences in HM free AAs content between GDM and healthy
women, regardless of it being colostrum or mature HM (103).

Influence of celiac disease on composition of HM
In comparison to healthy mothers, HM of mothers with celiac
disease was found to have a reduced abundance of immune

protective compounds (TGF-p1 and sIgA) and bifidobacteria
(104). On the other hand, HM of 42 mothers with celiac disease
who followed a gluten-free diet showed no difference in anti-
gliadin antibodies compared with HM from 41 mothers with a
normal, gluten-containing diet (105). This suggests that rather
than diet, the immunological memory defines the presence of
these antibodies in HM.

Influence of maternal atopy/allergy on composition of HM
The association between maternal atopy/allergy and HM
composition is not consistent in the literature. Higher IL-4, IL-
5, IL-13 (106), and beta-casomorphin-5 (107) in colostrum, and
higher levels of IL-4 (108), lower levels of TGF-B1 (109, 110),
TGEF-p2 (111), IL-10 (108) and proteome (including protease
inhibitors and apolipoproteins) (112) in HM were found in
women with history of allergic disease compared with non-
allergic women. Higher levels of sCD14 were found in mothers
with a positive vs. negative allergic history (113). On the contrary,
Marek et al. (109) did not find any difference in IL-4 and IL-10
levels in HM between allergic and non-allergic mothers. Likewise,
no differences were reported in pro-inflammatory markers and
cytokine concentrations (111, 114, 115) and FA composition
(111) in HM between allergic and non-allergic mothers. A study
among Danish mothers with atopic dermatitis, mothers with
other types of atopy, and non-atopic mothers reported that the
HM FA composition was not affected (116). In contrast, women
with a combination of eczema and respiratory allergy had lower
HM levels of several PUFAs (AA, EPA, DHA, and DPA), and had
a lower ratio of long-chain n-3 PUFAs/n-6 PUFAs, even though
the fish consumption was not different between groups (117).
Their PUFA levels differed not only from that of healthy women,
but also from that of women with only respiratory allergy, who
had a FA pattern like that of healthy women.

Mastitis

Early evidence indicated that HM of mothers with mastitis
showed a higher content of minerals, chlorides, and catalase
activity, and lower levels of lactose, fat, total proteins, and total
casein fractions, in comparison with HM from healthy women
(118). This observation is likely because mastitis inflammation
can produce pro-inflammatory cytokines and damage the milk
fat globule (MFG). Mizuno et al. found that HM of mothers
with mastitis contained larger MFG and higher IL-6 levels in the
diseased breast than HM from the healthy breast (119). The same
authors reported that this difference was larger if accompanied
by systemic symptoms of mastitis (fever/malaise). In a separate
study, Buescher and Hair reported that HM of mothers
with mastitis had the same anti-inflammatory components
and characteristics of HM from healthy mothers; although
elevation in selected components/activities was observed (TNFa,
soluble TNF receptor II, and IL-1RA and bioactivities that
cause shedding of soluble TNF receptor I from human
polymorphonuclear neutrophils) (120). These components may
help protect the nursing infant from developing clinical illness
due to intake of HM from mothers with mastitis.
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TABLE 2 | Further reading for factors with potential impact on human milk.

Factors potentially modulating HM composition Suggested
and volume reading

Use of medication (142)
Hormones (143)

Stress (144)
Microbiome (145-148)
Ethnic groups (45, 149)
Infant suckling time (150, 151)
Smoking (83, 152-155)
Alcohol consumption (156-158)
Coffee consumption (159-162)
Physical activity (163-171)
Breastfeeding frequency (127,150, 151, 172)
Immunological composition (89, 173)
Drug use (142, 159)
Synbiotics 67)

Post-partum depression

About 85% of women experience a so called “post-partum blues,”
which is transitional and lasts ~2-3 weeks after birth (121).
The “blues” does not resolve in some women, and about 10-
20% of new mothers experience post-partum depression (122).
Post-partum depression is frequently found to be related with
a shorter breastfeeding duration (123, 124). Currently, there
are no randomized controlled trials to demonstrated causality.
A population-based prospective cohort study showed that
maternal depression was associated with maternal perceptions
of insufficiency of HM but not actual milk quantity (125). This
finding was supported in lactating mothers of preterm and term
infants, where the perceived mood states had no apparent effect
on HM volume (126).

Other Maternal Factors Influencing HM Composition
and Volume

For the sake of greater focus on the most relevant factors
influencing HM composition and volume, this chapter lists but
not discuss in detail other topics that could be considered
for planning and conducting research in this area but are not
discussed in detail. Instead, further reading is proposed (see
Table 2). Indeed, many factors have significant impact on human
milk composition, however, how those differential composition
impacts infant outcomes should be a topic of future studies.

Infant-Related Factors Affecting HM

Volume and Composition
The main factors have been summarized in Table 3.

Infant Birth Weight

A positive relationship has been suggested between birth weight
and HM intake attributed mainly to increased sucking strength,
frequency or feeding duration (70). In the DARLING study,
weight at 3 months and total time nursing were positively
associated with HM intake at 3 months, while no maternal

variable (such as age, parity or anthropometric indices) was
significantly correlated with intake, volume extracted, or residual
milk volume, indicating that infant demand was the main
determinant of lactation performance (174). In contrast, no
differences were observed in absolute and relative HM transfer
volumes and HM zinc concentrations of small for gestational age
vs. appropriate for gestational age infants born to low-income,
marginally nourished Bangladeshi mothers (175).

Infant Gestational Age at Birth and Term vs. Preterm
Delivery

A meta-analysis of 41 studies indicated significantly higher
concentrations of “true protein,” excluding the non-protein
nitrogen, in the first few days post-partum. Lower lactose
concentrations (in the first 3 days and some later time points)
were found in preterm compared with term HM, although no
differences were observed for fat and energy content (177).
Compared with term HM, preterm HM was shown to have a
highly variable human milk oligosaccharides (HMO) content
and was richer in glycosaminoglycans. The latter allows HMOs
to competitively bind to pathogens and prevent them from
adhering to the enterocytes (178). With respect to mineral
content, preterm compared with term HM is reported to have
higher concentrations of copper and zinc that decline across
lactation and lower concentrations of calcium that remains
constant over lactation (178). HM from preterm mothers was
shown to have higher levels of IgA, IL-6, EGF, TGF-81, and TGF-
B2 in colostrum compared with term HM (179). Ozgurtas et al.
found higher levels of vascular endothelial growth factor, basic
fibroblast growth factor (b-FGF) and insulin-like growth factor-
1 (IGF-1) in HM from the mothers of preterm infants (180).
Similarly, preterm delivery also affects hormone concentrations
in HM. In a study with 40 lean mothers, those of the preterm
infants showed higher concentrations of obestatin and higher
expressions of ghrelin mRNA in mammary epithelial cells,
however the latter did not result in higher ghrelin concentration
in HM (181). It may be speculated that the synthesis of these
peptides and their transport from maternal circulation could
contribute to the finding that the transcript level of the gene does
not correspond to the peptide level in HM. While the HM of
mothers of preterm babies seemed to have a higher concentration
of immunological markers, there is conflicting evidence on the
ability of gestation age to influence HM PUFA composition. One
study showed lower levels of EPA and DHA in HM from mothers
of preterm infants (182), while others did not find any association
(183). Limited data showed that gestation age may influence HM
minerals composition. For example, Ustundag et al. reported
lower zinc levels in HM from mothers of premature infants with
a similar trend seen in colostrum copper levels (184).

Sex of the Infant

The sex of the infant may also be one of the determinants of
HM volume and composition of HM, for example, the HM of
mothers with male infants had 25% greater milk energy content
than mothers delivering female infants (185). Furthermore, at 4
months of age, HM for male infants compared with females were
higher in energy and lipid content by 24 and 39%, respectively
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TABLE 3 | Infant-related factors affecting nutritive and non-nutritive components of human milk.

Factors Effect on nutritive or non-nutritive components of HM Evidence References
Birth weight Higher birth weight increases HM intake Evidence probable (174-176)
Gestational age at birth Preterm birth increases true protein in colostrum Evidence probable (177-184)
Preterm birth decreases lactose in colostrum Evidence probable
Preterm birth decreases minerals, Ig, growth factors Lacking
Sex Male infants consume higher amounts of HM than female infants Evidence probable (185-188)

Age (stage of lactation)

Feeding session

Energy and lipid content of HM is higher after giving birth to male
infants

Advanced stage of lactation increases HM intake, as well as
energy, total lipids and HMO (3 FL) content

Advanced stage of lactation has no major impact on lactose and
some HMOs (e.g., 3 SL)

Advanced stage of lactation decreases total and major proteins,
as well as some HMOs (e.g., 2 FL), immune factors, whey/casein,
vitamins and zinc

Hindmilk has higher energy and total lipids compared with foremilk

Inconsistent or lacking

Evidence probable 4,7,98, 137, 186, 189-

Feeding—time of the
day

Variations between
breasts

Energy content in HM from the left breast is higher than from the

right breast
Circadian variability

Mid-day feeding demonstrates higher energy and total lipids

Milk output from the right breast is greater than from the left breast

Lipids and lipolytic enzymes in HM peak at mid-day

213)
Inconsistent or lacking
Evidence probable
Evidence probable (195, 196)
Lacking (214, 215)

Inconsistent (195, 196, 216-224)
Inconsistent or lacking

Evidence probable (150, 214, 215, 225-239)

(186). The same study revealed lipids such as linoleic acid,
phospholipids and gangliosides were increased in HM of male
infants in later lactation, potentially based on the higher energy
requirement of a male infant (186). Interestingly, in resource
poor setting, HM for female infants was richer in lipids, while in
a resource sufficient setting, the milk for male infants was richer
suggesting that infant sex and maternal socioeconomic status
showed an interaction and should be studied further (187). HM
intake, assessed using stable isotope methodology, was shown to
be higher in males than in females over the first 12 months of
lactation, likely related to the fact that males have greater lean
mass than females during infancy (188).

Temporal Changes in HM Volume and
Composition

Changes in HM Volume Across Lactation

HM is a dynamic fluid that changes its composition and volume
depending on the stage of lactation and adapts to the evolving
nutritional requirements of the infant (4, 189-192). Stable isotope
studies in infants aged 0-24 months have shown that the volume
of HM intake increased over the first 3-4 months and remained
above 0.80 kg/d until 6-7 months in order to meet the increasing
energy requirements of the infant (188).

Branched-chain FAs may reduce the incidence of necrotizing
enterocolitis, but evidence is limited. One study found branched-
chain FAs decreased with increased lactation (193). Most growth
factors (EGF, IGFE, and TGF) significantly decrease over the course
of lactation from colostrum, over transitional and mature milk,
while TGF-a content in HM revealed a significantly increased
trend over the course of lactation (137). The time of lactation had

an influence on the concentration of oligosaccharides, on 4 out
of 22 oligosaccharides measured. (194). However, published data
are hampered by large variation and results need to be interpreted
with caution.

Changes Observed Within Feed and Between Breasts
The energy content of HM is not constant and changes within
a feeding (195). Significantly higher energy content has been
observed in hind milk than in foremilk since the lipid content
increases markedly with emptying of the breast. The fat content
of hind milk is reported to being approximately two- to three-fold
that of foremilk and included 25-35 kcal/100 mL more energy on
average than foremilk (195). Milk volume differences between
left and right breasts have also been a topic of study. Reports
indicated that milk output from the right breast was usually
greater than the left breast (216-219, 240). However, the opposite
has also been reported where the left breast showed a greater milk
output in pump-dependent mothers of non-nursing preterm
infants (220). Perhaps studying physiological implications of left
cradling bias that occurs in 70-85% of the women may help shed
light on the observed between breast variability (221). When milk
composition from the left and right breasts was assessed over 12
months in fore and hind milk the content of fat was found to vary
slightly between breasts, with a mean CV of 47.6 (SE 2.1) % (n 76)
and 46.7 (SE 1.7) % (n 76) for left and right breasts (196). These
variations resulted in differences in the amount of fat delivered
to the infant over 24 h. This indicated that a rigorous sampling
routine should take into account all levels of variation in order
to accurately determine infant HM intake (196). Different levels
of sodium, chloride, glucose, lipid, and zinc were reported in
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the HM of breasts but differences were either transient and/or
random (222). In a different study the levels of sodium, the levels
have shown a difference, potentially due to underlying mastitis
localized to only one breast (223).

Changes Due to Circadian Variability

Diurnal variation in the lipid content of HM was first studied
more than a century ago (225). Later it was shown that diurnal
variations were unrelated to the degree of emptying of the breast
in the previous feeding and to maternal meal times (226). Since
then it has been a topic of interest for many teams of scientists
in normal term (150, 227-229, 241) as well as preterm infants
(230). It is noteworthy that not only lipids in HM but lipolytic
enzymes of HM show a circadian rhythm and peak at mid-
day, which has been shown for serum-stimulated lipase and
lipoprotein lipase but not bile salt-stimulated lipase (214, 215). In
a study with 6 women, HM volume, along with total lipids were
found to be significantly higher between 08:00-12:00 and 16:00-
20:00 (231). The same team suggested that if 24-h sampling was
not possible, single samplings at 12h00, 20h00, and 24h00 may
be most representative for lipid yield and may predict the value
within 97-124%. Since lipids provide more than 50% of total
energy in HM, it is not surprising that energy content of HM
was positively related to fat content (232). Though lipids have
been studied the most, milk minerals also have received some
attention. However, the evidence was not very conclusive and did
not demonstrate a cyclic change at a different stage of lactation
(233-237). Endocrine factors and melatonin are hypothesized to
improve nocturnal sleep and reduce infantile colic (238). Indeed,
it has been shown that melatonin is found at significantly higher
concentrations in night time HM (7.3 pg/mL) as opposed to day
time HM (1.5 pg/mL) (239).

Longitudinal Changes Across Lactation

Among all the factors covered in this paper, longitudinal changes
observed across progressing stages of lactation have been studied
the most. Key differences include the presence of a relatively high
abundance of immune related factors in early compared with
later stages of lactation (7). Additionally, a higher concentration
of total proteins has been observed in colostrum and transitional
compared with mature milk (190). In contrast, lipids are present
at higher concentration in mature milk (186, 196). In next section
we review the different aspects of changes across lactation as
reported in the literature.

Changes in the macronutrient composition of HM

The energy content of HM showed an initial decrease followed
by an increase over the course of lactation, which was directly
related to the HM lipid content (186, 196). With respect to
carbohydrates, several studies showed that lactose concentrations
remained constant throughout lactation (186, 195, 197), however,
there is also some evidence to the contrary, indicating an
increase in HM lactose from 56 to 69 g/l over the first 4
months of lactation (198). The other significant carbohydrates
found in HM are oligosaccharides, the concentrations of
most of which, not all, have been shown to decline during
the course of lactation although HM concentrations of 3-FL
either increased throughout lactation or remained at relatively

constant concentrations starting at 1 month onwards (199,
200). The colostrum to milk transition was also associated with
significant changes in concentrations of free sugars and polyols
(increased in concentrations of lactose and glucose, decreased in
concentrations of Myo-inositol and glycerol) over the first 3 days
after birth and thereafter reaching a steady state (201).

Colostrum contains very high concentrations of protein
(ranging from 20 to 30 g/L), which decreases significantly
thereafter, and reaches 7-8 g/L after 6 months of breastfeeding
(202). This observation coincides with lower protein intake and
lower growth rate of breastfed infants in the latter half of the
first year of lactation (203). A systematic review reported on
the reduction in HM protein concentration (g/L) from about 25
in colostrum (age 1-5 days) to 17 in transitional milk (age 6-
14 days) and then to 13 (8-21) in mature milk (at age of >14
days and <6 weeks) (204). The protein profile of the HM also
evolves over lactation. At the beginning of lactation the whey:
casein ratio was around 90:10, reduced to 70:30 in transition
milk, then to 60:40 in mature milk and ultimately reached 50:50
ratio in mature milk after 6 months of lactation (205, 206).
The concentration of lactoferrin in HM (second most abundant
whey protein in HM known for its antimicrobial activities)
was high during early lactation (<28 days lactation), decreased
by almost 50% in the first 5 days of lactation, and thereafter
remained relatively stable (207). The total nitrogen and total AAs
in HM decreased in the first 2months of lactation and thereafter
remained relatively unchanged, while the free AAs (glutamic
acid and glutamine) increased over lactation, peaked around 3-6
months, and thereafter decreased (208).

The most variable macronutrient in the HM is fat, which is
dependent on a number of factors and includes the fat content of
colostrum; it is usually very low (1-2%) but was shown to increase
rapidly during the first week of lactation (204). The mean lipid
content of HM (g/L) increased from 22 in colostrum (age 1-5
days), to 30 in transitional milk (age 6-14 days), and 38 in mature
milk (age >14 days and <6 weeks) (204). There were also stage-
based changes reported in the ganglioside content of HM with
some decreasing and others increasing over the time (209).

Changes in micronutrient composition of HM

The concentrations of antioxidant vitamins such as A and E are
known to be lower in mature milk compared with colostrum and
decrease over the course of lactation, while the total antioxidant
status of mature milk was higher than colostrum indicating an
increase in total antioxidant properties (210). Non-provitamin
A carotenoids (lutein and lycopene) decreased while there was
no significant change in the provitamin A carotenoids (a- and
B-cryptoxanthin) with advancing lactation stage (211). Over
the course of lactation (up to 240 days) significant changes of
carotenoids and tocopherol were reported in a population of 540
Chinese women (98). In this population, the concentrations of
lutein, zeaxanthin, and a-tocopherol were higher the first 4 days,
decreased until 12 days post-partum to remain stable afterwards.
Zeaxanthin and y-tocopherol remained stable over time.

Zinc concentrations in HM decline dramatically over the
first 3-5 months of lactation and even an increase in HM
volume during the early weeks post-partum is not sufficient
to overcome this decline (212). A marked decrease in HM
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TABLE 4 | Methodological factors affecting nutritive and non-nutritive components of human milk.

Factors Effect on nutritive or non-nutritive components of HM Evidence References
Human milk expression Hand expression compared with pump expression shows lower daily milk supply Inconsistent or lacking (242-247)
Hand expression compared with pump expression results in higher sodium, potassium, Inconsistent
proteins, total lipids
Storage temperature Higher temperatures (—20°C) reduce total lipids Inconsistent or lacking (248-255)
Storage length Longer storage durations reduce vitamin C concentrations Inconsistent or lacking (248, 252-255)

Longer storage durations do not affect tocopherol concentrations
Longer storage durations (12 months) reduce concentrations of IgA, IL-8, and TGF-81

Freeze-thaw cycles Multiple cycles reduce total lipids

Multiple cycles reduce carbohydrate concentrations

Multiple cycles increase lipolytic products (free FA, monoacylglycerol)

Choice of analytical

method and total energy

The Kjeldahl method or micro-Kjeldahl analysis measure true protein with high precision
High throughput spectroscopy measures protein accurately
The Folch, Bligh and Dyer and Roése-Gottlieb methods accurately measure lipid content

Determination of combustion in a bomb calorimeter accurately quantifies macronutrients

Spectroscopic methods determine total lipids accurately

Evidence probable
Inconsistent or lacking
Evidence probable (250, 251, 256, 257)
Lacking

Evidence probable

Evidence probable (177, 205, 2568-273)

Evidence probable
Inconsistent
Evidence probable

Inconsistent

cobalamin was also observed at 4 months and this has been
associated with an accompanying decrease in plasma cobalamin
and holotranscobalamin in infants, indicating an impaired
cobalamin status (213).

Methodological Factors Affecting the
Quantification of HM Components in a

Research Setting
The main factors identified have been summarized in Table 4.

