
nutrients

Review

Potential Benefits of Bovine Colostrum in Pediatric Nutrition
and Health

Per Torp Sangild 1,2,3, Caitlin Vonderohe 4, Valeria Melendez Hebib 4 and Douglas G. Burrin 4,*

����������
�������

Citation: Sangild, P.T.; Vonderohe, C.;

Melendez Hebib, V.; Burrin, D.G.

Potential Benefits of Bovine

Colostrum in Pediatric Nutrition and

Health. Nutrients 2021, 13, 2551.

https://doi.org/10.3390/nu13082551

Academic Editors: Raymond Playford

and Isabelle Luron

Received: 20 May 2021

Accepted: 13 July 2021

Published: 26 July 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Comparative Pediatrics & Nutrition, University of Copenhagen, DK-1870 Copenhagen, Denmark;
pts@sund.ku.dk

2 Department of Neonatology, Rigshospitalet, DK-1870 Copenhagen, Denmark
3 Department of Pediatrics, Odense University Hospital, DK-5000 Odense, Denmark
4 USDA-ARS Children’s Nutrition Research Center, Pediatrics, Gastroenterology & Nutrition, Baylor College of

Medicine, Houston, TX 77030, USA; Caitlin.Vonderohe@bcm.edu (C.V.); Valeria.Melendez@bcm.edu (V.M.H.)
* Correspondence: doug.burrin@usda.gov; Tel.: +1-713-798-7049

Abstract: Bovine colostrum (BC), the first milk produced from cows after parturition, is increasingly
used as a nutritional supplement to promote gut function and health in other species, including
humans. The high levels of whey and casein proteins, immunoglobulins (Igs), and other milk
bioactives in BC are adapted to meet the needs of newborn calves. However, BC supplementation
may improve health outcomes across other species, especially when immune and gut functions
are immature in early life. We provide a review of BC composition and its effects in infants and
children in health and selected diseases (diarrhea, infection, growth-failure, preterm birth, necrotizing
enterocolitis (NEC), short-bowel syndrome, and mucositis). Human trials and animal studies (mainly
in piglets) are reviewed to assess the scientific evidence of whether BC is a safe and effective
antimicrobial and immunomodulatory nutritional supplement that reduces clinical complications
related to preterm birth, infections, and gut disorders. Studies in infants and animals suggest that BC
should be supplemented at an optimal age, time, and level to be both safe and effective. Exclusive
BC feeding is not recommended for infants because of nutritional imbalances relative to human milk.
On the other hand, adverse effects, including allergies and intolerance, appear unlikely when BC is
provided as a supplement within normal nutrition guidelines for infants and children. Larger clinical
trials in infant populations are needed to provide more evidence of health benefits when patients
are supplemented with BC in addition to human milk or formula. Igs and other bioactive factors
in BC may work in synergy, making it critical to preserve bioactivity with gentle processing and
pasteurization methods. BC has the potential to become a safe and effective nutritional supplement
for several pediatric subpopulations.

Keywords: preterm infants; human milk; immunoglobulins; necrotizing enterocolitis; diarrhea

1. Introduction

Bovine colostrum (BC) is produced by cows in the first days after parturition and
provides nutrition and immunological protection of highly sensitive newborn calves [1].
The difference between colostrum and milk results from a partially open blood–milk
barrier in the mammary gland around birth [2]. Besides the close link to the mother
in which colostrum is produced, many elements of colostrum may have cross-species
effects and could be used to support and protect newborns and growing offspring of other
species when they are lacking their own mother’s colostrum and/or milk. Here we review
the scientific literature related to composition and biological function of BC in pediatric
nutrition and gastroenterology, and how this is supported by biomedical animal models of
infants and children, most notably the piglet. The topic is timely because there is currently
public and scientific debate about the possible risks and benefits of bovine-based milk
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products for infants and children when human milk is absent or inadequate, particularly
for preterm infants and other highly sensitive hospitalized pediatric patients.