Sample Collection—Hand Expression vs. Electric
Pump Expression

It is well-known that there are multiple ways of expressing milk
from mothers’ breasts, be it for feeding to the new-born, for
donation or for research purposes. The methods may include but
are not limited to, hand expression, manual pump and electric
pump (242). In a randomized trial of mothers delivering very
low birth weight infants, hand expression produced significantly
lower cumulative daily milk volume in comparison with electric
pump expression (243). Sodium concentration was shown to
be significantly affected by method of pumping. Higher sodium
content was found in hand expressed milk as opposed to
electric pump-expressed milk (244). In a Cochrane review of
methods for HM expression, sodium, potassium, protein, and fat
constituents of HM were reported to differ between methods.
However, no consistent effect was found related to prolactin
change or effect on oxytocin release with pump type or method
(242). A randomized trial indicated that HM expressed manually
contained higher fat than that expressed electrically (245).
Morton et al. (246) indicated that a combination of manual
technique and electric pumping resulted in high levels of fat-
rich, calorie-dense milk, unrelated to production differences. An
experiment from 57 lactating women showed that macronutrient
content (fat, carbohydrate, protein, and energy contents) of mid
expression HM is unaffected by maternal handedness, breast size
or breast side dominance (247, 274).

Post-collection Handling of HM Samples

Utmost care must be observed with HM samples immediately
after the milk is expressed from the mothers’ breast into the
collection container. Collection tubes may need to be acid washed
prior to collection if the intention is to measure minerals.
Similarly, maintenance of a cold chain until laboratory analyses,
ensuring optimal storage temperature and duration, limiting
freeze-thaw cycles, amount of oxygen exposures etc. comes into
the scope of post-collection handling variability. It is our general
observation that not many systematic studies exist that assess and
guide the future HM research scientist, but few observational as
well as data supported statements are mentioned in this section.

Storage temper and duration

Lipids, more than carbohydrates or proteins in HM, are sensitive
to storage over long periods. Chang and colleagues demonstrated
that even storage at —20°C for 2 days leads to ~9% reduction in
HM total lipid content (248). It is likely that bile salt-stimulated
lipases present in HM may still maintain some activity at cooler
temperatures and lead to enzymatic hydrolysis of lipids (249).
Indeed this was confirmed in a separate study where storage at
—20°C was also done with pre-heating milk samples at 80°C
(90 sec) to destabilize the lipolytic enzyme (250). Therefore, if
possible, samples should be stored at the minimum possible
temperature, preferably at —80°C, from the day of collection.
However, others have argued that freezing at —80°C reduced
the energy content of both fat and carbohydrates and suggested
HM should be stored at —20°C (251). Furthermore, even vitamin
C was reduced significantly over time in cold storage but not
tocopherols and total FAs (252, 253). Bacterial composition
(quantitative or qualitative) of HM was stable with cold storage
at —20°C for 6 weeks (254). Long-term storage of HM may affect
immunological composition. According to Ramirez-Santana et
al. freezing storage of colostrum at —20 and —80°C for a 12-
month period produced a decrease in the concentrations of IgA,
IL-8, and TGF-f1 (255).
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Freeze-thaw cycles

Freeze (—20°C) and thaw (5°C) cycles have been shown to
activate lipolysis and increase the presence of lipolytic product
in HM, such as free FAs, monoacylglycerols and diacylglycerols
(250, 256). Structural effects such as increasing size of milk
fat globules due to freezing have also been observed (257).
Carbohydrate content was significantly reduced in thawed HM
samples when compared with fresh samples (251).

Analytical Procedures

The choice of analytical methods to measure the nutrient of
interest in HM is important, especially in comparative and
longitudinal studies, where differences among populations and
lactation stages could be due to biological variation or may reflect
methodological biases and errors. Several factors influence the
analysis of HM and in the following paragraph, we will discuss
the most relevant ones. This is not intended to be a review on
methodologies for determination of nutrients in HM, but to
demonstrate the consequence of using unsuitable methodologies.

Sample preparation

Using the correct preparation and storage of samples are
important elements of maintaining the integrity of HM during
storage, as previously mentioned. In our experience, maintaining
sample homogeneity is an issue both when frozen samples
are thawed at room temperature or in a 37°C water bath.
Often, probe sonication should be used if the measure is based
on optical analyses, such as the commonly used mid infrared
spectroscopy. HM must be immersed in warm water (30-40°C)
and gently mixed, prior to analysis, in order to rapidly thaw and
minimize phase separation. Homogenization is an important step
in preparing milk samples for total fat determination by infrared
(IR) spectroscopy techniques, as it decreases the variability in
fat globule size and the light-scattering effect of larger globules,
improving the accuracy of the measurement (258).

Selectivity/Specificity and accuracy

When quantitative data are required, the analytical methods
chosen must demonstrate enough selectivity and accuracy.
Selectivity is the ability of the method to distinguish between
the analyte and other substances present in the matrix. In
absence of selectivity, accurate values cannot be obtained. The
accuracy expresses the closeness of a result to an accepted
reference value and it is normally studied as two components:
trueness, which represents the closeness of agreement between
the average value obtained from a series of results and a
reference value and precision, which is the closeness of agreement
between independent test results obtained under stipulated
conditions (ISO 5725) (259). In the following paragraphs,
several methodologies are discussed with respect to selectivity
and accuracy.

Energy

Two approaches have been used to measure energy in HM: direct
energy quantification by combusting in a bomb calorimeter and
calculated energy using Nichols et al. (260) energy multiplication
factors for protein, fat and carbohydrate. Lack of accuracy has
been shown by Gidrewicz et al. (177) for the measurement of
energy when calculated using values for the energy contributions

TABLE 5 | Recommendations for collecting and handling of HM samples.

Collection of samples

Standardize the time of sampling of HM to avoid diurnal variations
Agree on breasts for HM collection

Request mothers to completely empty the breast, ~2 h prior to collection of milk
by feeding the infant or manual pumping to minimize the impact on nutrient
concentration of interest by residual milk from previous feeding session

Realize single full HM sampling to ensure inclusion of fore-, mid-, and hind milk
Record the volume of milk

Standardize the collection of milk for all study subjects by either electrical
pumping or hand pumping to minimize variation due to extraction method

Handling of samples

Store milk in smaller aliquots (e.g., 250 pL/aliquot) to avoid freeze-thaw cycles if
multiple analyses are anticipated

Store aliquots of milk in tubes at —80°C as quickly as possible and at
temperatures as low as possible in field collections until transfer to central
laboratory for longer term storage

Analyses

Choose appropriate analytical method to characterize and quantify nutrients in
HM, with respect to their selectivity, accuracy and precision

from fat, protein and carbohydrate rather when measured
by bomb calorimetry. Differences as high as 13%, which
likely represent clinically important differences, were reported
(177). Since HM contains a large amount (~12%) of non-
digestible oligosaccharides, they will contribute a significant
amount of energy when using bomb calorimetry for energy
measurement, but since they are essentially non-digestible,
they should contribute significantly less energy to the infant.
Opverall, the choice of analytical methods can determine outcome
and interpretation of HM analyses. Therefore, adoption of
standard methods when possible and/or rigorous assessment of
alternative methods is needed. To assure equivalence of two
analytical methods, we recommend evaluating the accuracy of
the alternative method and to check the presence of systematic
and/or proportional bias by performing analysis of differences
and a regression analysis, respectively.

Proteins

Amino acid analysis is the most accurate method for determining
true protein content (205). The Kjeldahl method, based on
complete combustion of the sample, measures total nitrogen
(TN) and it is the most accurate indirect determination of total
protein content in HM (261). The true protein content can
also be estimated by the chemical determination of non-protein
nitrogen (NPN) (262), and subsequent subtraction from TN.
Unfortunately, AA analysis is costly and time consuming and the
Kjeldahl method requires large amounts of sample. Alternatively
micro-Kjeldahl (263) analyses can be used with high precision to
determine true protein because it has been shown to correlate
well with AA analysis (264) if corrections are made for NPN.
High throughput approaches requiring low sample amounts such
as spectroscopy and colorimetric methods have been investigated
(258, 262, 265-268). Absence of accuracy was shown (258, 266)
when comparing near- and mid IR spectroscopy equipment
for determination of total protein against chemical reference
methods. Casadio et al. (265) compared Miris HMA vs. Bradford
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for total protein determination and reported overestimation of
protein content. On the other hand, Silvestre et al. (267) reported
underestimation of protein content when Miris HM analysis
was compared vs. Bradford for total protein determination. This
observation illustrates that spectroscopy methods can vary in
accuracy depending on the calibration of the instrument and
reference method; hence the appropriate methods should be
selected with care. Keller and Neville (262) compared micro-
Kjeldahl to different spectrophotometric methods to determine
proteins in HM: Biuret assay, Lowry-Peterson assay, Bio-Rad
Coomassie Blue assay and Pierce Bicinchoninic acid assay (BCA).
The Pierce BCA assay demonstrated better accuracy, and was
recommended for total protein analysis in HM. Lonnerdal et
al. (268) showed the BCA method consistently overestimated
Kjeldahl protein by 30%. However, parameters such as incubation
time and temperature highly influenced the accuracy of the BCA
method (269).

Lipid

In order to accurately quantify HM lipid, the first step is
disruption of the biological membrane enveloping triacylglycerol
core, e.g., ultrasound treatment, followed by lipid separation
from milk protein by the addition of organic solvent [e.g.,
methanol (270, 271)] or acids or bases [NH3 (272)] which triggers
protein precipitation. At this point, lipid can be extracted from
the matrix by using organic solvents. Since most of the lipid
in HM is represented by triacylglycerol (98%), solvents like
diethyl ether and petroleum benzene (272) can be used. Lipid
extraction methods are time consuming and other approaches
like Gerber, creamatocrit, and spectroscopy have been applied
for the quantification of lipid in HM. The Gerber method is
based on protein precipitation and further separation of fat
by centrifugation. A collaborative study (273) performed on
crude and homogenized pasteurized cow milk showed that the
Gerber method underestimated the amount of fat by 0.02-
0.06% compared with the official method of Rose-Gottlieb. A
critical point of the method is the accuracy of butyrometers.
The supplier should calibrate the butyrometer at delivery and
supply a test certificate. The internal surface of the butyrometers
must be smooth and free of defects. Recently, spectroscopy
techniques have been employed to measure total lipid in HM,
and showed conflicting results on precision and accuracy of these
techniques (258, 265, 266). The reasons were mainly due to
selection of chemical reference methods for the comparison and
calibration of spectroscopy instruments. Therefore, the Folch,
Bligh, and Dyer and Rése-Gottlieb extraction methods are highly
recommended to perform absolute quantification of lipid in
human milk (261) and they have to be used for calibrating near-
and mid IR spectroscopy equipment.

Lactose

Indirect methods, such as colorimetric methods can show poor
selectivity. Casadio et al. (265) reported the lack of selectivity of
the enzymatic essay to measure lactose in HM, due to lactose
overestimation when compared with HPLC measurements.
Attempts have been made to quantify lactose by near- and mid

IR spectroscopy (258), however neither of the approaches were
accurate or precise (261, 266).

Below the main considerations, for successful HM collections
and analyses in observational as well as interventional studies, are
summarized (see Table 5).

CONCLUSIONS AND FURTHER
RECOMMENDATIONS

To our knowledge, this is the first comprehensive literature
review that provides a holistic overview of a broad range of
factors affecting HM composition and volume. Several maternal
and infant characteristics as well as study methodological
aspects were found to impact HM composition and volume.
Study procedures should be systematically recorded and/or
standardized in individual studies, whenever possible, to facilitate
appropriate analysis, and interpretation of data and comparisons
across studies. HM lipids and lipophiles were the nutrients found
to be most vulnerable to maternal, infant and methodological
factors. We therefore recommend standardizing the sampling
of the HM, especially for characterization of lipids, lipophiles,
and for those nutrients whose variability is yet unknown. Keen
attention should be given to the choice of the analytical method to
characterize and quantify nutrients in HM, with respect to their
selectivity, accuracy and precision.

Our review not only summarizes recommendations for
standardization of HM sampling and handling for future research
protocols, but also sheds light on the dynamic and highly variable
nature of HM. This knowledge is crucial to better understand
the controversial impact HM may have on developmental
outcomes of infant early life. We also illustrate the agility of
HM to adapt to changes in the environment of the mother
and evolving nutritional requirements of the infant. There is
an apparent need of systematic reviews of existing evidence
in the field. It is particularly crucial to better understand
those maternal dietary, lifestyle, and environmental exposures
that can be modified to significantly impact HM composition
and thereby positively impact infants’ developmental and
health outcomes.
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This study provided insights into the degradation of human milk proteins in an in vitro
infant digestion model by comparing colostrum (week 1) and mature milk (week 4)
of 7 Chinese mothers individually. In this study, we adapted the exiting INFOGEST in
vitro model, to conditions representative to infants (O to 3 month-old). The level of
undigested proteins was analyzed by LC-MS/MS after gel-electrophoretic separation
and in-gel digestion. The BCA protein assay showed that the total undigested milk
protein content decreased from the start to the end of digestion with variations between
mothers, especially in the gastric phase (25-80%). Undigested proteins could also still
be found after the intestinal phase, ranging from 0.5 to 4.2% of initial protein content.
Based on LC-MS/MS analysis, milk protein digestion varied between the mothers
individually, especially during the gastric phase. No differences could be observed
between protein digestion from colostrum and mature milk after the intestinal phase.
The highest levels of proteins remaining after intestinal digestion can be linked to the
group immune-active proteins, for all mothers. The level of protease inhibitors and
total protein content in the milk did not correlate with the overall proteolysis during
digestion. The results also showed that milk serum proteins partly remained after the
gastric phase, with 33% remaining from colostrum and 37% remaining from mature milk.
More than 40 milk serum proteins were detected after the intestinal phase. Some of
the highly abundant milk serum proteins (lactoferrin, serum albumin, bile salt-activated
lipase, immunoglobulins, a1-antichymotrypsin) were still partially present intact after the
intestinal phase, for all mothers. Caseins were also not completely digested in the
gastric phase, with 35% remaining from colostrum and 13% remaining from mature milk.
Caseins, on the other hand, were almost completely digested after the intestinal phase.
The complete degradation of caseins into peptides might be related to their structural
features. Overall, this study showed that digestion differed for the various human milk
proteins by adapting an in vitro digestion model to infant physiological conditions, with the
main differences between digestion of the milk from individual mothers being observed
after gastric digestion.
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INTRODUCTION

Human milk is a complex mixture of nutrients and bioactive
constituents, contributing to the infants growth, development
and health (1). Human milk proteins, amongst others, play
a pivotal role in protecting the infant’s gut mucosa against
pathogens (1). There are two distinct types of proteins in human
milk, caseins, and serum proteins, with changing quantities and
ratios over lactation (1). Caseins (ag;, B-, and k-casein) are
generally described as transport proteins due to their calcium-
binding properties, and become bioavailable after digestion (2).
The hydrophobic regions of caseins consist of a high number of
proline residues, which prevents the formation of close-packed
secondary structures (3). The serum proteins in human milk
have many different functions (4). The most abundant serum
protein groups in human milk are enzymes (e.g., a-lactalbumin,
bile salt-activated lipase), transport proteins (e.g., serum albumin,
fatty acid-binding protein), and immune-active proteins (e.g.,
lactoferrin, immunoglobulins) (5). This latter study also showed
that the milk serum protein composition varied among mothers
and between different populations (5).

It has been assumed that caseins in human milk are fully
digested in the infant’s digestive tract, facilitating the uptake
of relatively small peptides, essential amino acids and minerals
associated with the micelles (6-8). Human milk serum proteins
that do not have an extensive tertiary structure, e.g., polymeric
immunoglobulin receptor (PIGR) and osteopontin, also may be
broken down completely during infant digestion, in contrast
to more tightly folded milk serum proteins like lactoferrin and
immunoglobulins (9-13). Some of the major proteins (caseins,
osteopontin, clusterin, PIGR) may be predigested by proteases,
resulting in the presence of peptides in undigested human milk
(12). A variety of studies have reported that specific serum
proteins like lactoferrin, immunoglobulins, and o;-antitrypsin
from human milk can be found intact in the stool of breastfed
infants, showing that those proteins are able to partially survive
digestion in the infant’s digestive tract (14-18).

It has been suggested that the extent of protein digestion
might be reduced by the presence of protease inhibitors (e.g.,
aj-antichymotrypsin and o -antitrypsin) or by the high total
protein levels in human milk. Protease inhibitors might inhibit
the function of trypsin and other serine proteases during small
intestinal digestion (19-22). Colostrum contains a relatively
higher quantity of protease inhibitors than mature milk (5),
which might lead to more undigested proteins from colostrum at
the end of digestion. In addition, protein digestion might also be
influenced by the total protein content in colostrum. Colostrum
contains a higher total protein content (14-16 g/L) compared to
mature milk (7-10 g/L) (1). Therefore, it would be of interest
to investigate both the variation in level of protease inhibitors,

Abbreviations: ABC, Ammonium bicarbonate; BCA, bicinchoninic acid; CaCl2,
calcium chloride; DTT, dithiothreitol; FDR, false discovery rate; iBAQ,
intensity based absolute quantification; IAA, iodoacetamide; LC-MS/MS, liquid
chromatography-tandem mass spectrometry; LDS, lithium dodecyl sulfate;
PIGR, polymeric immunoglobulin receptor; SDS-PAGE, sodium dodecyl sulfate
polyacrylamide gel electrophoresis; TCA, trichloroacetic acid.

as well as total protein content, in relation to the degree of
protein hydrolysis.

Different static in vitro digestion models have been developed
over the years, mimicking the gastrointestinal tract of adults and
3 year-old infants (23-31). Although static in vitro digestion
only partly represents the digestive tract, the INFOGEST adult
in vitro model has been shown to mimic in vivo digestion of
bovine milk proteins (32, 33). Colostrum (between 0 and 2 weeks)
and mature milk (>4 weeks postpartum) are quite different
in protein content and composition (4). Based on the gene
expression of the infant’s gastrointestinal tract, infants at 4 weeks
of age have amongst others 40% of their chymotrypsin capacity,
and only 10% of their pepsin capacity available compared to
adults (34). To elaborate and better comprehend the digestion
of proteins from colostrum and mature milk, the preexisting
INFOGEST in vitro digestion model was adapted representing
0 to 3 month-old infants digestion. This model is different
from the existing adult in vitro digestion model (23), by having
a higher gastric pH of 5, lower enzyme activities (pepsin 200
U/mL in gastric phase; trypsin 8.33 U/mL in intestinal phase),
and shorter transition times (1h each for gastric and intestinal
phases) (34). Based on these modifications, this would further
mimic the situation in infants, who have generally decreased
protein digestion than adults.

The aim of this study was to better understand the variation
in protein digestion. The enzymatic hydrolysis of proteins in
milk from 7 Chinese mothers from 2 different lactation periods
(colostrum, week 1; mature milk, week 4) was investigated in
an adapted in vitro digestion model representing 0 to 3 month-
old infants. The level of undigested proteins was analyzed by a
combination of bicinchoninic acid (BCA) protein assay, sodium
dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE)
and liquid chromatography-tandem mass spectrometry (LC-
MS/MS).

MATERIALS AND METHODS

Sample Collection

Human milk was collected as described previously (5) and
samples from 7 different Chinese mothers from 2 different stages
of lactation (colostrum, week 1; mature milk, week 4) were
used. The samples used in this study were aliquots, but not
the same samples, as described previously (5). Healthy Chinese
women who delivered singleton term infants (38-42 weeks) were
eligible for this study. Human milk collection was approved
by the Chinese Ethics Committee of Registering Clinical Trials
(ChiECRCT-20150017). Written informed consent was obtained
from these 7 mothers.

The Infant in vitro Protein Digestion Model

The INFOGEST static adult in vitro digestion model, as described
previously (23), was modified to an in vitro infant (0-3 months)
protein digestion model (34). In comparison to adults, the pH
and porcine pepsin concentrations in the gastric phase were
adjusted, as well as the porcine pancreatin and porcine bile salt
concentrations in the intestinal phase. The time to mimic each
digestion phase was changed to 1h. Briefly, the milk fat was
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removed by centrifugation (10 min, 1,500g, 4°C). Next, skim
milk (8 mL) was mixed with 6 mL of simulated gastric fluid, after
which 5 wL of 0.3M calcium chloride (CaCl,) and 695 L of
water was added. Porcine pepsin diluted in simulated gastric fluid
was added to reach an enzyme activity of 200 U/mL instead of
2,000 U/mL for the adult model in the final gastric mixture. The
pH of the chyme was adjusted to 5 instead of 3 with 1M HCL
The mixture was then incubated at 37°C for 1h while mildly
shaking at 200 rpm. After incubation, the pH was adjusted to
7 with 1 M sodium hydroxide solution. For duodenal digestion,
7.5mL of gastric chyme was mixed with 4mL of simulated
intestinal fluid electrolyte stock solution (23). Porcine pancreatin
was added to reach a trypsin enzyme activity of 8.33 U/mL
instead of 100 U/mL for the adult model. After that, 2.5mL of
bile salts (40 mM), 40 wL of 0.3 M CaCl,, and 1.31 mL water
was added. The pH of the chyme was then again adjusted to 7
with 1 M hydrogen chloride solution. The duodenal chyme was
then incubated at 37°C for 1h in a water bath while mildly
shaking at 200 rpm. After incubation, the porcine pancreatin
was inactivated with 50 L of the irreversible serine protease
inhibitor 4-(2-aminoethyl) benzenesulfonylfluoride (100 mM)
in the duodenal chyme. The skim milk was diluted 4 times,
while the samples after the gastric phase were diluted twice,
facilitating direct comparison with the samples of the duodenal
phase (34).

Total Concentrations of Proteins Before

and After in vitro Digestion

The total protein concentration of the blank and digesta
were measured in duplicate using the BCA protein assay kit
23225 (Thermo Scientific Pierce, Massachusetts, U.S.). Standards
and reagents were prepared according to the manufacturer’s
instructions. Before analysis, 1 mL of the sample was mixed 1:1
with absolute trichloroacetic acid (TCA). After centrifugation
(1,500 g for 30 min, 4°C), the supernatant containing peptides
was removed. TCA-precipitated proteins were washed twice
with cold acetone to completely remove TCA, and the pellet
dried at 70°C in a heating block (Labtherm Graphit, Liebisch,
DE) for 60min. The dried proteins were re-dissolved in
2mL of the BCA working reagent, and incubated at 37°C
in a water bath for 30min. After cooling down to room
temperature, the samples were ready for spectrophotometric
measurements. Based on the BCA calibration curve using bovine
serum albumin, concentrations were expressed as g/L for the
diluted samples.

SDS-PAGE, In-gel Digestion, and

Purification by Solid Phase Extraction

For every sample, 2 pL was taken and diluted in 5 pL lithium
dodecyl sulfate (LDS) sample buffer (pH 8.4, Life Technologies,
Carlsbad, U.S.) and 15 pL water. This mixture was centrifuged
at 1,500 g for 1 min and the supernatant heated at 70°C in a
heating block for 10 min. Samples and pre-stained marker (5-
165 kDa, Jena Bioscience, De) were then loaded onto NuPAGE
12% Bis-Tris gels (Life Technologies, Carlsbad, U.S.). Gels were
run with an LDS running buffer (containing 50 mM MES, 50 mM

Tris base, 0.1% SDS, 1 mM EDTA, pH 7.3) under non-reducing
conditions at 120V in a vertical electrophoresis cell (Bio-Rad,
Hercules, U.S.). The gels were stained with colloidal Coomassie
G-250 (Bio-Rad, Hercules, CA), followed by destaining with
water and washing buffer (10% ethanol, 7.5% acetic acid in
water). The gels were scanned after staining with Image Lab
version 4.1 (Bio-Rad) to visualize the protein patterns and
determine the location of a-lactalbumin on the gel.

In-gel digestion was used to digest proteins into peptides.
As described previously (35), SDS-PAGE gels were incubated
in 25 mL of ammonium bicarbonate (ABC) containing 0.039 g
dithiothreitol (= 10mM DTT, pH 8) for 1h at 60°C.
Subsequently, the gels were incubated in 25mL of Tris buffer
pH 8 containing 0.092 g iodoacetamide (= 20 mM IAA, pH 8)
for 1h at room temperature in the dark. To separate proteins
(> 10 kDa) from small peptides, single lanes of the SDS-PAGE
gels were cut into <1 mm?® small pieces and pieces above the
band of a-lactalbumin were transferred to 1.5mL Eppendorf
low protein binding tubes. The gel pieces were frozen and
thawed 3 times to increase the accessibility for trypsin. Then,
100 pL of 50mM ABC (pH 8) containing 0.5 pg trypsin
was added to the gel pieces, followed by 100 pL ABC to
cover the gel pieces completely. According to the manufactures,
the activity of bovine sequencing grade trypsin was >7,500
benzoyl-L-arginine-ethyl-ester U/mL protein (Roche, Basel, CH).
After trypsin digestion overnight, 15 wL of 10% trifluoroacetic
acid in water was added to adjust the pH between 2 and 4
(pH-indicator strips).

Solid phase extraction was done to purify peptides, as
described previously (12). Stage tips containing 2 mg Lichroprep
C18 (25 um particles) column material (C184 Stage tip) were
made in-house. The peptides were transferred to a methanol
washed and 0.1% formic acid equilibrated C18 stage tip column.
The peptides were eluted with 50 wL of 50% acetonitrile in water
containing 0.1% formic acid. The samples were dried in a vacuum
concentrator (Eppendorf, Nijmegen, NL) at 45°C for 1 h until the
volume of each sample decreased to 15 L or less. The content of
the tubes was transferred to empty low protein binding tubes, and
samples reconstituted to 50 iL by adding water containing 0.1%
formic acid.

LC-MS/MS and Data Analysis

LC-MS/MS was used to measure the amounts of distinct peptides.
As described previously (35), 18 wL of each sample was injected
on a 0.10 x 30 mm ProntoSil 300-3-C18H (Bischoff, Leonberg,
DE) pre-concentration column (prepared in house at a maximum
of 270 bar), peptides were eluted from the pre-concentration
column onto a 0.10 x 200 mm ProntoSil 300-5-C18H analytical
column, and the full scan FTMS spectra were measured in
positive mode between m/z 380 and 1,400 on a LTQ-Orbitrap XL
(Thermo Fisher Scientific, Waltham, U.S.). MS/MS scans of the
four most abundant doubly- and triply-charged CID fragmented
peaks in the FTMS scan were obtained in data-dependent mode
in the linear trap (MS/MS threshold = 5.000) (35).

MS/MS spectra for each run were obtained and analyzed using
the built-in Andromeda search engine with the Uniprot human
protein database (36). Protein identification and quantification
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was done as described previously (4). Maxquant created a decoy
database consisting of reversed sequences to calculate the false
discovery rate (FDR). The FDR was set to 0.01 on peptide
and protein level. The minimum required peptide length was
seven amino acids, and proteins were identified based on a
minimum of two distinct peptides. The intensity based absolute
quantification (iBAQ) values were used, representing the total
peak intensity as determined by Maxquant for each protein,
after correction for the number of measurable peptides (5). The
iBAQ values have been reported to have a good correlation with
known absolute protein amounts over at least four orders of
magnitude (37).

The Uniprot database was also used to assign functions to all
individual identified proteins, as described previously (5). The
iBAQ values for each protein were used individually and summed
per function, and per digestion phase (predigestion, gastric phase,
intestinal phase). The iBAQ values of the proteins individually
and grouped per function per phase were also converted in
percentages of the total iBAQ intensity. The total iBAQ intensities
of the skim milk from colostrum and mature milk were set
to 100%.

To compare colostrum and mature milk from 7 Chinese
mothers on total protein (based on the BCA protein assay) after
both gastric and intestinal digestion, a t-test for independent
samples was used (R, Lucent Technologies, New York, U.S.).
For this comparison, the total BCA protein concentrations were
preferred over the summed iBAQ values. For statistical analysis,
an FDR adjusted p < 0.05 was considered significant. Scatterplots
were generated with both the total protein (based on the BCA
protein assay) and the levels of protease inhibitors (iBAQ values)
in human milk against the relative change of total protein from
milk to gastric and to intestinal digestion.

RESULTS AND DISCUSSION

Determination of Total Protein Before and

After Digestion by the BCA Protein Assay
The existing INFOGEST in vitro digestion model was adapted
to represent 0 to 3 month-old infant’s digestion. The parameters
of this adapted in vitro model, which was based on literature
(34) including references and citations in that paper, represents
the in vivo infant digestive conditions better than the adult
model. Bovine milk serum was used for method development
and validation of the model, as more was known about in vitro
digestion of bovine milk proteins in older infants (2, 6, 11). As
the findings for bovine milk were showing similar trends with
previous studies (2, 6, 11), although using different age-specific
models, the 0 to 3 month-old infant in vitro digestion model was
then used for human milk samples.

The disappearance of human milk proteins was quantified
using the BCA protein assay. Information was obtained on the
total protein content before and after digestion of milk from 7
mothers and from 2 lactation periods (colostrum, week 1 and
mature milk, week 4). The total BCA protein concentrations in
skim milk ranged from 7.1 to 16.6 g/L for colostrum, and from
6.6 to 13.8 g/L for mature milk (Figure 1A). The lowest protein

concentrations in colostrum (7.1 g/L) and mature milk (6.6 g/L)
were from mother 7, whereas the highest protein concentrations
in colostrum (16.6 g/L) and mature milk (15.3 g/L) were found
from mothers 4 and 1, respectively (Figure 1A). The average
BCA protein concentrations for colostrum and mature milk
were 12.2 and 10.7 g/L, respectively. Colostrum contained higher
total protein concentrations compared to mature milk, although
the rate of decline varied among mothers during digestion
(Figure 1A).

It can be observed that the total BCA milk protein content
decreased from the start to the end of digestion with a large
variation in the decline between mothers in the gastric phase
(25-80%) (Figure 1B). The total BCA protein concentrations
in colostrum for both mother 5 and 3 started at 13.3 and
11.7 g/L (Figure 1A), although showing the lowest (19.6%) and
highest (75.3%) decline during gastric infant digestion of milk
proteins (Figure 1B), respectively. It was also observed that
still some undigested proteins could be found after intestinal
digestion, ranging from 0.5 to 4.2% of total protein content
(Figure 1B). The higher starting total protein concentrations
in colostrum did not seem to be associated with a higher
degree of total undigested proteins, as will be discussed in more
detail later.

The Most Abundant Proteins in Human
Milk as Identified by SDS-PAGE

The undigested proteins from human milk samples were
initially monitored using an SDS-PAGE before performing in-gel
digestion and the LC-MS/MS analysis. An example of an SDS-
PAGE gel is given in Figure 2, showing the outcomes of in vitro
digestion of the most abundant proteins in colostrum and mature
milk from a single mother. It can be seen from Figure 2 that
caseins and a-lactalbumin from colostrum and mature milk were
not readily digested in the gastric phase, but were completely
digested after intestinal phase. Lactoferrin and serum albumin,
on the other hand, were still partially present after the intestinal
phase (Figure 2). Bands of the individual human milk proteins
on the SDS-PAGE gels were not quantified, however, it can be
observed that proteins in mature milk were digested to a rather
similar extent by the in vitro infant digestion model as colostrum
(Figure 2). The undigested human caseins in the gastric phase,
as shown in Figure 2, has not been reported before. However,
this might be related to the casein micelle size in human milk,
as it has been reported that the mean casein micelle size varies
between mammal species (e.g., human, bovine, equine species)
and that casein micelles in human milk are much smaller in
size than bovine milk (24). It has also been previously reported
that smaller casein micelles form a more compact and hence
firmer gel network than larger casein micelles (38). The milk
from bovine and human showed different degradation patterns
when digested with adult gastrointestinal enzymes for 30 min at
their respective pH values (pH 2.5 in gastric phase, pH 8.0 in the
intestinal phase) (24). During adult gastric digestion, the caseins
in human and bovine milk were poorly degraded with 69 and
39% of remaining protein, respectively (24). Further digestion
of caseins with intestinal enzymes resulted in an extremely fast
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mothers after dilution of the samples, and after gastric and intestinal stage. The total BCA protein concentrations (g/L) in diluted skim milk for colostrum and mature
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digestion of the caseins from all species (24), with 20% of the
caseins remaining intact after 5min, while after 30 min almost
no intact caseins were left (24).

A randomized controlled trial with 12 hospitalized tube-fed
preterm infants, showed that a-lactalbumin, lactoferrin, -casein,
and serum albumin were in vivo only partially digested in
the infants stomach (17), which matched with our findings
(Figure 2). Overall, specific human milk serum proteins partially
survived in vitro digestion, which will be further discussed while
evaluating the findings obtained by LC-MS/MS.

LC-MS/MS Evaluation of the Protein

Composition Prior to Digestion

Although a more quantitative analysis of the decrease in protein
content was done by the BCA protein assay, this assay only
determined the total protein content (Figure1l). A general
decrease of individual proteins was observed by SDS-PAGE,
whereas SDS-PAGE was only able to identify some of the most
abundant human milk proteins (Figure 2). LC-MS/MS provided
a more complete overview of the protein composition after the

in vitro digestion phases. Lanes of the SDS-PAGE gels were
cut above the band of a-lactalbumin, which was thus used
as threshold for in-gel digestion, meaning that proteinaceous
material >10 KDa was assumed to be identified and quantified
as intact protein.

The average relative protein composition in human milk from
7 Chinese mothers from 2 different lactation periods can be found
in Figure 3. Proteins present in both colostrum and mature
milk were dominated by immune-active proteins, enzymes, and
transport proteins (Figure 3). Colostrum contained relatively
higher quantities of protease inhibitors, cell proteins, and “other,”
as compared to mature milk (Figure 3, insert). The relative levels
of the latter protein groups were much lower than the transport,
enzymes, and immune active proteins.

The higher relative levels of transport proteins in colostrum
and mature milk in Figure 3, as compared to a previous study
of the Chinese human serum proteome (5), might be explained
by the presence of both free soluble and micellar caseins,
whereas in the previous study during isolation of milk serum
proteins, micellar caseins were completely removed, and only
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the free soluble caseins remained (5). The levels of the groups
of enzymes and immune-active proteins in human milk showed
a similar trend as described previously (5). The relative levels
of enzymes were significantly higher in mature milk than in
colostrum, whereas the relative levels of immune-active proteins
were significantly higher in colostrum compared to mature

milk (5).

It was also reported previously that large variation in protein
composition existed among mothers, between populations and
over time (5). In this study, it could also be observed that
the protein composition differed among mothers and over
lactation (Supplementary Figure 1). For example for Chinese
mother 5, both the relative levels of immune-active proteins
and enzymes increased over lactation, whereas the relative levels

Frontiers in Nutrition | www.frontiersin.org

1

September 2020 | Volume 7 | Article 162


https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://www.frontiersin.org/journals/nutrition#articles

Elwakiel et al.

Infant Digestion Human Milk Proteins

TABLE 1 | Undigested human milk proteins (%) in an in vitro infant (0-3 months)
model, based on the summed iIBAQ values obtained by LC-MS/MS, categorized
per biological function, for both colostrum and mature milk of 7 Chinese mothers
averaged, and for gastric and intestinal digestion.

Colostrum (week 1) Mature milk (week 4)

Protein function Gastric (%) Intestinal (%) Gastric (%) Intestinal (%)

groups
Blood coagulation 25 0 7 0
Cell 31 0 18 0
Enzyme 22 0 20 0
Immunity 29 2 32 3
Protease inhibitors 44 9 35 3
Protein synthesis 41 9 14 1
Signaling 27 1 12 4
Transport 30 0 17 0
Other 22 0 20 0
Total 29 0.3 18 0.4

The data has been normalized to 100% per protein group, based on pre-digestion data.

of transport proteins decreased from colostrum to mature milk
(Supplementary Figure 1). For Chinese mother 6, immune-
active proteins became relatively less abundant over lactation
(Supplementary Figure 1).

LC-MS/MS Evaluation of the Protein
Composition After Gastric and Intestinal

Digestion

The relative levels of undigested protein for each protein group
after the gastric and intestinal digestion phase can be found
in Table 1, for both colostrum and mature milk. Comparing
colostrum and mature milk, higher percentages of undigested
protein were found in the gastric phase for most protein
groups in colostrum (Table 1). In addition, the relative levels of
undigested protein for the groups protease inhibitors and protein
synthesis in colostrum were the highest during gastric digestion
(Table 1). For mature milk, protease inhibitors and immune-
active proteins were digested to a lesser extent during gastric
digestion (Table 1).

It should be noted that a significant variation exists in
protein composition from the human milk among mothers after
post-intestinal treatments (Supplementary Figure 1), however,
all samples had in common that the undigested levels were
the highest for the immune-active proteins after the intestinal
digestion phase (Supplementary Figure 1). This can also be
observed in Table1. Transport proteins were quite stable
during the gastric digestion phase, but not during the intestinal
digestion phase (Table1). This might be explained by the
caseins, which were the main proteins within the transport
protein group. Caseins were almost completely digested after
intestinal digestion, as can be observed from Table2. The
variation in protein digestion might be affected by the initial
milk composition and protein profiles of the individual mothers.
The static in vitro digestion model itself did not contribute
to the variability in milk digestion amongst all 7 mothers, as

TABLE 2 | The top 15 most abundant human milk proteins after in vitro infant (0-3
months) digestion, categorized per function (N = 7).

Colostrum Mature milk
(week 1) (week 4)
Protein Name of proteins  Gastric Intestinal Gastric Intestinal
function (%) (%) (%) (%)
Enzymes a-lactalbumin 22 20 0
Bile salt-activated 55 21
lipase
Immunity Lactoferrin 33 1 12 3
lg a1-chain c-region 12 2 84 2
Ig \2-chain c-region 16 6 46 6
Ig k-chain c-region 9 8 64 12
PIGR 39 0 61 0
Clusterin 46 0 43 0
Osteopontin 36 0 14 0
B2-microglobulin 24 0 4 0
Protease a1-antichymotrypsin 53 1 40 1
inhibitor
Transport Serum albumin 45 2 32 3
B-casein 29 0 15 0
agt-casein 39 0 2 0
K-casein 37 0 23 0
Based ontop Total serum 33 2 37 2
15 proteins
Total caseins 35 0 13 0

The data has been normalized to 100% per protein.

the parameters of the model were similar for both lactation
time points.

The Effect of the Higher Levels of Protease
Inhibitors and Total Protein Content in

Colostrum on Protein Digestion

The variation in levels of protease inhibitors and total protein
were investigated in relation to the level of undigested protein,
as both were hypothesized to reduce overall proteolysis. It can
be observed that more intact proteins from colostrum (29%) can
be found after gastric digestion compared to mature milk (18%)
(Table 1). This effect is not expected to be related to the level
of protease inhibitors, as no pepsin inhibitor has been found
in human milk (5). Large fragments of proteins and undigested
proteins leaving the stomach may be relevant in vivo, as they may
still be biologically active before they are further degraded into
smaller peptides, amino acids, and finally absorbed.