As highlighted in the introductory article of this review series [3], the provision of
mammary secretions in the form of colostrum and mature milk for newborns is an es-
sential survival function that has evolved over millennia in mammal species. In humans,
following the production of colostrum immediately after parturition, the subsequent two
weeks postpartum is a time of secretory activation and increased volume secretion of what
we eventually consider mature milk [4]. Colostrum serves a vital function for neonates
by providing nutrients necessary for energy, growth, and development as they transition
from placental supply of elemental nutrients, such as glucose and amino acids, before
birth, to oral ingestion of more complex macromolecules, including lactose, proteins, and
triglycerides. A second critical function of colostrum and milk after birth is to provide
immune protection that supports elements of neonatal innate immunity until maturation
of adaptive immunity related to the specific environment [5]. Colostrum functions as a
nutritional, immunological, and antimicrobial ‘bridge’ between the mostly sterile fetal life,
sustained by the maternal umbilical nutrient supply, and the microbe-rich postnatal envi-
ronment and enteral breast milk intake. Humans and other mammals often share the same
external environment and are exposed to similar microbes, viruses, and fungi along the
outer surfaces of the body (skin, lungs, and gut). Consequently, the antimicrobial activity
of colostrum from one species should also be (at least partly) effective in another species.
The ‘perinatal colostrum bridge’ is critical for survival and health for normal newborns in
some mammals (e.g., large farm animals with lacking passive immunity transfer before
birth), while, in others, the colostrum is important, although not essential for survival (e.g.,
term human infants).

There are similarities in the composition of colostrum and milk among human and
bovine species, but there are also some important differences in both nutrients (carbohy-
drate, protein, lipid, minerals, and vitamins) and immunological factors, including Igs.
Cow’s milk has been used as an important source of supplementary nutrition for infants for
centuries in most countries around the world [6]. Beyond the first year of life, other cow’s
milk-based foods, such as milk, yogurt, and cheese, are also considered important sources
of nutrition in children [7,8]. The potential functional and immunological benefits of dairy
products in infants and children, besides nutrition alone, are less clear. In the past decades,
the accumulated evidence of clinical benefits of human milk, either mother’s own breast
milk or banked donor milk, have made human milk the recommended choice for infant
nutrition, especially for preterm infants [9–11]. Evidence from preterm infants has raised
serious concerns that processed formula products based on cow’s milk lead to more NEC,
sepsis (late-onset sepsis, LOS), food intolerance (FI), allergies, and food-protein-induced
enterocolitis syndrome (FPIES) in infants fed formula alone, or in combination with human
milk [11–16]. This has led some clinicians to warn against use of bovine-milk products
for all sensitive hospitalized infants [17]. It is unknown if the apparent adverse effects of
formula products, relative to mother’s own milk, relate to their bovine origin, the indus-
trial processing steps (i.e., serial heat treatment and filtration steps) and/or addition of
vegetable products (i.e., corn-based maltodextrin and vegetable oils), as part of commercial
formula production. Whether risk factors for infants differ between term and preterm
infants, between bovine products and products from other mammals (donkeys, camels,
and goats), and between milk and colostrum is unknown. The possible risks of feeding
infants BC are discussed later in this review.

Powdered products containing intact BC, or fractions thereof, have become increas-
ingly available as health foods and their use as nutritional supplements to support gut
health for children and adolescents is increasing. Additionally, their utility for newborn
infants with limited access to mother’s own milk is currently being investigated. There
is considerable speculation about benefits in the marketing of BC products and our goal
is to provide a review of the scientific evidence that is used to support these claims. This
review highlights the use BC in pediatrics and neonatology, including its use for both as a
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nutritional and as a preventive or therapeutic supplement for severe pediatric diseases,
such as diarrhea, NEC, inflammatory bowel disease (IBD), short-bowel syndrome, and
chemotherapy-induced mucositis. Both clinical studies and animal model studies are
reviewed and discussed. For detailed insights into BC constituents and applications in
adults, readers are referred to other reviews [18–21] and the companion articles in the
present review series in Nutrients [3], covering a wide range of possible applications of
BC for humans, including gastrointestinal (GI) diseases, immune dysfunctions, and sports
medicine.