In addition, some undigested proteins could still be found
after intestinal digestion (Table 1). The total protein content after
intestinal digestion was similar: with 0.3 and 0.4% remaining
for colostrum and mature milk, respectively (Table 1). Protease
inhibitors were not completely digested during intestinal
digestion, with 1 and 3% remaining for colostrum and mature
milk, respectively (Table 1). In addition, it can be observed in
Figure 1, that protein digestion varies between mothers, with
no indications that higher total protein content in colostrum
when compared to protein content in mature milk influenced
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the level of protein digestion. The degradation of human milk
proteins during the gastric and intestinal digestion phase could
not be explained by the higher levels of protease inhibitors
and total protein content in colostrum than mature milk,
as the r-squared values were ranging between 0 and 0.3
(Supplementary Figure 2), and as seen above (Figurel for
total protein).

The Survival of Individual Human Milk
Proteins in an Infant in vitro Gastric

Digestion

It can also be observed in Figure2 that some human milk
proteins remained partially intact after in vitro infant intestinal
digestion. Table2 is based upon the 15 most abundant
proteins in Chinese human milk. The other human milk
proteins still present intact after intestinal digestion can be
found in Supplementary Table 1, but not in all cases for both
lactation periods.

The results showed that both milk serum proteins and caseins
were not completely digested during the gastric digestion phase:
with 33 and 35% remaining for colostrum and 37 and 13%
remaining for mature milk, respectively (Table 2). Interestingly,
the levels of undigested caseins after gastric digestion were higher
for colostrum than for mature milk (Table 2). The ratio between
milk serum proteins and caseins in our study ranged from
33:67 to 38:62 over lactation, respectively (data not shown). The
findings in Table 2 might be attributed to the hypothesis that
lower levels of caseins in mature milk become easier to digest in
the gastric phase than in colostrum.

The reason for the high level of gastric casein digestion
(Table 2), but still partial survival of caseins, may be due to
the low pepsin activity. Pepsin exerts its maximum activity at
a pH of 2 (23). Another reason for this phenomenon may be
the curd forming properties of casein, which happens at pH
5 (3, 17, 31). At neutral pH, caseins are negatively charged
and soluble, whereas upon acidification toward their isoelectric
point (4.6), as is happening under infant gastric conditions,
they become less negatively charged after which caseins start
aggregating into a curd. Due to the low casein level and different
micelle properties in human milk, a softer curd is formed. Still,
this curd is difficult to digest, which might result in a lower
gastric casein digestion (11). Caseins can be degraded more
easily by enzymes during intestinal digestion due to their flexible
non-compact structure and lack of curd formation at pH 7
(6-8). As mentioned, many milk serum proteins survived in
the gastric phase (Table 2). For example lactoferrin, which can
appear in an iron-rich form, hololactoferrin, and an iron-free
form, apolactoferrin. The iron-rich form of lactoferrin might
stabilize the protein structure above pH 4, making hololactoferrin
more resistant against enzymatic degradation in an infant in vitro
gastric digestion. Previous studies have confirmed that lactoferrin
is resistant against digestion in the infant’s gastrointestinal tract
(17, 24, 25), although using different in vitro digestion models.
Another example, a-lactalbumin in colostrum and mature milk
is not fully digested with 22 and 20% remaining, respectively
(Table 2), which might be due to the fact that the gastric pH is

too high to form the molten globule structure (3). On lowering
the pH to 3 in another in vitro model, the acidic side chains were
protonated and a-lactalbumin adopted the molten globule state,
which is a less compact conformation that was easier to digest
by pepsin (3). With regard to the immunoglobulins, the heavy
and light chains of the different immunoglobulins are connected
via disulfide bridges in human milk, making them more resistant
against digestive enzymes (18), which might explain their low
gastric digestion (Table 2). The reason for the large differences in
rate of digestion between immunoglobulins from colostrum and
mature milk remains unclear.

The Survival of Individual Human Milk
Proteins After Infant in vitro Intestinal

Digestion

After the gastric phase, the human milk proteins where
further hydrolyzed in the intestinal phase. It can be observed
in Table2 that some of the highly abundant milk serum
proteins (lactoferrin, bile salt-activated lipase, immunoglobulins,
aj-antichymotrypsin, serum albumin) from both colostrum
and mature milk were still partially present after intestinal
digestion (range: 1-12%) (Table 2). These specific milk serum
proteins were always present in all the individual intestinal
digesta samples (Supplementary Table 1). Other abundant milk
serum proteins, a-lactalbumin, PIGR, clusterin, osteopontin,
B2-microglobulin, and the 3 caseins (B-, as;—, and k-casein)
from both colostrum and mature milk were almost completely
digested after in vitro intestinal digestion (Table2). These
proteins were absent in the intestinal digesta samples of most
(N = 6) mothers (Supplementary Table 1). Thirty-seven other
human milk proteins were found after intestinal digestion
(Supplementary Table 1), although, the survival levels of these
proteins varied between colostrum and mature milk during
digestion. Among these 37 milk serum proteins, several
low abundant immunoglobulins can be found after intestinal
digestion (Supplementary Table 1), but also e.g., lysozyme, o -
antitrypsin, and fatty acid-binding protein. Some of the milk
serum proteins surviving digestion are known to be glycosylated,
a feature that may have protected them against breakdown.
However, as we did not analyze the level of glycosylation directly,
we cannot determine whether it played a role during in vitro
infant protein digestion.

Lactoferrin, lysozyme, immunoglobulins, antichymotrypsin,
aj-antitrypsin, and serum albumin were previously found in the
infant’s feces (16), even surviving fermentation. The proportion
of intact human milk proteins found in the feces varied with
the age of the infants, and about 10% of the total protein intake
of the breastfeed infants was undigested and appeared in the
feces during the early neonatal period up to 1 month of age,
while only 3% was found at 4 months of age (16). The findings
in Figure 1 and Table 1 are in the same range (16). From the
current study, it became clear that overall, more than 40 milk
serum proteins, including several immune-active proteins (e.g.,
lactoferrin, immunoglobulins) and protease inhibitors (e.g., a;-
antichymotrypsin and o, -antitrypsin), were still partially present
intact after in vitro intestinal digestion. These protease inhibitors
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might be involved in supporting the infant’s digestive tract against
pathogens, as they may protect the immune-active proteins
from breakdown (16, 24). Additionally, it has been reported
that these protease inhibitors may affect the immune systems
directly, amongst others through regulation of the complement
pathway (20-22).

Undigested immunoglobulins after gastric and intestinal
digestion might be important for infants in the first months of
life, and might provide additional protection when the infants
immune system and digestive tract is not yet fully developed (1).
This might also account for the other immune-active proteins,
which survive gastric digestion, as they might still be biologically
active before being further degraded during intestinal digestion.
PIGR, clusterin, osteopontin, and B,-microglobulin are highly
abundant in human milk and exert important functions for
the development of the infants immune system (5). Bile salt-
activated lipase and serum albumin, which are highly abundant
in human milk, were also found to be resistant (relative levels
ranging from 3 to 1%) against gastrointestinal enzymes from both
colostrum mature milk, and able to survive intestinal digestion in
an in vitro infant model.

CONCLUSIONS

This study provided, for the first time, detailed information
on the digestion of proteins in an in vitro digestion model
adapted for 0-3 months infants using both colostrum and
mature milk from 7 individual Chinese mothers. LC-MS/MS
was used to provide a more complete overview of the human
milk protein composition before, during and after in vitro
infant digestion. Protein digestion levels varied for the milk
from the individual mothers. Large variation in total undigested
protein was found between mothers after the gastric phase.
Colostrum and mature milk were digested after the intestinal
phase to a similar extent. In contrast to expectations, the extent
of protein degradation was not directly influenced by protease
inhibitors and the total protein content. Caseins were digested
to a larger degree after intestinal digestion than most milk
serum proteins. The relative levels of the immune-active milk
serum proteins were overall the highest after intestinal digestion.
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Increasing peak bone mass during adolescence and reducing bone loss in later life are
two approaches to reduce the risk of osteoporosis with aging. Osteoporosis affects a
large proportion of the elderly population worldwide and the incidence is increasing. Milk
consumption is an accepted strategy in building peak bone mass and therefore may
reduce the risk of osteoporosis. In childhood calcium, phosphorous, and growth factors
are the important components to support bone growth but in adults the positive influence
on bone density/maintenance may also be due to other bioactive proteins/peptides
or lipids in milk acting directly in the gastrointestinal tract (GIT). Lactose has been
known to increase calcium absorption; galactooligosaccharides (GOS) are derived from
lactose and are non-digestible oligosaccharides. They have been shown to improve
mineral balance and bone properties as well as causing increases in bifidobacteria
in the gut, therefore a prebiotic effect. Supplementation with fortified milkk and dairy
products with added prebiotics, increased both calcium and magnesium absorption and
caused some modulation of gut microbiota in animals and humans. Fermented milk is
now also recognized to contain highly active components such as vitamins, peptides,
oligosaccharides, and organic acids. In this review, the role of milk and milk components
in improving calcium absorption and thereby supporting bone health is discussed. In
addition, some reference is made to the significance of combining the inherent beneficial
components from milk with fortificants/nutrients that will support bone health through
adulthood. Novel data suggesting differences in diversity of the microbiota between
healthy and osteoporotic women are provided.

Keywords: milk, probiotics, prebiotics, calcium absorption, bone health, gut microbiome

INTRODUCTION

Osteoporosis is a condition of skeletal fragility characterized by decreased bone mass and
microarchitectural deterioration of the bone structure (1), with the consequence of an increased
risk of fracture. Several factors can influence the development of osteoporosis with aging. Genetic
background and ethnicity are non-modifiable determinants of bone health while nutrition and
lifestyle are modifiable factors that can contribute to osteoporosis. Peak bone mass (PBM) is the
greatest amount of bone an individual can attain and is reached in the late teens and early 20%.
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At the age of 18 usually 90% of PBM is reached and while
nutrition and exercise have significant effects on the attainment
of PBM, genetics has the strongest influence (2). While calcium
is the most important nutrient for bone growth and reduction
of bone resorption, the use of dairy products or milk may have
further benefits due to bioactive components of milk and milk
or dairy foods are also excellent vehicles for fortification. In this
review the role of milk in increasing bone growth and reducing
bone resorption is discussed followed by a review of further
bioactive components of milk which may enhance the bone
health benefits of milk/dairy.

MILK AND BONE HEALTH IN CHILDREN
AND OLDER ADULTS

Several randomized controlled trials in children and adults have
used milk and milk products as the principal source of calcium,
all showing positive effects (1). Early studies in Caucasian and
Gambian children indicated that increasing milk intake may
increase bone formation, and increase the levels of insulin
growth factor—one (IGF-I), while supplementing with fortified
milk with additional vitamin D resulted in significant increases
in lumbar spine bone density compared to the controls (3).
In contrast a meta-analysis as well as a review indicated that
increased milk/ dairy intake may only be effective in children
with a low habitual intake (2). A prospective study in children
aged 5-10 years over 1 year however, reported a marginal
significant effect on whole body (WB) bone mineral content and
improvement in the WB z-score (2).

Iuliano and Hill (3) provided a critical appraisal of the
evidence for a beneficial effect of dairy foods on bone density/
bone biomarkers throughout the lifespan. Several studies have
shown significant effects of regular or fortified milk on bone
biomarkers reducing bone resorption, but evidence of significant
effects on bone density and reduction in fracture risk are less
available. As discussed by Iuliano and Hill (3), to date no
randomized controlled prospective studies have been executed
on milk/ dairy foods investigating the anti-fracture effects. In
general studies using either calcium supplementation or dairy
foods had several flaws such as poor compliance, insufficient
numbers of participants, shorter duration of the studies, and a
significant drop-out rate which then reduced the opportunity to
observe an antifracture effect. Observing a change in bone density
or reduction in fracture risk may require a specific population to
be studied and a longer trial period which may not be feasible
or affordable.

COMPONENTS OF MILK AND DAIRY
FOODS

The main components of dairy that have been shown to affect
the human health are protein (from whey, casein, fragments), fat
[saturated/unsaturated, short chain fatty acids (SCFA)], minerals
(calcium, magnesium, phosphate), sodium, and sugars (lactose,
galactose, glucose) as well as the components of the milk
fat globule membrane (MFGM) (i.e., the biological membrane

surrounding the lipid droplets in milk) (4). The final dairy
product nutritional value tends to be determined by the milk-
based source (age, mammalian-type, feed and lactation stage),
processing/preparation type (storage condition, temperature and
heat duration) as well as the fermentation and cultures used and
any additives (5). Table 1 shows a list of controlled trials using
dairy products to mitigate bone loss and support bone health
in adults.

The health-promoting benefit and effects of probiotic,
prebiotic and synbiotic food products have been researched
mainly in animal models however, not much work has been
done with humans. Research shows that probiotics, prebiotics
and synbiotics can be beneficial for mineral absorption and
bioavailability in bone health, modulation of growth factors,
reduction in inflammatory cytokines and an antiarthritic effect,
blood lipids and a protective effect on chronic inflammatory
conditions such as gastritis, Crohn’s disease, inflammatory bowel
disease (IBD) and type II diabetes (15).

THE IMPACT OF MILK COMPONENTS
(MILK PROTEIN, MILK FAT AND MILK
SUGAR) ON BONE HEALTH

Milk Sugars

Milk is known as an important source of energy (from the
milk sugars), high-quality protein and essential vitamins as
well as minerals. Lactose malabsorption and/or intolerance
have been linked to bone loss and fractures (16). D-
galactose has been linked with inducing aging, oxidative
stress and inflammation; however galactooligosaccharides and
transgalactooligosaccharides are known to stimulate calcium
absorption in humans (17) which is important for bone
health. Lactose is a disaccharide carbohydrate which is a well-
known nutrient that promotes intestinal calcium absorption
in mammals. Hydrolyzed lactose forms simple sugars, glucose
and galactose with organic acids which reduce the pH thereby
enhancing the transport and absorption of calcium ions
as calcium gluconate in the intestine (18). Meanwhile, if
unhydrolyzed, lactose moves into the large intestine acting
as a prebiotic where it stimulates the growth of health-
promoting microbes such as Bifidobacteria (19). Lactose has
also been reported to enhance the formation of non-digestible
oligosaccharides (NDOs) such as transgalactooligosaccarides due
to lactic acid bacteria growth.

Milk Fats

Research into the effects of fatty acids on human health has
identified that diets high in palmitic acids (C16:0), myristic
(C14:0) and lauric (C12:0) are associated with increased risk of
atherosclerosis (20), coronary heart diseases and obesity (21).
However, the fat globules of milk contain short-chain and
polyunsaturated fatty acids. Unsaturated fatty acids are regarded
as “healthy fats” due to their impact on cholesterol levels in the
blood (22). Polyunsaturated fatty acids (PUFAs) are known to
have a more beneficial effect on cholesterol levels compared to
MUFAs (23).
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TABLE 1 | Controlled trials on the effect of dairy products on bone turnover markers and bone mass?@.

Type of dairy Number of subjects Age®/Sex Duration (months) Outcome References

Fortified milk and yogurt, 3 101 60.5 + 0.7/F 12 Reduced PTH and CTX, increase in 6)

servings per day BMD

Milk 30 59.3 £ 0.3/F 1.5 Reduced PTH, CTX, PINP and (7)
osteocalcin

High-protein dairy 130 45.6 + 8.9/F/M 12 Attenuated bone loss (S)]

Fortified fermented milk (175mL) 85 58.7 £ 0.3/F 0.5 Reduced excretion of nocturnal 9)
deoxypyridinoline

Skimmed soft cheese, 2 37 84.8 + 8.1/F 1 Reduced PTH, CTX and TRAP 5b, 7)

servings/d and increased 25(0OH)D and IGF-1

Fortified milk 120 >55/F 4 Reduced PTH, CTX, PINP and (10)
osteocalcin

Milk (2 x 500 mL/d) 20 22.4 + 2.4/F 3 Reduced PTH and CTX (11)

Fortified milk 63 >b55/F 3 Reduced CTX (12)

Skimmed soft cheese, 2 servings 71 56.6 + 3.0/F 1.5 Reduced PTH, CTX and TRAP 5b, (13)

(100 g/d) and increased IGF-1

Vitamin D and Calcium-fortified 89 85.5 + 6.6/F 2 Reduced PTH, CTX and TRAP &b (14)

yogurt

aBMD, bone mineral density; PTH, parathyroid hormone; CTX, cross-linked telopeptide of type 1 collagen; PINR procollagen type | N-propeptide; TRAP 5b, tartrate-resistant acid

phosphatase; 25(OH)D, 25-hydroxyvitamin D.
PMean + SD.

Reports has suggested that n—3 PUFA prevents cardiovascular
disease and improve the immune response. Likewise, the
anticancer and anti-atherogenic properties of oleic acid (C18:1)
and linolenic acid (C18:3) have been reported (20). Research
into the beneficial effects of n-6 PUFA has shown it ability to
improve sensitivity to insulin thereby reducing the incidence
of type 2 diabetes (24). Furthermore, the health-positive
properties of conjugated linoleic acid cis9trans11 C18:2 (CLA)
have been reported which include anticarcinogenic (25), anti-
atherosclerotic (26), antioxidative (27) and anti-inflammatory
effects (28). In addition, Lim et al., elucidated the anticancer
and anti-atherosclerotic effects of trans-vaccenic acid, the main
trans-C18:1 isomer in milk fat (29). CLA has been shown
to be positively associated with bone mass in mice (30) and
postmenopausal women (31).

Milk Proteins

It is well-known that milk has more beneficial effects on bone
health when compared to other food products. Milk is made
up phosphoproteins such as growth factors, immunoglobulins,
bovine serum albumin (BSA), alpha-lactalbumin and beta-
lactoglobulin and a large quantity of caseins (32). Milk proteins
are made up of bioactive peptides which are inactive or latent
until released and activated by the process of enzymatic
proteolysis during food processing, gastrointestinal digestion,
fermentation of milk with proteolytic starter cultures or
hydrolysis by proteolytic enzymes (33). Enzymatic proteolysis,
for example, the actions of proteinases and peptidases
from lactic acid bacteria are important for the release and
activation of the milk-protein derived bioactive peptides
known to be inactive within the sequence of the parent
protein (34).

Casein is the major source of amino acids in the milk-
peptide sequence. The active sequence size which may vary
from 2 to 20 amino acid residues and many peptides are
also known for its multi-functional properties (33). Digestive
enzymes in the human gastrointestinal tract (GIT) contribute
to the further breakdown of long casein-derived oligopeptides
which may lead to the release of bioactive peptides. Casein
phosphopeptides (CPP) prepared from cow’s milk beta-casein is
known to enhance the absorption of calcium by increasing the
soluble calcium concentration in the small intestinal lumen (35).
On liberation, these bioactive peptides may produce hormone-
like activity acting as regulatory compounds (34). Milk whey
protein, in particular the milk basic protein (MBP) fractions
have also been shown to promote bone formation and increase
bone mineral density in both in vivo and in vitro studies (36,
37). Caseinoglycomacropeptide (CGMP) is an acidic protein
from milk released from kappa-casein during coagulation in the
making of cheese. The milk acidic protein has also been reported
to reduce bone loss in ovariectomised rats (38, 39). Lactic acid
bacteria produce lactic acid whey by the process of fermentation
in the making of cheese. However, the lactic acid whey and
mineral acid whey do not contain CGMP (32).