2. Composition and Function of Colostrum in Humans and Animals
2.1. Macronutrients

Nutritionally, bovine and human colostrum are similar, but they differ mainly in the
relative concentration of specific macronutrients. A key feature of BC is its high protein
content (~15%) relative to fat (4–6%) and lactose (3 to 4%) [22,23]. The protein and fat
contents are higher than lactose in colostrum, but with advancing lactation, the relative
content of protein and fat declines and lactose increases. Human and bovine early milk or
colostrum contain relatively low amounts of lactose (1.2% and 2–2.9%, respectively), which
increase with lactation to 7.0% and 4.8, respectively [24]. The increasing lactose content
as milk and the offspring mature suggests an immunological and trophic primary role for
colostrum rather than nutritional [4]. The production of lactose increases the movement of
water into the secretory vesicles of the mammary epithelium; therefore, low levels of lactose
in milk result in increased viscosity. The carbohydrate content of colostrum and milk also
comprises oligosaccharides, and these are discussed in more detail in a later section. The
protein content of BC and milk is higher than human colostrum and milk (Figure 1), and
there are select differences in amino acid content [4,25–28]. Proteins in human and bovine
milk are divided into whey and casein fractions, which comprise differing percentages
of the total protein content in mammalian milk across species. In bovine milk, the casein
and whey fraction comprise 80% and 20% of the total protein, respectively [29], whereas,
in human milk, the ratio is whey predominant (40:60) [30]. However, the proteins within
these fractions possess significant homology among species. Among the most widely
studied bioactive proteins in colostrum are Igs, lactoferrin (LF), lysozyme, α-lactalbumin,
and growth factors. Several casein proteins have also been extensively studied mostly for
their role in transporting calcium phosphate and promoting the bioavailability of other
milk proteins [31].

The nutritional value of milk proteins in colostrum is a function of the amino acid
composition and digestion kinetics through the stomach and upper intestine [32]. Casein
proteins form a clot in the stomach that slows release of amino acids for digestion and
absorption into the circulation. In contrast, whey proteins are more soluble, in the stomach
and empty rapidly into the small intestine for digestion and absorption. These differences
between casein and whey protein digestion kinetics have been characterized as the slow vs.
fast protein metabolism concept [33] and has relevance for gut motility and metabolism
when bovine milk or colostrum products are used for pediatric patients. Susceptibility
to gut proteolysis also varies among these proteins, where whey proteins have globular
structures that are resistant to proteases, increasing their functional bioactivity throughout
the GI tract. The susceptibility of these proteins to GI proteases is also influenced by age;
preterm infants have immature gastric acid production and proteolytic digestive capacity.
In preterm infants fed breast milk, both of these factors lead to increased survival of intact
immunologically important proteins in the intestinal lumen. This latter point suggests that,
in term, and especially preterm infants, colostral proteins function not only as a source
of amino acids for growth, but also as a source of vital immune protection in the gut.
Differences in amino acid availability between human milk and bovine-milk-based infant
formulas may induce different plasma amino acid profiles, but also processing effects may
affect digestion kinetics, as shown in vitro or in vivo piglet studies [34,35].
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Figure 1. Composition of protein and oligosaccharides in human and bovine colostrum and milk.
The figure illustrates the marked differences in total protein content and specific proteins, such
as α-lactalbumin, β-lactoglobulin, and casein, between human and bovine colostrum and milk.
Human milk and colostrum is rich in α-lactalbumin, LF, and oligosaccharides, relative to bovine
milk and colostrum. Conversely, bovine colostrum and milk is rich in casein, β-lactoglobulin, and
immunoglobulin G, relative to the human counterparts. All components are expressed as g/L.

Few studies have tested the possible nutritional benefits of intact BC or fractions
thereof in sensitive newborn infants or as prevention or therapy of severe pediatric diseases
(see later sections). To understand the potential and limitations of using BC for such condi-
tions beyond the nutritional value of its constituents, it is relevant to briefly review some
examples of the numerous components in BC that could play a specific role in pediatric
patients. These components can broadly be categorized as having nutritional, growth-
stimulating, antimicrobial, and/or antimicrobial effects (Figure 2). A comprehensive review
of all the possible bioactive components of BC is presented in the introductory article of
this series [3], supplemented with many previous reviews on bioactive constituents in
bovine and humane milk with potential effects in infants [36–38]. Here, we review five
classes of bioactive components relevant to BC in the context of pediatric use: (1) Igs, (2) LF,
lysozyme, and α-lactalbumin, (3) milk fat globule membrane proteins, (4) oligosaccharides,
and (5) microRNA and stem cells (Figure 2).

2.2. Immunoglobulins

The composition of immune components, such as Igs, LF, and growth factors, is sig-
nificantly higher in colostrum of most species than in mature milk [4,19,22,39]. Most of
these components are well conserved in bovine, porcine, and human milk. Colostral Igs
function to provide immune protection within the gut against colonizing microbes and
environmental toxins. In many species, they are also the primary transfer of passive immu-
nity. Igs represent a major fraction of colostral protein and the main immune components,
including the isotypes IgG, IgA, IgM, and IgD and their subclasses (IgG1–4 and IgA1–2).
There are important differences in the relative composition of these isotypes in human,
bovine, and porcine colostrum. Human colostrum is IgA dominant, whereas bovine and
porcine colostrum are IgG dominant. IgA occurs as a monomer or dimer, with the latter
comprising two IgA molecules joined together by a J-chain and a secretory component.
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This complex is called secretory IgA (sIgA). In humans, sIgA represents 90% of total im-
munoglobulin compared with BC, where IgA is only 10% of total Ig. The glycosylation of
both the Fc and Fab regions of sIgA play a key role in its protein structure, stability in the
gut lumen, and especially its capacity to bind bacterial and host mucosal epitopes [40]. BC
and milk contain IgG1 and IgG2, where IgG1 is the main isotype, comprising 70–80% of the
immunoglobulin fraction in colostrum. IgG is secreted as a monomer composed of four
peptide chains. The concentration of IgG in BC typically ranges from 50 to 100 mg/mL,
whereas, in bovine serum, the proportions of IgG1 and IgG2 are relatively equal, and at
lower total concentration (~20 mg/mL).
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The species-specific necessity for survival and immune protection of newborn mam-
mals depends on whether there is prenatal transfer of maternal Igs (mainly immunoglobu-
lin G, IgG) across the placenta, and/or postnatal transfer across the mucosa of the small
intestine (Figure 3). In humans, passive transfer of immunoglobulin occurs largely through
prenatal IgG1 transfer, mainly in the last trimester of pregnancy
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Figure 3. Comparison of maternal immunoglobulin transfer to newborn infants and calves/piglets.
The figure illustrates the species differences in the time and mode of maternal immunoglobulin
isotype (IgG and IgA) transfer via fetal placental transfer in utero and/or postnatal consumption of
colostrum and milk after birth [28,41–44]. The shaded box shows how premature birth may lead to
incomplete maternal fetal–placental transfer of IgG in human infants (created with BioRender.com;
accessed on 19 May 2021) [43].

This may explain why sIgA is the dominant immunoglobulin in colostrum in humans,
compared with IgG in domestic animal species. However, in infants born premature, there
is incomplete placental IgG transfer and passive immunity that are proportional to the
degree of prematurity [45].

Moreover, studies in preterm infants also show increased serum and urinary concen-
trations of milk proteins, such as sIgA, LF, and α-lactalbumin, compared with term and
formula-fed infants [46–48]. This suggests that the immature intestine in preterm infants
may be more permeable to absorption of macromolecules, such as Igs, in colostrum and
mature milk. On the other hand, this increase in intestinal permeability due to immature
structural integrity is biologically very different from the highly specialized function of
enterocytes in some newborn animals to absorb large molecules by endocytosis with or
without involvement of specific (Fc) receptors.

In contrast to infants, large domestic animals (e.g., cattle, pigs, horses, and sheep) lack
maternal–placental transfer of Igs and depend almost exclusively on postnatal transfer of
maternal IgG via colostrum intake and macromolecule uptake in the newborn gut [49–52].
Once absorbed into the blood, Igs have relatively slow turnover, and they have a half-life
of about 2 weeks [42]. Regardless of species, IgG and sIgA in colostrum serve as a vital first
line of defense to neutralize and kill pathogenic microbes in the gut lumen and modulate
mucosal immune function to limit inflammation in newborns [19,51].