Lactoferrin is known as an iron-binding glycoprotein found
in milk which is capable of stimulating bone formation cells,
osteoblasts while inhibiting the osteoclasts, bone resorption cells
(40). Studies conducted in vitro (41) and in vivo (42) have shown
a positive association and effects on bone mass in ovariectomized
rats and mice. Osteopontin is another highly glycosylated and
phosphorylated protein typically found in milk. It is a non-
collagenous protein in bone which protects the exposed bone
surface. Osteopontin is known to be important for bone cells and
cell-matrix interactions (32).
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PRO-, PRE-, AND SYNBIOTICS

Milk products such as yogurt and kefir contain probiotics,
however milk and dairy products may also be considered a good
carrier of probiotics and prebiotics which are important for
calcium absorption. Calcium bioavailability depends on various
factors such as the source of calcium, age, transit time, the
amount of calcium ingested, intestinal content, and type of
diet. All of these factors play a role in the rate of calcium
absorption. Calcium is a divalent cation which occurs as salt
in food. Calcium gets absorbed in soluble form and must
be in an ionized form (43). Prebiotics for example, improve
mineral balance and bone properties by lowering cecal pH
which can increase calcium solubility and absorption, increase
in cecal wall thickness and content weight as well as increases in

bifidobacterial (43).

Benefit of Probiotics

Probiotics are known to contain living microorganism that
tends to exert beneficial effects onto the GIT microbial
population. The most commonly defined probiotic microbes
are member of the genera Lactobacillus, Bifidobacterium as well
as lactic acid and non-lactic acid bacteria (44). Probiotics has
numerous advantages and functions in the human organism
with the main advantage being the ability to maintain
appropriate balance between pathogens and bacteria necessary
for normal function. This positive effect is also used to
restore the natural microbiota in the gut after antibiotic
therapy (45).

Another role of the probiotics is in the counteraction of
the activities of pathogenic intestinal bacteria which were
caused by contaminated food and environment. Probiotic
microbes have been reported to increase the immune system
efficiency, enhance vitamin, and mineral absorption as well
as generate organic acids and amino acids (46). Some
probiotics may produce enzymes such as lipase and esterase
and co-enzymes A, Q, NAD and NADP. All these have
been shown to exhibit antibiotic (acidophiline, bacitracin
and lactacin, a bacteriocin) (47), anti-cancerogenic (48), and
immunosuppressive properties (49).

Bone health depends on the bone remodeling cycle and
the balance of the bone formation by osteoblasts and bone
resorption process by osteoclasts. These processes is regulated by
hormones, immune cells, and the gastrointestinal system while
the healthy intestine is known for mineral (calcium, phosphorus)
absorption and subsequent bone mineralization (50). In addition,
the intestine also produces endocrine factors such as incretins
and serotonins that signal (crosstalk) to bone cells.

A randomized control trial have shown that Lactobacillus
reuteri reduced bone loss in elderly women aged 75-80 years
with low bone mineral density in Sweden (51). Similarly, a
multispecies probiotic supplement (Gerilact capsule) slowed
down the rate of bone turnover in postmenopausal women
aged 50-72 years in Iran (52). Furthermore, when the
probiotic is combined with bioavailable isoflavones, it improved
estrogen metabolism and bone health status in postmenopausal
women (53).

Benefit of Prebiotics

Prebiotics are also known as functional food components that
have a great potential of modulating the gut microbiota as
well as the gut environment and pH. These non-digestible
oligosaccharides containing prebiotic activities occur naturally
in human milk and plants. Prebiotics either occur naturally
in plant-based foods or by enzymatic conversion of sugars
from synthetic production of carbohydrate structures or soluble
dietary fibers (54).

Some prebiotics are artificially produced, they include
lactulose, galactooligosaccharides (GOS), fructooligosaccharides
(FOS), maltooligosaccharides (MOS), cyclodextrins, and
lactosaccharose. Lactulose contains a significant part of
oligosaccharides produced and can be as much as 40% content
(55). Fructans, such as inulin and oligofructose, are believed
to be the most used and effective in relation to many species
of probiotics (46). Prebiotics in the colon are fermented by
beneficial bacteria. This fermentation which may then lead
to an increased production and/or a change in the relative
abundance of SCFAs (acetate, butyrate and propionate) and
lactate, moderate reduction in the colonic pH, increase in stool
mass, reduction in nitrous end products and fecal enzymes,
and a resulting improvement in the immune system (56). There
are two mechanisms by which dietary fiber increases the fecal
bulk: incompletely fermented types of fiber binding to water
throughout the GIT, whereas the readily fermented types of fiber
tend to increase the microbial mass (57).

Human studies have shown FOS (58), GOS (59) and
xylooligosaccharide (XOS) (60) are compounds that are able to
increase the proportion of Bifidobacterium in the GIT whereas
the number of Bacteroidaceae and Clostridium perfringens are
decreased. Another study with the intake of lactulose (2 x 10g
d~!) in a rat model showed increased probiotic bacteria and
decreased putrefactive and potential pathogenic bacteria (61).

Benefit of Synbiotics

Bacteria are known to produce genes in response to changes
in their environment. These genes are responsible for encoding
enzymes that produce metabolites such as short chain fatty acids
(i.e., butyrate, lactate, propionate and acetate), branch-chained
fatty acids, bile acid derivates and vitamins. These metabolic
products are however dependent on the availability of substrate
produced in part by prebiotics and the intestinal microbiota (62).
Furthermore, prebiotics causes the lowering of intestinal pH and
is also important for maintaining the osmotic retention of water
in the bowel (46).

These synbiotics are also known to stimulate and result in
enlarged absorption surface area by the proliferation enterocytes
mediated by bacterial fermentation (63). Part of the activities
of these microbes includes absorption and release of essential
nutrients from the diet (mainly calcium and phosphate),
regulation of the immune system, support of intestinal integrity
and function as well as the ability to repress pathogenic
invasion of harmful bacteria or colony (62). It also responsible
for promoting the expression of calcium-binding proteins and
degradation of mineral complexing molecules such as oxalates
and phytic acid. The commensal bacteria have recently been
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also thought to affect the bone physiology through production
of small molecules such as serotonin or estrogen-like molecules
beneficial for osteogenesis.

A study conducted in healthy postmenopausal women showed
that synbiotic fermented milk was capable of enhancing the
oral bioavailability and plasma concentrations of isoflavones
(64). Isoflavones are known to be able to alleviate the risk
of osteoporosis.

DISCUSSION

In this review of the literature, we have evaluated the benefits
of milk components, probiotics, prebiotics and synbiotics in
calcium absorption and bone health. Dairy products especially
milk is known to provide phosphorus intake simultaneously with
calcium intake unlike supplementation. Likewise, milk/dairy
do not contain calcium absorption inhibiting substances such
as oxalates, phytates or polyphenols (65). Milk contains
substantially high levels of vitamin D, riboflavin, vitamin C
and vitamin B12 necessary for bone health maintenance. The
consumption of milk is also known to influence hormones such
as IGF-1 and the bone cytokines.

According to Goulding (66), CPPs increase calcium
absorption by reducing the production of insoluble calcium
phosphate complexes through signaling and biomodulatory
effects in the GIT. In a systematic review of literature by
Kouvelioti et al. (67), they concluded that the systematic
consumption of dairy products may be beneficial for bone
structure and development. Furthermore, a review by Heuvel
and Steijns (68) revealed a strong evidence for the positive
impact of calcium from dairy products with or without vitamin
D on bone mineralization. Studies have also shown that calcium
absorption may be mediated by the gut microbiota specifically by
Bifidobacteria and Lactobacillus, and probably fermented milk
products (69).

Microbial Differences Between Healthy and

Osteopenic/Osteoporotic Women

To our best knowledge, two human studies have investigated
the role of gut microbiota in bone health. The two studies used
16S ribosomal RNA (rRNA) gene sequencing to characterize
the microbiota composition profile. Wang et al. (70) found
the relative abundance of Blautia, Parabacteroides, and
Ruminococcaceae to be higher among the osteoporotic patients
compared to their normal controls. This study was conducted
with a small sample size of mainly female patients recruited
from a Chinese hospital with mean age between 64 and 70
years. Das et al. (71) found that Lactobacillus and Bacillus was
proportionally more abundant in participants with osteoporosis
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compared to those with normal BMD. This study involved 181
female and males aged between 55 and 75 years care referrals.

Our recent novel findings using shotgun metagenomics have
shown alpha diversity differences between healthy (H) and
osteopenic/osteoporotic (OP) postmenopausal women in New
Zealand. The women were classified according to the World
Health Organization (WHO) T-score cut-offs for diagnosing
osteoporosis. The findings also showed a higher proportion of
Bacteroidetes Bacteroides among the OP group compared to
the H group. The result of the finding also indicated higher
microbial diversity among the H group than the OP group.
Lower microbial composition diversity in the women with bone
disorders is in agreement with other studies where lower diversity
has been observed in “disease” states vs. healthy controls. Limited
published epidemiological evidence supports the relationship
between the gut microbiota and bone mineral density and
robust human studies are required to evaluate this relationship.
Our results provide a basis for a longitudinal intervention
assessment of the role of intestinal microbiota composition and
function in osteoporosis to yield preventive and therapeutic
interventions. In addition, further investigations using probiotic,
prebiotic, or synbiotic foods in intervention studies may be able
to provide more insight into the role of these foods in bone
health maintenance.

CONCLUSION

Milk and milk components have been shown to significantly
affect growth and bone mineralization in children. Studies in
older women using regular or fortified milk have reported
significant changes in bone biomarkers and some changes in
bone mineral density, though not reduction in fracture risk.
Milk and dairy products also contain several other bioactives
that can affect bone formation or resorption. Combining the
inherent bioactives in milk with additional pre- or probiotics
can enhance the beneficial effects of milk on bone health
via improvement of the intestinal absorption of minerals
especially calcium and magnesium. The observed differences
in diversity of microbiota between healthy and osteoporotic
women open new avenues for modulating the gut profile
and thereby preventing bone loss or maintaining healthy
bone density.
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Background: The traditional dairy-cattle-based industry is becoming increasingly
diversified with milk and milk products from non-cattle dairy species. The interest in
non-cattle milks has increased because there have been several anecdotal reports about
the nutritional benefits of these milks and reports both of individuals tolerating and
digesting some non-cattle milks better than cattle milk and of certain characteristics
that non-cattle milks are thought to share in common with human milk. Thus, non-cattle
milks are considered to have potential applications in infant, children, and elderly nutrition
for the development of specialized products with better nutritional profiles. However,
there is very little scientific information and understanding about the digestion behavior
of non-cattle milks.

Scope and Approach: The general properties of some non-cattle milks, in comparison
with human and cattle milks, particularly focusing on their protein profile, fat composition,
hypoallergenic potential, and digestibility, are reviewed. The coagulation behaviors of
different milks in the stomach and their impact on the rates of protein and fat digestion
are reviewed in detail.

Key findings and Conclusions: Milk from different species vary in composition,
structure, and physicochemical properties. This may be a key factor in their different
digestion behaviors. The curds formed in the stomach during the gastric digestion of
some non-cattle milks are considered to be relatively softer than those formed from cattle
milk, which is thought to contribute to the degree to which non-cattle milks can be easily
digested or tolerated. The rates of protein and fat delivery to the small intestine are likely to
be a function of the macro- and micro-structure of the curd formed in the stomach, which
in turn is affected by factors such as casein composition, fat globule and casein micelle
size distribution, and protein-to-fat ratio. However, as no information on the coagulation
behavior of non-cattle milks in the human stomach is available, in-depth scientific studies
are needed in order to understand the impact of compositional and structural differences
on the digestive dynamics of milk from different species.
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Milk Composition, Structure, and Digestion

INTRODUCTION

Milk has evolved to meet the nutritional and physiological
requirements of the neonate. Milk is thus regarded as a high-
quality food, nutritionally. Humans are known to have consumed
cattle (Bos taurus, cow) and non-cattle (such as goat and
sheep) milks as part of their diet since prehistoric times (1, 2).
As a convenient source of nutrition, cattle milk is the most-
consumed milk worldwide because of its widespread availability
and large production volumes. Non-cattle milks are of nutritional
importance to people in developing countries as well as in
geographical areas in which the natural climate is unsuitable
for the survival of dairy cattle (3, 4). For example, buffalo milk
in Asia, sheep milk in Europe and the Mediterranean basin
(including the Middle East), camel milk (“the white gold of the
desert”) in Africa, goat milk (“the cattle of the poor”) in Africa
and southern Asia, horse milk in the steppe areas of central
Asia, yak milk on the Tibetan plateau, reindeer milk in northern
Scandinavia, musk ox milk in the Arctic, and mithun milk in the
hilly regions of the Indian subcontinent (3, 5).

Of the total world milk production, the proportion of total
non-cattle milk production has increased from ~9% in 1961
to 19% in 2018 (Figure 1). Of the total global non-cattle milk
production, buffalo milk has nearly tripled, camel milk has nearly
doubled, and goat milk has slightly increased during this period.
No world statistics on the amounts of milk produced from other
dairy species, such as yak, horse, donkey, deer, musk ox, and
llama, are available. Much of the non-cattle milk production
remains officially unreported because of the unknown amounts
that are consumed locally at a farmer’s home or are sold directly
by farmers to local people, especially in developing countries
(6,7).

The addition of milk as a product to non-cattle farm systems
adds value and helps farmers in dealing with the fluctuating
prices of meat, hair, and wool. The buffalo, goat, sheep, and
camel milking industry is well set-up in many parts of the
world, is gaining popularity, and is proving to be a profitable
business for those who have already implemented it. Recently,
New Zealand has introduced the development of a red deer dairy
farming system. Large dairy companies as well as specialized
small and medium enterprises (SMEs) are also interested in using
non-cattle milks as a diversification strategy for their product
portfolios. The regulatory requirements to ensure the safe
production of cattle milk (and milk products) are well-defined in
most of the world. However, the same regulatory limits may not
be true to non-cattle milk and milk products. Thus, the emphasis
on species-specific regulatory standards to guarantee the safety
and quality of different milk for human consumption is needed
(8-11). Also, understanding the significance of compliance to
religious dietary laws (such as Kosher or Halal) will be of
importance to the non-cattle milk-based dairy companies for
gaining acceptance of their products from the various consumer
groups (12).

In recent years, the opportunities for non-cattle milk
production and the manufacture of products have expanded
because the numbers of dairy cattle are perceived to be reaching
their limit from environmental perspectives. Non-cattle milks

are also believed to have certain nutritional benefits compared
with cattle milks. For example, goat, sheep, camel, horse, and
donkey milk are considered to be relatively more easily digestible,
less allergenic, and more similar to human milk than cattle milk
(4, 13, 14). In addition, non-cattle milks can be utilized for
developing high value specialized dairy products of international
as well as regional (local cultural) importance, such as cheese,
yogurt, butter, ghee, ice-cream, fermented milk, probiotic dairy
drinks, milk tablets, infant formulas (3, 15, 16). However,
relatively little scientific information on the nutritional benefits of
non-cattle milks is available. In addition, there is a significant gap
in scientific knowledge on the detailed compositions, especially
the minor components, and the protein and lipid structures in
these milks.

COMPARATIVE COMPOSITIONS OF
CATTLE AND NON-CATTLE MILKS

The comparative compositions of milk from different species
have been extensively reviewed in previous studies (5, 17-19).
The milk from different species vary in composition (Table 1).
Protein, fat, lactose, and minerals are the four major components
in all milks, irrespective of the species (18); the composition
of milk within the same species varies considerably because
of various factors, such as breed, stage of lactation, milking
interval, type of feed, and climate (7, 19). For example, Li
et al. (26) reported recently that the stage of lactation is a
key factor responsible for differences in the compositional and
physicochemical properties of dairy cattle milk in a seasonal
calving system in New Zealand.

Non-ruminant milks (such as those from horse and donkey)
are somewhat similar to human milk (in terms of protein, lactose,
and ash contents), compared with dairy cattle milk and other
ruminant milks (Table 1). Ruminant milks have higher protein
and fat contents, compared with human milk and other non-
ruminant milks. Human milk contains much higher amounts
of total lactose-derived oligosaccharides than milk from other
species (Table 1). Goat milk is also known to have a relatively
higher oligosaccharide content, the composition of which is
considered to be similar to that of human milk (27, 28).

Proportions of Major Proteins

Compared with cattle milk and other ruminant milks, horse and
donkey milk have a low casein-to-whey-protein ratio, similar to
that in human milk. Among the ruminant milks, goat, sheep,
and camel milk have a lower casein-to-whey-protein ratio as
well as a relatively higher B-casein-to-as-casein ratio compared
with cattle milk (Table2). Thus, these non-cattle milks are
an attractive alternative as a potential natural ingredient for
infant formula (13); a lower casein-to-whey-protein ratio (i.e.,
a higher proportion of whey proteins) has been shown to be
more desirable for faster digestion of the milk proteins in infant
formula than a casein-dominant protein composition (31, 32). As
human milk has the lowest casein-to-whey-protein ratio, has a
high B-casein-to-a,-casein ratio, and contains no p-lactoglobulin
(Table 2), milk from other species with similar properties are of
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FIGURE 1 | Proportion of dairy cattle and non-cattle milks produced globally in the year (A) 1961 and (B) 2018. (Source: FAOstat, March 2020).

© Camel milk m Buffalo milk

= Camel milk mBuffalo milk

great interest to the consumer as well as to the dairy industry
for the development of specialized dairy products, not only for
infants but also for people in other age groups.

p-Lactoglobulin is considered to be one of the major allergens
that is responsible for cattle milk allergy in children (33). Thus,
milk from species that lack B-lactoglobulin or have lower f-
lactoglobulin-to-a-lactalbumin ratios are of interest for human
consumption. Camel milk, like human milk, does not contain

B-lactoglobulin (34, 35) or it may be present in trace amounts
in different forms (36-38). Llama milk is also known to contain
no P-lactoglobulin (5, 39), but little detailed information on its
protein composition is available.

Casein Micelle Characteristics
Individual caseins (og)-, 0s2-, B-, and k-casein) are present in
all milks as self-assembled particles known as “casein micelles”
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TABLE 1 | General composition (g 100 mL~") of milk from different mammalian species”.

Ruminants Non-ruminants Human
Properties Cattle Buffalo Goat Sheep Red deer* Camel Horse Donkey
Total solids 11.8-13.0 16.7-17.2 11.9-16.3 18.1-20.0 20.0-30.5 11.9-15.0 9.3-11.6 8.8-11.7 10.7-12.9
Protein 3.0-3.9 2.7-4.7 3.0-5.2 4.5-7.0 5.9-10.6 2.4-4.2 1.4-3.2 1.4-2.0 0.9-1.9
Fat 3.3-5.4 5.3-9.0 3.0-7.2 5.0-9.0 6.6-19.7 2.0-6.0 0.3-4.2 0.3-1.8 2.1-4.0
Lactose 4.4-5.6 3.2-4.9 3.2-5.0 4.1-5.9 2.6-6.2 3.5-5.1 5.6-7.2 5.8-7.4 6.3-7.0
Ash 0.7-0.8 0.8-0.9 0.7-0.9 0.8-1.0 1.04-1.18 0.69-0.9 0.3-0.5 0.3-0.5 0.2-0.3
Oligosaccharides® 0.003-0.006 No data 0.025-0.030 0.002-0.004 No data No data No data No data 0.500-0.800
#Source: Adapted and modified from Claeys et al. (19) and Crowley et al. (13).
*Values based on minimum and maximum values found in the literature for different species of red deer; may include values from different stages of lactation (20-24).
2Values derived from Martinez-Ferez et al. (25).
TABLE 2 | Protein profile (g L") of milk from different mammalian species”.

Ruminants Non-ruminants Human

Protein fractions Cattle Buffalo Goat Sheep Red deer* Camel Horse Donkey
Total casein 24.6-28 32-40 23.3-46.3 41.8-52.6% ~57-84 22.1-26.0 9.4-13.6 6.4-10.3 2.4-4.2
Total whey proteins 5.5-7.0 6 3.7-7.0 10.2-16.1> ~11-15 5.9-8.1 7.4-9.1 4.9-8.0 6.2-8.3
Casein-to-whey protein ratio 82:18 82:18 78:22 76:24 ~80:20-85:15 73:27-76:24 52:48 56:44 29:71-33:67
Maijor caseins
ast-Casein 8-10.7 8.9 0-13.0 2.4%°-22 .1 - 4.9-5.7¢ 2.4 Present 0.77
ago-Casein 2.8-3.4 5.1 2.3-11.6 6.0 - 2.1-2.59 0.2 Present Absent
B-Casein 8.6-9.3 12.6-20.9 0-29.6 15.6-39.6> - 14.4-16.9% 10.66 Present 3.87
k-Casein 2.3-3.3 4.1-5.4 2.8-13.4 3.2-12.23%® - 0.8-0.9% 0.24 Present 0.14
Major whey proteins
B-Lactoglobulin 3.2-3.3 3.9 1.56-5.0 6.5-13.6% - Absent 2.55 3.3 Absent
a-Lactalbumin 1.2-1.3 1.4 0.7-2.3 1-1.9 - 0.8-3.5 2.37 1.9 1.9-34

#Source: Adapted and modified from Claeys et al. (19) and Crowley et al. (13).

*Values (g kg ~') derived from Arman et al. (20) and SDS-PAGE image analysis of our previous work (29). There are insufficient data for red deer milk in the literature to derive

approximate values.
2Values derived from Kappeler (30).
Values (g kg ') derived from SDS-PAGE image analysis of our previous work (29).

(40). The fundamental structure of the casein micelles in the
milk from many species has not been studied in great detail,
except in dairy cattle milk. Recently, Ingham et al. (41) used
small-angle X-ray scattering and reported that the internal
structures of the casein micelles of cattle, goat, and sheep milk
had strong similarities with only slight differences, which may
be due to the differences in casein composition, hydration, and
physicochemical properties.

Apart from the differences in the proportions of different
caseins (Table 2), the casein micelles in the milk from different
species differ in size, hydration, and mineralization (Table 3).
Among all mammalian milks, the casein micelles in human
milk have the smallest diameter. The casein micelle sizes of
goat, sheep, deer, camel, and horse milk are larger than that of
human milk as well as cattle milk (Table 3). Sood et al. (53)
reported that the loss of micellar calcium from the skim milk
casein micelles (when dialyzed against same skim milk sample
containing ethylenediaminetetraacetic acid, EDTA) resulted in
increased hydration (or swelling) of casein micelles. Based on
this, it was considered that the hydration level of the casein

micelles was negatively correlated with mineralization of micelles
(54) i.e., when the mineralization of the casein micelle increases,
the degree of hydration of casein micelle decreases. Thus, the
lower hydration of goat and sheep milk casein micelles had been
related to its higher mineralization than those of cattle milk
casein micelles (55, 56). Similarly, the casein micelles in buffalo
milk (50) and donkey milk (51) are considered to be less hydrated
and more mineralized than those in cattle milk.

It should be highlighted that there is a high degree of
variation in the results that have been reported for the casein
micelle characteristics within the same species, which may be
due to differences in the analytical methods used. In addition,
differences in breeds, genetic variants, and phosphorylation sites
of the caseins may also add to the variation in the characteristics
of the casein micelles within and across species (13).

Milk Fat Composition

Compared with milk fat from other species (especially
ruminants), human milk fat contains lower proportions of
saturated fatty acids, higher proportions of monounsaturated
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TABLE 3 | Casein characteristics of milk from different mammalian species”.

Ruminants Non-ruminants Human
Properties Cattle Buffalo Goat Sheep Red deer Camel Horse Donkey
Casein micelle 150-182 1764-180 180-3018 180-210 190° 380 255 100-200 64-80
diameter (nm)
Hydration 1.92-3.7P 1.90¢ 1.43-2.057 1.71-1.93F No data 1.70' No data ~1.0" No data

(g H20 g protein =)

#Source: Adapted and modified from Claeys et al. (19).

Values derived from other references are represented by uppercase case letters: A, Roy et al. (29); B, Nguyen et al. (42), Pierre et al. (43), and Pierre et al. (44); C, Roy et al. (29); D,
Dalgleish (45), Wang et al. (46), and Dewan et al. (47); E, Pellegrini et al. (48); F, Remeuf et al. (49); G, Ahmad et al. (50); H, Luo et al. (57); |, Beaucher et al. (52).

fatty acids and polyunsaturated fatty acids, a higher ratio of w-6
to w-3 fatty acids, and higher levels of cholesterol (Table 4). In
general, horse and donkey milk contain lower proportions of
saturated fatty acids and higher proportions of polyunsaturated
fatty acids than ruminant milks. In contrast, ruminant milks
contain higher proportions of monounsaturated fatty acids, a
higher ratio of w-6 to w-3 fatty acids, and a higher cholesterol
content than horse and donkey milk (Table 4). The conjugated
linoleic acid content is similar in human and ruminant milks but
is lower in non-ruminant milks (Table 4).

Sheep and goat milk fats are known to be rich in short chain
(responsible for the distinct flavor of these milks) and medium
chain triacylglycerols (TAGs); similarly, buffalo milk fat contains
higher proportions of medium chain TAGs than cattle milk,
which has high proportions of long chain TAGs (57-60). In
contrast, camel milk contains a higher proportion of long chain
fatty acids and a lower proportion of short chain fatty acids
than cattle milk (61). Data for the fat composition of red deer
milk are scarce, but this milk is considered to contain 5-10%
fewer unsaturated fatty acids and higher proportions of shorter
chain and saturated fatty acids than cattle milk (21). These
differences may contribute to the different digestion behaviors
of the milk fat from different species, as short or medium
chain TAGs are considered to be more efficiently hydrolyzed by
lipases (62, 63).

Free long chain saturated fatty acids, such as palmitic acid
(C16:0), are not considered to be efficiently absorbed in the body
as they form insoluble fatty soaps with calcium in the small
intestine (64, 65). In this context, the TAG structure is considered
to play a key role. Most of the long chain palmitic acid (C16:0)
present in human milk (>70%) is located in the sn-2 position of
the TAG structure; this position is considered to be suitable for
the digestion and absorption of this fatty acid as well as other
nutrients (18, 62, 66). German and Dillard (64) stated that the
location of saturated fatty acids, such as long chain palmitic acid
on the sn-2 position of TAGs, makes both the sn-1 and the sn-
3 position fatty acids easily hydrolyzable by pancreatic lipases
into free fatty acids, and produces sn-2 monoacylglycerols, which
are easily absorbed in the small intestine; this also makes the
milk calcium completely available and absorbable. Donkey milk
has the closest proportion of palmitic acid located at the sn-2
position (i.e., 54%) to that of human milk (74%) (Table 4). Thus,
the modification of the TAG structure in milk from other species

may help to deliver better milk fat digestion profiles; this could be
an area of future interest.

Milk Fat Globule Size

The fat in the milk of all species is present as small spherical
droplets, called globules, the diameter of which ranges from 0.2
to 15pum (67). The size of these fat globules varies among milk
from different species; goat, sheep, camel, and equine (horse
and donkey) milk have higher proportions of smaller size fat
globules compared to cattle milk (Table 5). The differences in
the sizes of the fat globules of milk from different species may
influence the digestion of their fat differently (18, 19). The TAG
core of the fat globules from all species is surrounded, protected,
and stabilized by a phospholipid trilayer (along with specific
membrane proteins) called the milk fat globule membrane
(MFGM) (68, 69). The MFGM is unique to milk and its structure
is considered to be similar in all milks, although the proportions
of different proteins in the MFGM may differ among different
species (70).

In general, the differences in the characteristics of the
casein micelles and the fat globules among different milks
are considered to play important roles in influencing their
coagulation behavior and nutrient delivery during digestion,
which is discussed in the section on milk digestion.

HYPOALLERGENIC POTENTIAL OF
NON-CATTLE MILKS

More than 20 proteins in cattle milk are known to cause allergic
reactions; of these, the casein fractions (especially ag-, og1-,
and k-caseins as well as, to some extent, f-casein), lactoferrin,
serum albumin, and p-lactoglobulin are considered to be the
most common cattle milk allergens (71-73).

There is increasing interest with respect to the suitability of
non-cattle milks as a hypoallergenic option to cattle milk (74).
A few studies have reported that horse milk (75), donkey milk
(76, 77), camel milk (78, 79), and water buffalo milk (80) may be
potential alternatives in cases of moderate allergenicity to cattle
milk in children; however, this needs to be further investigated
because weak cross-reactivity of non-cattle milk proteins with
cattle milk proteins has been reported (81-83). Jenkins et al.
(71) conducted a comprehensive study on the cross-reactivity
of human and non-human milk proteins and found that the
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TABLE 4 | Fatty acid profile (% of total fatty acids) and cholesterol content of milk from different mammalian species®.

Ruminants Non-ruminants Human
Fatty acids Cattle Buffalo Goat Sheep Red deer Camel Horse Donkey
SFA (%) 55.7-72.8 62.1-74 59.9-73.7 57.5-74.6 No data 47-69.9 37.5-55.8 46.7-67.7 39.4-45
MUFA (%) 22.7-30.3 24.0-29.4 21.8-35.9 23.0-39.1 No data 28.1-31.1 18.9-36.2 15.31-35.0 33.2-45.1
PUFA (%) 2.4-6.3 2.3-3.9 2.6-5.6 2.5-7.3 No data 1.8-11.1 12.8 —51.3 14.17-30.5 8.1-19.1
w-6: w-3 fatty acids ratio 2.1-3.7 No data 4 1.0-3.8 No data No data 0.3-3.5 0.9-6.1 7.4-8.1
CLA (%) 0.2-2.4 0.4-1 0.3-1.2 0.6-1.1 No data 0.4-1 0.02-0.1 No data 0.2-1.1
Cholesterol (mg/100 mL milk) 13.1-31.4 4-18.0 10.7-18.1 14-29.0 No data 31.3-37.1 5.0-8.8 No data 14-20
% of C16:0 at sn-2 38 37 36 29 No data No data No data 54 74

#Source: Adapted and modified from Claeys et al. (19) and Crowley et al. (13).
SFA, saturated fatty acids; MUFA, monounsaturated fatty acids; PUFA, polyunsaturated fatty acids; CLA, conjugated linoleic acid, C16:0, palmitic acid on the sn-2 position of milk TAG.

TABLE 5 | Fat globule size of milk from different mammalian species”.

Ruminants Nonruminants Human
Property Cattle Buffalo Goat Sheep Red deer Camel Horse Donkey
Fat globule diameter (m) 2.8-4.6 4.1-8.7 2.6-3.77 3.0-4.6 2.7-6.6" 3.0 2-3 1-10 4

#Source: Adapted and modified from Claeys et al. (19) and Crowley et al. (13).
Values derived from other references are represented by uppercase case letters: A, Roy et al. (29).

degree of allergenicity of a non-human milk protein is related  reported that the gastric emptying rates of two major fractions
to its extent of similarity with its human homologs. They found  of milk protein (i.e., casein and whey protein) differ markedly;
that, compared with cattle, goat, and sheep milk proteins, camel  this has led to the concept of “slow” digested caseins and “fast”
and horse milk proteins (i.e., og- and P-caseins) are more  digested whey proteins (93-98).

homologous to their human milk counterparts, which may be The digestion of milk by the stomach enzymes (mainly
a reason for their weak cross-reactivity or less allergenic nature ~ pepsin and, to some extent, gastric lipases) in the presence of
compared with other non-cattle milks. hydrochloric acid is considered to be the first key step, which is

Infante et al. (84) reported that 25% of patients had a negative ~ followed by further digestion in the small intestine by intestinal
immunological test for adverse reactions to goat milk proteins;  proteases and lipases (99, 100). Some human infants may have
thus, goat milk cannot be considered to be a suitable alternativein ~ chymosin like enzyme along with pepsin, which disappears from
cases of cattle milk allergy. Similarly, there is also strong evidence  the gastric fluid by day 11 after birth (101). Chymosin and pepsin
of allergenicity or positive cross-reactivities of goat, sheep, deer,  belong to the same group of aspartic proteinases that uses aspartic
and buffalo milk with cattle milk (83, 85-87). In addition, reports  acid residues in their active center (102). Both the enzymes can
concerning selective allergy to goat and sheep milk proteins, but  preferentially hydrolyze the Phel05-Met106 bond of k-casein,
not to cattle milk proteins, are also available (88, 89). Bevilacqua  except that pepsin also exhibits unspecific proteolytic activity
et al. (90) found that goat milk with lower proportions of as;-  toward bonds with Trp, Tyr, Leu or Val residues, and thus have
casein (and higher amounts of as;-casein) was significantly less ~ higher proteolytic activity relative to its milk clotting activity
allergenic in guinea pigs than goat milk with high ag-casein  than chymosin (102-104). As the site of action of both chymosin
content (and low ag;-casein content); thus, different proportions  and pepsin is the same, the mechanism of action of chymosin
of milk proteins may also play a key role in controlling milk  and pepsin is expected to be similar in relation to milk clotting.
protein allergy. Chymosin is most stable in the pH range 5.3-6.3, but loses its

Overall, the scientific evidence indicates that there is little  activity rapidly under acidic conditions, i.e., below pH 3-4, as
basis for promoting non-cattle milk or milk proteins as an  well as at high alkaline pH values, i.e., above pH 9.8 (105). Pepsin
alternative to cattle milk for people suffering from cattle (or cow)  has maximum proteolytic activity at pH 2, with an optimum pH

milk allergy. range of 2-5, and has activity in the pH range pH 5.5-7.5. Pepsin
is irreversibly inactivated at pHs above 7.5 (106).
MILK DIGESTION The protein hydrolysis sites of pepsin are different from those

. . i of the intestinal proteases (mainly trypsin and chymotrypsin).
Indispensable Role of the Gastric Phase in Pepsin acts preferentially on k-casein on the casein micelles,

Milk Digestion leading to the coagulation of the casein fraction of milk proteins
It is well-accepted that milk is a source of nutritionally balanced ~ under acidic conditions, whereas the whey protein fraction
and highly digestible proteins (91, 92). Previous studies have  remains soluble (107). Thus, the early role played by the stomach
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in milk digestion is an essential step in regulating the rate
of digestion of the milk proteins in the gastrointestinal tract
(108). In this respect, it is of great importance to understand
the digestive dynamics and coagulation behavior of milk during
gastric digestion, as milk coagulation can influence the delivery
rates of proteins, fats, and associated milk constituents.

Evidence of Milk Coagulation

Human milk is known to form very soft and fragile curds in
the infant stomach. Mason (109) investigated the changes in pH
and the extent of protein hydrolysis in the stomach contents
collected using a gastric tube at different time intervals from
25 healthy newborn infants (full-term, aged between 5 and 13
days). He reported the presence of casein curds in the stomach
contents collected after 30 min of breastfeeding. He also reported
that there was negligible protein hydrolysis in these samples.
Similarly, recently, de Oliveira et al. (110) studied the gastric
digestion of raw and pasteurized human milk in tube-fed preterm
infants. The microstructural analysis in their study showed that
human milk formed very soft and fragile protein aggregates in
the infant’s stomach.

Piglets and growing pigs have been regarded as a suitable
animal model for human digestion research (111-113). Bottle-
fed piglets have been used to study the digestion of human milk
and infant formulas (114-116). Some evidence of clot (or curd)
formation by cattle milk in pigs or piglets has been reported in
the literature. Washburn and Jones (117) reported that cattle
skim milk formed a tough or hard clot, whereas cattle whole
milk formed a more friable and mellow curd in the stomach
of baby pigs (28-35 days old), and that, the higher the fat
content, the softer was the curd that formed. Braude et al. (118)
found that the caseins from homogenized cattle milk clotted in
the stomach of the 28-day-old pig after 15-30 min of feeding,
whereas the “whey” fraction of the milk remained soluble and
passed rapidly into the small intestine. Similarly, Decuypere et al.
(119) reported the formation of firm casein clots in the stomachs
of early weaned pigs (10-29 days of age) fed dry cattle-milk-based
food; their gastric chyme had a long retention time and a low
buffering capacity and stimulated more gastrin release, compared
with the gastric contents of suckling piglets fed pig milk. They
believed that these differences were due to the firm casein clot
formed by a dry cattle-milk-based food in early weaned pigs in
comparison with the soft casein aggregate formed from pig milk
in suckling piglets.

Clotting Characteristics of Human Milk and
Cattle Milk and Its Implications

Cattle milk is known to form firm curds (or clots) in the stomach,
in comparison with human milk.

Nakai and Li-Chan (108) studied the coagulation
characteristics of human and cattle milk using an in vitro
acid precipitation test at 37°C, in which they added 0.2% acidic
pepsin solution to 100 mL each of cattle milk and human milk
at a flow rate of 15 mL/h. They found that human milk formed
much finer protein aggregates (or clots) than cattle milk and
reported that this could be the possible reason for the shorter
gastric emptying time for human milk.

The differences in the structures of human and cattle milk
curds could be related to the differences in their fat and protein
compositions. The protein (casein)-to-fat ratio of human milk is
very low (Tables 1, 2) compared with that of cattle milk (as well
as of other non-cattle milks), which is likely to be a factor that
is responsible for its soft (or fragile) curd formation. In addition,
the higher B-casein-to-a,-casein ratio of human milk has been
associated with the fine and loose curd formed by human milk
in an infant stomach. Lichan and Nakai (120) performed an
in vitro coagulation study with untreated cattle milk casein,
rennin-modified cattle milk casein, and human milk casein. The
rennin-modified cattle milk casein was a 3-casein-rich cattle milk
(similar to P-casein-rich human milk) that was produced by
selectively eliminating the oy;-casein fraction from cattle milk
by a process involving rennet action. Upon acidification of the
different casein solutions to pH 2 or pH 4, Lichan and Nakai
(120) observed that the hardness of the clot formed from these
different casein solutions decreased in the order: cattle milk
casein > rennin-modified cattle milk casein (rich in B-casein)
> human casein. In another study, Lichan and Nakai (121) also
reported that moderate or partial dephosphorylation of cattle
milk casein using different phosphatases (calf intestinal alkaline
phosphatase and potato acid phosphatase) at pH 4 resulted in the
acid-coagulating properties of these modified cattle milk casein
solutions being similar to those of human milk as well as in
a greater rate of proteolysis compared with the firm clots of
untreated cattle milk casein. However, all these studies were in
vitro physicochemical studies, and further studies in in vitro
or in vivo digestion models need to be conducted to validate
such findings.

Blakeborough et al. (122) studied the digestion of human
milk, cattle milk, and reconstituted baby formula (based on full
cream dry cattle milk powder) using 14-day-old piglets; cattle
milk or baby formula formed firm solid curds, whereas human
milk formed a very liquid-like coagulum (little solid material)
in the piglet’s upper gastrointestinal tract. They also determined
the bioavailability of zinc (Zn) from these milk systems; they
found that, for cattle milk (as well as baby formula), ~55-
72 and ~60-66% of the Zn was retained in the curds present
in the gastric chyme and the intestinal digesta, respectively,
whereas, for human milk, ~43 and 7% of the Zn was retained
in the curds present in the gastric chyme and the intestinal
digesta, respectively. They suggested that these differences in the
distribution and bioaccessibility of Zn in the gastrointestinal tract
of piglets fed human milk or cattle milk may have been due to the
differences found in the consistency of the casein curds formed
by the different milks.

Digestion of Milk From Different Species
Protein Digestion

The lower protein content, lower casein-to-whey-protein ratio,
and higher B-casein-to-o,-casein ratio of human milk compared
with milk from other species have been related to its soft curdling
properties in vitro as well as in vivo, as described earlier. Although
none of the non-human milks match the composition of human
milk, horse, and donkey milk are known to form very weak or
fragile gels (or curds or flocs) when acidified or treated with

Frontiers in Nutrition | www.frontiersin.org

92

October 2020 | Volume 7 | Article 577759


https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://www.frontiersin.org/journals/nutrition#articles

Roy et al.