The capacity for intestinal absorption of colostral immunoglobulin to provide systemic
immunity is well established in pigs and calves (see Figure 3). This process occurs via
a non-specific endocytotic process, together with active transport via Fc receptors in the
mucosal epithelium [53,54]. Importantly, these studies demonstrate the capacity of porcine
Fc receptors to transport bovine IgG in cell culture and in vivo. This confirms previous
studies showing absorption of bovine IgG in neonatal piglets, albeit at lower rates than
porcine IgG [55]. The Fc receptor is expressed in human fetal and neonatal intestine and
has been shown to be important for bidirectional transport of IgG across the intestinal
epithelium to neighboring dendritic cells for coordination of immune responses to luminal
bacteria [56–58].

An important consideration regarding the use of BC in humans is whether the IgG
present in BC is specific for microbial pathogens present in humans. Considerable evi-
dence shows that bovine IgG can bind to a wide range of pathogenic bacteria, viruses



Nutrients 2021, 13, 2551 7 of 41

and allergens found in humans [19]. Furthermore, the specificity of bovine and human
sIgA isolated from milk is shown to be similar for various pathogenic and commensal
bacteria [59]. Thus, the antimicrobial actions of BC products are not restricted to pathogens
only present in calves but would likely have effects across a range of microbes in different
mammalian species. The situation may be different when it comes to BC interactions
with host cells, including the various immune cells and the cells transporting IgG. The
fact that BC is able to provide immune protection in piglets, both locally in the gut and
systemically via absorbed IgG, suggests that basic functions and transport processes are
not species-specific [51,60]. Bovine IgG can also bind to the human Fc receptor with higher
affinity than human IgG [61]. The specificity of BC IgG for pathogens mainly present in
humans can be optimized by pathogen-specific vaccination of cows prior to collection of
milk during lactation to produce ‘hyper-immune colostrum’ [20,62], as discussed further
below. The applicability of bovine IgG as a medical supplement has also been developed
by using serum-derived bovine immunoglobulin (SBI) that is enriched with >50% IgG.
These SBI preparations have been shown to have anti-inflammatory actions on human
intestinal epithelial and monocyte cell lines [63]. A few randomized controlled trials in
patients with human-immunodeficiency-virus enteropathy and irritable-bowel-syndrome
diarrhea, including children, given oral SBI supplements, reported no serious adverse
events and modest improvements in GI symptoms [64–68]. In conclusion, the antimicro-
bial and immunological effects of bovine colostral IgG and IgA are likely to act in both
species-specific and species-unspecific ways, depending on the microbe in question and
specific host-cell function.

2.3. Lactoferrin, Lysozyme, and α-Lactalbumin

LF is an iron-binding glycoprotein found in many biological secretions but reaches
particularly high concentrations in milk. In human colostrum, LF concentration ranges
from 5 to 6 mg/mL and decreases to 1 mg/mL in mature milk [69]. In BC, the concentration
of LF can range from 1.5 to 5 mg/mL, decreasing to 0.02–0.35 mg/mL in mature cow’s
milk [70]. Milk LF has numerous biological functions that range from antioxidant to
antitumor and antimicrobial properties. The cellular actions exerted by LF are mediated
by the LF receptor (LFR) found in the brush border of the intestinal cell membrane with
a sustained abundance in the jejunum throughout the first months of life, as seen in
the piglet intestine [71]. After binding to the LFR, LF can be translocated into the cell
nucleus and regulate gene transcription, resulting in increased cellular proliferation in the
intestine [72]. Beyond its implications in intestinal development, LF’s ability to sequester
iron, a necessary source of nutrition for commensal and pathogenic bacteria, contributes to
its antimicrobial activity.

The homology of the human and bovine LF (bLF) amino acid sequences (69% shared
amino sequence identity) [73] and the affordability of bLF have made it the most studied LF
in both human and animal trials. Several human studies have tested its ability to prevent
inflammatory diseases in premature infants, such as NEC and LOS [74]. Randomized
controlled trials in preterm infants demonstrated that supplementing infant diet daily with
100 mg/kg/body weight (bw) of bLF (n = 472 infants) or 150 mg/kg/bw of recombinant
human LF (n = 120 infants) protects against NEC and LOS [75]. In contrast, the largest trial
(n = 2203 infants) of LF in preterm infants (150 mg/kg/day) failed to show any protection
against either NEC or LOS [74,76]. These studies formed the basis for recommendations
from a Cochrane meta-analysis that included 12 RCTs and 5425 participants given LF
supplementation added to enteral feeds in preterm infants. This report found low-certainty
evidence that LF supplementation of enteral feeds decreases LOS, but not NEC [77].