Milk Composition, Structure, and Digestion

rennet (123-125) and thus are expected to form soft or fragile
curds in the stomach, in comparison with cattle milk, because
of their lower casein content. Similarly, some of the ruminant
milks, such as goat and camel milk (126-130), are also considered
to form soft curds in the stomach when acidified or treated with
rennet (or pepsin), because of their lower casein content or larger
casein micelle size compared with cattle milk, even though they
contain comparatively higher proportions of caseins than equine
and human milk. However, no direct comparative in vitro or
in vivo digestion studies between cattle and non-cattle milks,
focusing on their curd formation characteristics in the stomach,
have been reported to date. There are only a few comparative in
vitro digestion studies on cattle and non-cattle milks, focusing on
their protein or fat digestion.

Jasinska (131) compared the degrees of hydrolysis by pepsin
and trypsin of micellar caseins obtained from cattle, human,
goat, and horse skim milk; the peptic hydrolysis rates of the
micellar caseins from cattle, human, goat, and horse milks were
23-42 (differed for different breeds of cattle), 80, 65, and 43%,
respectively. The tryptic hydrolysis rates of the micellar caseins
from cattle, human, goat, and horse milk were 76-90, 100, 96, and
92%, respectively. The higher susceptibility of human and goat
milk was believed to be due to the smaller micellar aggregates and
the presence of higher proportions of p-casein in their micellar
structures, when compared with cattle milk (which had higher
proportions of o -casein).

Recently, Hodgkinson et al. (132) studied the in vitro static
gastric digestion of cattle and goat whole milk (at pH 3.0) and
reported that, after both 20 and 60 min of digestion, goat milk
caseins were digested faster than cattle milk caseins (based on
sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-
PAGE) image analysis), possibly because of the relatively soft
or fragile coagulum formed by goat milk. Tagliazucchi et al.
(133) also studied the in vitro static gastrointestinal digestion of
cattle, goat, sheep, and camel skim milk (as per the INFOGEST
protocol) and reported that the extent of free amino groups
generated during the gastric digestion was higher for goat, sheep,
and camel milk proteins, indicating that the proteins in these
non-cattle milks were hydrolyzed faster than cattle milk proteins
during the gastric step. However, after the intestinal step, they
reported that only the goat milk proteins were hydrolyzed faster
than the milk proteins from the other species, all of which had
similar hydrolysis rates. Tagliazucchi et al. (134) and Rutella et al.
(135) reported similar findings in their previous studies, i.e., that
the degree of hydrolysis of goat skim milk proteins during the
gastric and intestinal steps was much higher than that of cattle
skim milk proteins. The authors stated that the higher degree
of hydrolysis of goat milk proteins observed in all studies was
probably due to the higher susceptibility of goat milk proteins
to pepsin.

Maathuis et al. (136) investigated the comparative protein
digestibilities and qualities (based on bioaccessible nitrogen and
amino acids) of human milk, cattle-milk-based infant formula,
and goat-milk-based infant formula using the tiny-TIM model (a
dynamic in vitro infant gastrointestinal model). They found that
the protein digestibilities and qualities of all diets were similar;
however, the rates of protein digestion were slower during the

first 60 min of digestion for the cattle-milk-based formula than
for the human milk and the goat-milk-based formula. They
hypothesized that the differences in the clotting characteristics
of different milks would have led to differences in their gastric
emptying, as they found that the curds formed from the cattle-
milk-based formula were retained for a longer duration in the
gastric compartment of tiny-TIM compared with those from the
human milk and the goat-milk-based infant formula. Similarly,
Ye et al. (32) investigated the in vitro dynamic gastric digestion
of goat- and cattle-milk-based formulas in a mini version of
the human gastric simulator (HGS), simulating infant gastric
digestion. The authors found that the goat-milk-based infant
formula formed smaller protein aggregates in the mini-HGS,
leading to faster hydrolysis of its proteins compared with those
from the cattle milk formula. Based on the above-mentioned
studies it appears that the differences in the structures of the
curds formed from milk of different species during gastric
digestion may be a key factor that is responsible for their different
digestion behaviors.

In contrast, Almaas et al. (137) did not find any differences
in the digestion of caseins and a-lactalbumin from cattle and
goat skim milk (with high and low asj-casein content) after
static gastrointestinal digestion using human gastric juice (HGJ)
and human duodenal juice (HDJ). They also did not find
any differences between goat milk with high and low as;-
casein content after digestion with HGJ and HDJ. However,
they observed (using SDS-PAGE image analysis) that goat
milk B-lactoglobulin was rapidly digested during both gastric
digestion and intestinal digestion, compared with cattle milk
B-lactoglobulin. El-Zahar et al. (138) studied the hydrolysis
of isolated P-lactoglobulin from sheep and cattle milk by
porcine pepsin and found that -lactoglobulin from sheep milk
was hydrolyzed faster because of its slightly different tertiary
structure and higher surface hydrophobicity. As B-lactoglobulin
is considered to be one of the major allergens (as it is absent in
human milk), the higher degree of hydrolysis by pepsin of the
B-lactoglobulin in goat and sheep milk may be a possible reason
that these non-cattle milks are better tolerated by some people
than cattle milk.

Vithana et al. (23) studied the comparative in vitro
gastrointestinal digestion of raw cattle and deer skim milk. They
found that, after gastric digestion, nearly 49 and 27% of the
deer and cattle milk caseins remained undigested (SDS-PAGE
image analysis), respectively, whereas, after intestinal digestion,
the caseins from both species were completely digested. This,
indicated that, during the gastrointestinal digestion, deer milk
caseins were digested at a faster rate than cattle milk caseins. We
hypothesize that the higher amounts of caseins retained in the
gastric phase for deer skim milk may have been due to the higher
protein content (as well as casein content) of the deer milk used in
their study, indicating that the inherent composition of milk also
has a key role to play during gastric digestion. Vithana et al. (23)
also found that a-lactalbumin was hydrolyzed faster in deer milk
than in cattle milk. However, B-lactoglobulin from both species
was found to be resistant to both gastric and duodenal digestion.

In contrast to the above studies, some studies have reported
no differences or faster hydrolysis of cattle milk proteins than
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of goat milk proteins. For instance, Inglingstad et al. (139)
reported (based on SDS-PAGE image analysis) that 69 and 82%
of the caseins remained undigested after hydrolysis by HGJ of
cattle and goat skim milks respectively; however, after further
treatment with HD]J, almost all of the caseins from the milk of
both species were digested. They found that the p-lactoglobulin
and a-lactalbumin from both species were highly resistant to HGJ
and that, after hydrolysis with HDJ, ~64% of the B-lactoglobulin
from both species remained undigested and 91 and 65% of the
a-lactalbumin from the cattle and goat skim milk respectively,
remained undigested. Mros et al. (140) reported no differences
in the protein digestion of cattle, goat, and sheep skim milk
following hydrolysis by pepsin and pancreatin.

Similarly, Milan et al. (141) reported that whole goat-protein
fortified milk, compared to whole cow-protein fortified milk,
was digested and metabolized similarly (despite the differences
in their inherent nutrient composition) in young adults (aged
18-28 years). However, they dissolved paracetamol in fortified
milk drinks before giving it to the participants for consumption
(plasma paracetamol levels were used as a marker for gastric
emptying). It has to be noted that depending on the type
of paracetamol used, it may have a buffering action during
the gastric digestion in the stomach (142) and thus, careful
consideration needs to be made while conducting human
digestion studies to draw any firm conclusions.

Vaisman et al. (143) investigated the gastric emptying times in
humans of camel and cattle milk using a scintigraphic technique
and reported that the poor coagulation properties of camel
milk (as observed during acid or rennet coagulation) did not

provide any comparative advantage over cattle milk in terms of
gastric emptying. It should be noted that the soft or fragile curd
formed from non-cattle milks (such as camel, goat, horse, and
donkey milk) during acid or rennet coagulation provides only
an indication of how these non-cattle milks may behave in the
human stomach during gastric digestion. The gastric digestion
process is a complex and dynamic phenomenon, and in-depth
comparative in vitro and in vivo studies on cattle and non-cattle
milks that simulate the gastric digestion in humans need to be
undertaken, to draw any definite conclusions.

Not only protein composition and (or) casein micelle
structure, but also different processing temperature and time
combinations may induce differences in the curd structure in the
stomach, which may influence the rate of delivery of proteins to
the small intestine and their subsequent absorption. For instance,
Ye et al. (107) studied the dynamic gastric digestion behavior
of raw and heated (90°C for 20 min) cattle skim milk using an
HGS. The HGS is a dynamic stomach model that is capable
of simulating the stomach contraction forces and the flow of
gastric fluids that occur in vivo (144). Ye et al. (107) found that
raw milk formed a “closely knitted” tight clot, whereas heated
milk formed fine and loose protein aggregates (Figure 2), leading
to slow hydrolysis of caseins from raw milk, compared with
heated milk. This was because, in raw milk, only the caseins
were involved in clot formation, whereas, in heated milk, both
the caseins and denatured whey proteins were involved in clot
formation (145). Heating at 90°C for 20 min would have led to
complex formation between fully denatured whey proteins and
caseins via sulfhydryl groups and disulfide linkages (Figure 3),

10 min

Source: Adapted from Ye et al. (107).

FIGURE 2 | Images of clots formed during the gastric digestion of 200 g of unheated (top row) and heated (bottom row) cattle skim milk at different digestion times.

220 min

220 min

Frontiers in Nutrition | www.frontiersin.org

9

October 2020 | Volume 7 | Article 577759


https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://www.frontiersin.org/journals/nutrition#articles

Roy et al.

Milk Composition, Structure, and Digestion

A B
) Q .
-~
P . Whey Protein .
- _ ®  (p-lactoglobulin) : . .M-r
. " *
£ £
@ 7 B 3 >x B
: 3 b SH
35 3. . i i { . p .' e
f - " ~ —ar
. @\,, g Heat treatment e . R g
¢ e -
L o~ - L4
- » e 4 ‘ <
- 1 K} ¢
w . (’ @\H ~ < A - Dﬂntnrﬂl
. (p-lactoglobulin)
Casein Micelle K-casein
\ & ! )
7 H - 3 T Pepsin
) & ° ’ Gastric - e v
b ~ e
e conditions - )
“ ™ 4 -~ . - ‘*
< T . A
N ) X |
4 ¢ y ‘N
¥ e
@ . i e .f
\ . * > o' 8J ~
‘e @ P
. . L “ i L ] ) ? L
TR ‘. T 2
3, - . @\" F) 3
@su g Il v . i
L * e
Dense Clot i' @.\H . Lo . Loose Clot
%
Slow Hydrolysis Quick Hydrolysis
FIGURE 3 | Schematic diagram of the possible mechanism of events during the formation of protein curds from (A) raw milk (unheated) and (B) heated milk during
gastric digestion. Source: Adapted from Ye et al. (145).

hindering the formation of a firm clot (146, 147). Kaufmann
(148) reported that ultrahigh-temperature-treated (UHT) milk
led to the formation of soft coagulates in the mini-pigs stomach,
leading to higher levels of amino acids and urea in their blood
serum compared to that of pasteurized and raw milk, which
formed stronger coagulum. Thus, these differences in gastric
restructuring induced by heating are expected to be a key possible
reason for higher postprandial utilization of dietary nitrogen
from defatted UHT milk (140°C for 5s) compared to defatted
pasteurized milk (72°C for 20 s) as well as defatted microfiltered
milk in humans (149).

Doan (150) published a comprehensive review based on
studies on the gastric digestion of processed (boiled, evaporated,
or acidified) and raw cattle milk in the early 1900s, and reported
that boiled, evaporated, or acidified milk were emptied rapidly
from the human stomach because of the finer or softer curd that
formed. It was suggested that the modification of raw cattle milk
using different processing conditions may be a potential option

in the development of dairy-based baby foods or beverages with
properties similar to those of human milk.

To date, no studies on the impact of different heating or
processing conditions on the digestion behaviors of non-cattle
milks have been reported in the literature. It should be noted that
the commercial processing or technological conditions needed
for non-cattle milks may be different from those needed for cattle
milk. In addition, the impact of different processing conditions
on the digestion behaviors of non-cattle milks may be different
from that on cattle milk because of the differences in their
composition and structures.

The Influence of the Protein Network on
Fat Digestion—The Whole Milk Matrix

During the gastric digestion of whole milk, the fat globules are
known to be physically entrapped within the protein clot that
is formed. Thus, the nature or structure of the protein network
formed will influence the rate of release and the digestion of fat
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by gastrointestinal lipases (145, 151-153). Previous studies have
shown that the nature or structure of the protein network formed
is, in turn, dependent on the protein composition (casein-to-
whey-protein ratio), the protein-to-fat ratio, and the impact of
different processing conditions (99, 154). For instance, Mulet-
Cabero et al. (154) studied the in vitro gastrointestinal digestion
of model systems based on different casein-to-whey-protein
ratios using a semidynamic gastric model, and reported that
the viscosity or firmness of the coagulum formed increased as
the casein-to-whey-protein ratio increased in the model protein
systems, leading to slower gastric emptying, and slower digestion
and absorption of nutrients. They also found that the addition
of increasing amounts of fat to the casein-rich protein models
produced more fragmented clots with a significant decrease in
their firmness. This, indicates that the presence of fat hindered
the aggregation of proteins, which may, in turn, influence the
digestion rates of nutrients.

Ye et al. (151) studied the gastric digestion of raw (unheated)
and heated (90°C for 20 min) cattle whole milk and reported that
the release of fat globules was dependent on the disintegration
characteristics of the protein clot and that the release of fat
globules was higher from the finer aggregates of protein clots
formed from the heated whole milk than from the firm clots
formed from the raw whole milk (Figure4). Similarly, Ye
et al. (145) studied the comparative in vitro and in vivo (in
rats) gastric digestions of raw (nonhomogenized), pasteurized
(homogenized), and UHT (homogenized) cattle whole milk, and
reported that the UHT milk had faster rates of protein hydrolysis
as well as release of fat globules during gastric digestion,
compared with the raw and pasteurized milk; the differences
were attributed to the smaller or fragmented protein aggregates
formed from the UHT milk proteins in comparison with the
aggregates from the other milks.

In another gastric digestion study, Ye et al. (152) reported that
the release of fat globules was relatively higher in homogenized
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FIGURE 4 | Changes in the fat content (g/100 g milk) in clots obtained from (e)
unheated (raw) and (o) heated cattle whole milk during gastric digestion.
Source: Adapted from Ye et al. (151).

milk (20/5 MPa (primary/secondary pressure), 20°C) as well as
heated, homogenized milk (20/5 MPa, 20°C + 90°C for 20 min)
because of the fine and crumbled structure of the coagulum
formed in these milks compared with the firm coagulum formed
from raw cattle whole milk (Figure5). Similar results have
been reported by Mulet-Cabero et al. (153) for processed cattle
whole milks.

The coalescence of fat globules entrapped within the protein
network as well as those present in the liquid phase of the gastric
chyme has also been reported in the above-mentioned studies
(145, 152, 153), which is expected to be due to the hydrolysis
of the proteins present at the surface of the milk fat globule
(present naturally in the MFGM or adsorbed proteins because
of processing treatments), leading to destabilization of the fat
globules and coalescence.

As the milk from different species are known to vary in fat
content, protein-to-fat ratio, fat globule size, and structure, there
may be differences in the consistency of the coagulum formed
from milk of different species during gastric digestion, which may
impact their overall digestion behavior differently.

Gastrointestinal Digestion of Fat

Little information is available on the gastric digestion of milk
fat, irrespective of species. Lipolysis during the gastric phase was
previously considered to be of less relevance during the overall
digestion process as gastric lipolysis accounts for only 10-25%
of the overall lipid digestion in adults (155). Therefore, most
of the studies reported in the literature on fat digestion have
focused mainly on intestinal digestion. However, it is now widely
suggested that gastric lipases should be incorporated in in vitro
digestion studies as their preliminary role may facilitate further
breakdown of lipids by intestinal lipases (155). Also, in contrast
to adults, gastric lipases play a significant role in infants because
of their high postprandial gastric pH (156).

It is hypothesized that, the smaller the fat globule size, the
higher will be the fat digestibility, because the higher surface
area of smaller fat globules will help in rapid digestion via
gastrointestinal lipases (13, 18, 19, 157). Meena et al. (158)
investigated the digestion of milk fat by pancreatic lipase in
standardized raw cattle, buffalo, camel, and goat whole milk.
The authors found that the amount of free fatty acids released
followed the order: goat ~ camel > cattle > buffalo. The higher
digestibility of goat and camel whole milk was believed to be
due to the small size of their fat globules, as the fat globule sizes
of the different milks were in the order: buffalo (3.9-7.7 pm) >
cattle (1.6-4.9 pm) > goat (1.1-3.9 um) ~ camel (1.1-2.1 pm).
In addition to the fat globule size, the outer surface of the fat
globule and its structure (i.e., the fat globule interface) have a
crucial role to play in the digestion of fats. For example, the
presence of adsorbed proteins (caused by processing such as
heating and homogenization) at the interface of fat globules may
result in providing easy access of lipases to the TAG core of the fat
globules and thus in influencing the digestion of milk fat (157).

Some studies have also shown the influence of differences
in the milk fat composition among different milks on their
digestibility. For instance, Alférez et al. (159) studied the fat
digestibility and metabolism in feces samples of male albino rats
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FIGURE 5 | Images of clots formed during the gastric digestion of raw (unheated), homogenized, and heated homogenized cattle whole milk during 20 and 160 min
of gastric digestion. Source: Adapted from Ye et al. (152).

that were fed diets containing lyophilized goat and cattle whole  impact of the processing conditions and the milk composition

milk. They found that, compared with the rats on the cattle-  of non-cattle milks in the literature, the principles of cattle milk
milk-based diet, the digestive utilization of fat was higher, and  protein coagulation and its impact on fat digestion are expected
the levels of cholesterol were lower, in the rats on the goat-milk- ~ to also be applicable to non-cattle milks. However, as cattle

based diet. The authors believed that the differences may have  and non-cattle milks vary in protein composition (proportion
been due to the greater amounts of medium chain TAGs and  of different proteins) as well as protein-to-fat ratio, it is likely
the smaller fat globule sizes of the goat milk fat compared with  that there will be differences in the structure and consistency of
the cattle milk fat used in their study. Similarly, Teng et al. (160)  the protein curd (or clot) formed from different milks, which
studied the in vitro gastric digestion of raw (non-homogenized) = may lead to further differences in the release of fat globules
and homogenized cattle and sheep milk, and reported that the  from the clot matrix of different milks. It should also be noted
TAGs from both raw and homogenized sheep milk were digested ~ that the gastric and intestinal digestion conditions of infants (as
by rabbit gastric lipases more rapidly than those from cattle milk; ~ well as the elderly) are different from those of adults in terms
this was due to the presence of higher levels of medium chain  of acid secretions and enzyme (proteases and lipases) activities
fatty acids at the sn-1 or sn-3 position of the TAG structure (155, 156, 161). Thus, relevant dynamic in vitro models need to

in sheep milk compared with cattle milk, emphasizing that the ~ be used to study the digestion of milks in different age groups,
and in vitro results need to be ultimately corroborated based on

structural characteristics of TAGs have an important role to play
in vivo observations.

in their gastric digestion.

Overall, the digestibilities of the protein and fat in milk
are likely to be functions of the unique compositions, protein CONCLUSIONS AND
profiles, fat compositions, casein micelle and fat globule RECOMMENDATIONS FOR FUTURE
structures, interfacial properties, mineral distributions, and RESEARCH
physicochemical properties, all of which are likely to be affected
to different degrees by the processing conditions, depending on ~ As non-cattle milk and milk products are highly regarded as
the animal species. Although there are very few studies on the = a potential source of human nutrition, they can be utilized
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to develop specialized dairy products for people in all age
groups. Non-cattle milks are of great interest to people as
well as industries, because of their perceived better nutritional
properties compared with cattle milk. However, most of these
presumptions are based on anecdotal reports and only little
scientific research has been conducted to understand the
nutritional and physicochemical properties of non-cattle milks.
One widely perceived notion is the formation of soft curds in
the human stomach for some non-cattle milks (such as goat,
camel, horse, and donkey milk). Because of this, these milks
are considered to be better digested and tolerated by people
of different age groups. However, to date, no direct scientific
studies have been reported and there is a knowledge gap. As
cattle and non-cattle milks vary in composition and structure
of the casein micelles and fat globules, they are likely to behave
differently in the gastrointestinal tract, possibly affecting the
kinetics of digestion and the bioavailability of nutrients. Because
of differences in milk composition and the structure of the
casein micelles (or fat globules), there may be differences in
the curds formed by the milk of each species in the stomach,
which may further affect the delivery rates of macronutrients
further down the gastrointestinal tract. Furthermore, different
commercial processing conditions such as pasteurization or UHT
(or other heat treatments) may influence the digestion behaviors
of non-cattle milks differently. Thus, in-depth scientific studies
need to be conducted to understand the impact of compositional
as well as structural differences in milk from different species (in
their natural form as well as processed forms) on their dynamic
digestion behaviors, especially focusing on their differences in

REFERENCES

1. Dunne J, Evershed RP, Salque M, Cramp L, Bruni S, Ryan K, et al. First
dairying in green Saharan Africa in the fifth millennium BC. Nature. (2012)
486:390-94. doi: 10.1038/nature11186

2. Evershed RP, Payne S, Sherratt AG, Copley MS, Coolidge J, Urem-
Kotsu D, et al. Earliest date for milk use in the near East and
southeastern Europe linked to cattle herding. Nature. (2008) 455:528-31.
doi: 10.1038/nature07180

3. Faye B, Konuspayeva G. The sustainability challenge to the dairy

sector — the growing importance of non-cattle milk production
worldwide. Int Dairy J. (2012) 24:50-56. doi: 10.1016/j.idairyj.2011.
12.011

4. Park YW, Haenlein GFW. Overview of milk of non-bovine mammals.
In: Park YW, Haenlein GFW, editors. Handbook of Milk of Non-Bovine
Mammals. Oxford: Blackwell Publishing Professional (2006). p. 3-9.
doi: 10.1002/9780470999738.ch1

5. Verduci E, D’Elios S, Cerrato L, Comberiati P, Calvani M, Palazzo S, et al.
Cow’s milk substitutes for children: nutritional aspects of milk from different
mammalian species, special formula and plant-based beverages. Nutrients.
(2019) 11:1739. doi: 10.3390/nul11081739

6. Ribeiro AC, Ribeiro SDA. Specialty products made from goat milk.
Small Rumin. Res. (2010) 89:225-33. doi: 10.1016/j.smallrumres.2009.
12.048

7. Haenlein GFW. Goat milk in human nutrition. Small Rumin Res. (2004)
51:155-63. doi: 10.1016/j.smallrumres.2003.08.010

8. Alichanidis E, Moatsou G, Polychroniadou A. Composition properties of
non-cow milk products. In: Tsakalidou E, Papadimitriou K, editors. Non-
Bovine Milk Milk Products. New York, NY: Academic Press (2016). p. 81-116.
doi: 10.1016/B978-0-12-803361-6.00005-3

curd formation as well as their disintegration properties in the
stomach. Such studies will often involve in vitro digestion models,
which where possible should be dynamic and sophisticated
enough to at least include the effects of key variables known
to influence food digestion. Further, the physiological relevance
of such phenomena needs to be investigated in animal and
human studies focusing on different age groups or people in need
of targeted personalized nutrition (such as infants, the elderly,
athletes or malnourished people).
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of Pediiatrics - Section of Nutrition, University of Colorado School of Medicine, Aurora, CO, United States

Background: Donor human milk (DHM) bank practices, such as pasteurization and
pooling according to postpartum age of milk donations and number of donors included
in a pool may impact the resulting concentration of bioactive components of DHM.

Aims: We determined the impact of Holder pasteurization, postpartum milk age, and
pool donor number (number of donors included in a pool) on resulting concentrations
of total immunoglobulin A (IgA; which provides immune protection to the recipient
infant) and insulin (an important hormone for gut maturation).We also documented
inter-relationships between these bioactive components and macronutrients in
DHM pools.

Methods: Pre and post-pasteurization aliquots of 128 DHM samples were
obtained from the Rocky Mountain Children’s Foundation Mother's Milk Bank (a
member of the Human Mik Banking Association of North America, HMBANA).
Macronutrients were measured via mid-infrared spectroscopy. Total IgA was
measured via customized immunoassay in skim mik and insulin was measured
via chemiluminescent immunoassay.

Results: Mean post-pasteurization total IgA concentration was 0.23 + 0.10 (range:
0.04-0.65) mg/mL a 17.9% decrease due to pasteurization (n = 126). Mean post-
pasteurization DHM insulin concentration was 7.0 4+ 4.6 (range: 3-40) pU/mL, a
decrease of 13.6% due to pasteurization (n = 128). The average DHM pool postpartum
milk age was not associated with total IgA or insulin concentrations, but pool donor
number was associated with bioactive components. Pools with only one donor had lower
total IgA and lower insulin concentrations than pools with at least 2 donors (p < 0.05).
Increasing the number of donors in a pool decreased the variability in total IgA and insulin
concentrations (o < 0.04).

Conclusion: Increasing the number of donors included in DHM pools may help optimize
bioactive components in DHM received by premature infants. These results help inform
milk banking practices to decrease compositional variability in produced DHM pools.

Keywords: donor human milk, insulin, IgA, milk bank, breastfeeding
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INTRODUCTION

The American Academy of Pediatrics recommends pasteurized
donor human milk (DHM) as the best option to feed a
premature infant when mother’s own milk is unavailable (1).
The Human Milk Banking Association of North America
(HMBANA) supplies millions of ounces of pasteurized DHM
annually to recipient infants (2). The majority of this milk is
provided to premature infants in the Neonatal Intensive Care
Units (NICU), due to the protective effects of DHM against
necrotizing enterocolitis (3, 4).

Human milk composition is dynamic, changing over the
course of a feed, over the course of a day, and over the
course of lactation. For these reasons, DHM banks routinely
pool milk donations from multiple donors in order to limit
extreme variation. Criteria used to select individual donations
for pooling are not standardized and vary among milk banks.
Currently, milk postpartum age (age of the infant at the time
milk was expressed) is not typically taken into account when
pooling individual donations. Furthermore, milk banks each have
different acceptance criteria for milk age.

Upon poolingg, DHM is aliquoted and pasteurized
using Holder Pasteurization (62.5°C for 30min and rapid
cooling). At this stage, bottles are frozen and distributed. It
is well-documented that Holder Pasteurization reduces the
concentration of various bioactive components of HM. However,
the degree to which individual bioactive components are
degraded is widely variable, and not consistently reported in the
literature (5).

A biologically active component of HM is immunoglobulin
A (IgA) (6). HM total IgA is one of the components that
provides breastfed infants passive protection against infections
during infancy (7, 8). Secretory IgA (a dimer of two IgA
attached to a secretory component) is the predominant type of
immunoglobulin A present in HM and provides infants with
passive immune protection (6, 7). Total IgA concentrations
in HM decrease over the first year of lactation (6, 9).
Additionally, Holder Pasteurization has been reported to reduce
IgA concentrations by 20-62% (5, 9, 10).

HM insulin plays important roles in infant intestinal
maturation (11), may improve feed tolerance (11), impact the
developing microbiome (12), and has been linked to infant
growth patterns and body fat accrual (13). Insulin in HM is
predominantly impacted by maternal insulin sensitivity (14),
a factor not considered in the donor milk pooling process.
Additionally, current data suggest that HM insulin decreases
over the first month of lactation (14), and is also significantly
decreased by Holder Pasteurization between 13-46% (15, 16).

Because IgA represents a significant component of total
HM protein, and because both HM insulin and total fat have
been reported to correlate with maternal BMI (17-19), we also
tested for correlations between DHM IgA and insulin with
DHM macronutrients.

Given the importance of these bioactive components of HM,
we aimed to characterize the mean and variability of total IgA and
insulin concentrations in HMBANA-produced DHM pools and
investigate the impact of Holder Pasteurization and relationships

between milk postpartum age and number of donors included
in a pool.

MATERIALS AND METHODS

Donor Human Milk Bank Samples
This research received designation as “Not Human Subject
Research” by the Colorado Multiple Institution Review Board.

Pre- and post-pasteurization samples from 128 DHM pools
were obtained from the Colorado Mothers’ Milk Bank (Rocky
Mountain Children’s Health Foundation, Arvada, CO). This milk
bank selects individual donations to pool based on the expiration
date of donated milk. Milk donations are considered to “expire”
12 months post expression date. DHM pools are then aliquoted,
pasteurized in glass bottles via Holder Pasteurization and frozen
for distribution.

Preterm milk pools included only human milk expressed by
a mother who delivered at or before 36 weeks gestation, within
the first 4 weeks postpartum and up until her infants corrected
age is 40 weeks. Pool donor number was defined as the number
of milk donors represented in each pool. Pool postpartum age
was defined as the unweighted mean of the postpartum ages
of all the donations included in any given pool as previously
described (17).

Milk Analyses—Total IgA

Total IgA concentrations of pre- and post-pasteurization samples
were measured using an adapted version of a commercially
available immunoassay (Bethyl Laboratories, Montgomery,
Texas). A flat bottom 96 well Maxisorp plate was coated with
a 1:100 dilution of anti-human IgA (Bethyl Lab A80-102A) in
0.05M carbonate-bicarbonate: 100 uL per well, overnight at 4°C.
The following day, 200 uL of 1% bovine serum albumin (BSA)
in PBS was added to each well to block the plate for 30 min at
room temperature. Skim milk was generated by spinning samples
at 10,000 g for 10 min at 4°C. Skim milk samples were diluted
1:5000 in 1% BSA in PBS and then incubated on the plate for 2h
at room temperature. Assay controls were prepared from a serial
dilution of control serum (Bethyl Lab RS10-110) in 1% BSA in
PBS. Secondary antibody (Bethyl Lab A80-102P) was added at
a concentration of 1:100,000 in 1% BSA in PBS and incubated
for 1h at room temperature: 100 uL per well. Following the 1 h
incubation time, 50 uL of stop solution (2M H,SO4) was added
to each well.

The plate was washed after the following: blocking, sample
incubation, and secondary antibody incubation using a BioTek
Microplate Washer and a PBS-T solution with 0.05% Tween-20
for five cycles of a 300 wL wash. The absorbance was then read
at 450 nm and a 4PL standard curve was plotted within 30 min
of adding the stop solution. Samples were assayed in duplicate
and re-assayed if %CV of duplicates was >25%. The assay average
%CV between replicates was <10%.

Milk Analyses —Macronutrients and Insulin
DHM macronutrients (fat, protein, carbohydrate, and caloric
density) were formerly assessed using the Miris Human Milk
Analyzer (Miris AB, Uppsala Sweden) as previously reported
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(17). Insulin concentrations were measured in pre- and
post-pasteurization skim milk samples via chemiluminescent
immunoassay utilizing an automated immunoassay platform
(Beckman Coulter), as previously reported (14).

Statistical Analyses and Calculations
Comparison of milk composition between Preterm vs. Term
DHM pools and by pool donor number was conducted using
non-parametric tests. For comparison by pool donor number,
DHM pools were categorized as consisting of donations from 1, 2,
or >3 donors. A comparison of milk composition between pre-
pasteurized and post-pasteurized samples was conducted using
paired t-tests.

Simple linear regression was used to determine if the
pool Postpartum Age was related to milk composition, and
if any individual milk components were inter-correlated. Log
transformation was used on any non-linear variables. The
normality of these regression’s residuals was established to ensure
model assumptions were satisfied. The Brown-Forsythe test was
performed to test whether variation in log DHM Total IgA and
Insulin concentrations differed by pool donor number. Analyses
were performed using JMP Pro 14 (SAS, Cary NC).

RESULTS

Characteristics of Pools

Out of the 128 DHM pools, 5 (3.9%) of the pools were
“Preterm,” and 4 (3.1%) of the pools were “Dairy Free” meaning
donors completely omitted dairy products from their diet. Data
regarding pool donor number (number of donors in each pool),
pool volume, and milk age have been previously reported (17). Of
the 128 pools, 55 pools consisted of 1 donor; 62 pools consisted
of 2 donors; and 11 pools consisted of >3 donors.

Pool Composition-Total IgA

Two of the 128 post-pasteurization samples were inconclusive for
total IgA analysis due to high %CV, giving a final sample size for
post-pasteurization total IgA analysis of 126. Two of the term
post-pasteurization samples were not included in the final data
analysis in order to not bias results, as both were outliers over
five standard deviations from the IgA mean (1.575 and 1.212
mg/mL). Excluding these data points did not change the nature
of reported relationships.

As expected, given the Holder pasteurization process, total
IgA concentrations were higher in pre-pasteurized DHM pools.
The mean = SD of total IgA concentrations in pre-pasteurization
samples was 0.31 £ 0.14 mg/mL (n = 128) vs. 0.23 £ 0.09
mg/mL in post-pasteurization samples (n = 126). The total
IgA concentrations in post-pasteurization samples decreased on
average 0.08 mg/mL. The range in decrease was —0.61 to + 0.19
mg/mL), or 17.9% (p < 0.001; Table 1).

The DHM total post-pasteurization IgA concentrations were
not correlated with pool postpartum milk age. DHM total post-
pasteurization IgA concentrations did differ by pool donor
number: DHM pools with one donor had a lower total IgA
concentration than pools with at least two donors (p = 0.04;
Figure 1). Increasing the number of donors in a pool significantly

decreased the variability in resulting total IgA concentrations (p
=0.027).

The DHM total post-pasteurization IgA concentrations did
not significantly differ between Preterm and Term pools, nor
was DHM Total post-pasteurization IgA associated with DHM
macronutrient composition.

Pool Composition—Insulin

DHM insulin decreased an average of 12.6% following
pasteurization; from 8.1 & 5.7 wU/mL (range: 3-54 pU/mL) to
7.0 & 4.6 pU/mL (range: 3-40 wU/mL). The range in decrease
was —15 to + 3 pwU/mL. DHM post-pasteurization insulin
concentrations were not associated with pool milk age.

DHM total post-pasteurization insulin concentrations did
differ by pool donor number: DHM pools with one donor had
lower insulin concentrations than pools with 2 donors (p = 0.003;
Figure 1). Increasing the number of donors in a pool significantly
decreased the variability in resulting total insulin concentrations
(p = 0.034).

DHM insulin concentrations did not differ between term and
preterm pools. The log of DHM pool insulin concentrations was
positively associated with DHM fat content (p < 0.0001, R* =
0.16, n = 128), and caloric density (p < 0.0001, R* = 0.15, n
=128).

DISCUSSION

This study demonstrates a large variability in DHM total
IgA and insulin concentrations. Holder pasteurization resulted
in significant decreases in both bioactive components. While
postpartum milk age was not associated with variation in
total IgA and insulin concentrations, pool donor number was
associated with significant differences in the mean and total
variation of both.

This data corroborates others’ findings suggesting that total
IgA is affected by the pasteurization process. Other studies
reported a decrease in total IgA due to Holder Pasteurization
within the range of 20-62% (5, 9, 10), which is higher than we
detect here (18%). Previously reported studies simulated milk
pooling in a laboratory setting in smaller sample sizes, whereas
this study includes a larger sample size and DHM directly from
a HMBANA milk bank, which may account for the difference
in percent-decrease.

Even though milk IgA decreases over time in the first year
of lactation, DHM total IgA was not associated with milk
postpartum age. This is in contrast to our previous work
showing that zinc concentrations, which also decline over the
course of lactation, are inversely correlated with DHM pool
postpartum age (17). These zinc data are similar to others’
work showing that DHM amino and fatty acid composition is
also related to postpartum age (20). However, other studies of
macronutrient composition of DHM pools have documented
that subject effect (i.e., variability between donors) had a higher
impact on macronutrient composition than time effect (i.e.,
pool postpartum age) after 4 weeks postpartum (21, 22), even
though human milk macronutrient composition is known to
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TABLE 1 | Total IgA and Insulin Concentrations in Pasteurized Donor Human Milk.

Component Sample Mean Standard deviation Range Percent decrease

Total IgA (mg/mL) Pre-pasteurization 0.31 0.14 0.06-0.84 17.9
Post-pasteurization? 0.23 0.10 0.04-0.62

Insulin (wU/mL) Pre-pasteurization 8.1 5.7 3.0-54.0 12.6
Post-pasteurization 7.0 4.6 3.0-40.0

aSample size = 126; Otherwise, sample size = 128.

DHM Pool IgA DHM Pool Insulin
0.35- . 15-
T _ _ *
0.30-
0.25- I 10 -
7=_l -
| | ®
£ 0.201 £
1 )
£ 1 3 )
0.15- 5-
0.10- 1 | 1
0.05 I 1 1 0 T T 1
1T 2 =<3 1 2 <3
Donors in Pool Donors in Pool
FIGURE 1 | Donor Human Milk (DHM) Immunoglobulin A (IgA, mg/mL) and Insulin (wU/mL) concentrations differ by Pool donor number (the number of donors
included in the pool). Pools including one (n = 54) vs. two (n = 61) vs. <3 (n = 11) donors have different concentrations of IgA (*p = 0.04) and Insulin (*p = 0.003), by
Wilcoxan test. Furthermore, the variation in concentrations was lowest in DHM pools consisting of <3 donors (IgA p = 0.027; Insulin p = 0.034). Mean =+ standard
deviation presented.

change over time. These findings reflect our own with total
IgA concentrations.

DHM total IgA in postpartum samples did differ by pool
donor number with lower concentrations in pool from one
donor, and less variability in pools with 3+ donors. This finding
validates the HMBANA policy of pooling milk, ideally from
three to five donors (23). However, milk banks may occasionally
face limited capacity to meet this recommendation based on
fluctuations in availability of donations. In a study of over
300 DHM pool samples from 20 milk banks, 55% of studied
pools consisted of donations from >3 donors (24). This study
collected 15 random samples from 20 milk banks, whereas our
data represent consecutive DHM pools generated over several
different days in one bank which likely contributes to the
differences in the amount of DHM pools consisting of >3 donors.
Given that IgA in DHM may protect infants from infection, any
efforts to optimize and standardize its provision to medically
fragile infants is worthwhile.

Our data suggest that a recipient infant could be exposed to
a wide range in insulin concentrations from one DHM pool to

another. The role of insulin in HM is complex and yet to be fully
characterized (25). Animal data suggest that milk insulin directly
affects intestinal gene expression and maturation (5, 10, 26—
29). Data from human infants indicate that milk insulin also
contributes to intestinal lactase expression and feed tolerance
(30), as well as playing a role in regulation of infant weight gain
(31) and body composition (13).

It is noteworthy that we detected an average decrease of 13%
in insulin due to Holder pasteurization, with 34% of samples
showing no decrease. This reduction is less than the 46% decrease
in average insulin reported by Ley et al. (15), but very similar to
the 13% reduction in averages reported 