The mechanisms through which bLF may protect against LOS and NEC have been
investigated in premature piglets. Using a porcine intestinal epithelial cell line, bLF exerted
dose-dependent of anti-inflammatory effects on the cells in culture [75]. Additionally,
LF’s ability to interact with lipopolysaccharides (LPS) on Gram-negative bacterial cell
membrane and compete with LPS for the binding of CD14, a co-receptor for toll-like
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receptor 4 signaling [78], suggest that it can potentially regulate the host immune response
to colonizing microbes. This is particularly interesting given that the pathogenesis of
NEC is associated with the premature infant’s response to Gram-negative bacteria through
TLR-4 [79]. Studies attempting to confirm the effect of LF on host immune responses
to commensal bacteria revealed that splenic and mesenteric lymph-node-derived cells
from piglets fed bLF presented an anti-inflammatory cytokine profile before and after
ex vivo stimulation with LPS [80]. However, studies in preterm pigs also suggested that
the NEC-preventive effects of bLF might be dose-dependent and that high doses of bLF
could negatively affect immature epithelial cells via metabolic, apoptotic and inflammatory
pathways [81,82]. Collectively, the findings suggest that bLF may function to prevent
aberrant inflammatory responses in the intestinal epithelium of newborns.

Lysozyme, although known to be widely distributed in bodily fluids and present
in high concentrations in human breast milk (200–400 µg/mL), is present at a signifi-
cantly lower concentration in bovine milk (0.05–0.22 µg/mL). Alpha-lactalbumin exists
in concentrations ranging from 1.2 to 1.5 mg/mL in bovine milk, has a primary role in
the mammary lactose synthesis, and is a source of bioactive peptides and amino acids
that support infant growth [83]. Alpha-lactalbumin also is thought to play a role in the
development of the infant intestine and brain because of its unique amino acid composition,
including tryptophan, lysine, branched-chain amino acids, and sulfur-containing amino
acids [84]. Partly replacing the high amounts of β-lactoglobulin in bovine milk with more
α-lactalbumin makes the amino acid composition of bovine milk products more similar
to that of human milk. However, a recent study in preterm pigs failed to show effects
of α-lactalbumin enrichment to a milk diet on growth, gut, immunity, and brain devel-
opment [85]. Thus, the specific role of BC-derived α-lactalbumin in infant development
remains to be elucidated, highlighting the need for further research. Among the rest of the
whey fraction components in BC and milk, growth factors are important constituents as
possible bioactive components (Figure 2). Many of these growth factors, such as EGF and
IGF-1, have been investigated for their isolated roles on gut growth or to prevent disease
in infants, children and adults [21,36]. However, these results have been mixed and not
been uniformly positive, and only a few of the known bovine milk or colostrum-derived
bioactive proteins have been developed for therapeutic use in infants and children.

2.4. Milk Fat Globule Membranes

Milk fat globule (MFG) is a lipid droplet containing triacylglycerols (TAG) that buds
from the endoplasmic reticulum into the cytoplasm of mammary gland alveolar epithelial
cells [86]. These cytoplasmic lipid droplets are secreted from alveolar epithelial cells by
fusing with the plasma membrane, acquiring a peripheral bilayer made of lipids and
proteins referred to as the milk fat globule membrane (MFGM). This membrane contains a
wide variety of bioactive molecules, such as amphipathic lipids, cerebrosides, gangliosides,
mucins, lactadherin, butyrophilin, and glycosylated proteins [87], many of which have
been found to have antimicrobial, anti-inflammatory, and anticarcinogenic activities [88].
The contents of MFGM, are highly influenced by environmental factors, as well as lactation
and gestation period, maternal genetics, body composition, and diet [86]. Importantly,
even though 98% of the milk fat is contained within the MFG, the MFGM constitutes only
a minor fraction (1–4%) of the protein content [89] and of total fat (0.2–1%) [88] in human
milk (HM) and bovine milk (BM). Bovine and human MFGM have significant structural
and functional homology; both are mainly composed of polar lipids that are present in
very similar amounts in both species [86,88]. The major groups of lipids building up the
MFGM are phospholipids, mainly glycerophospholipids that include phosphatidylcholine
(25.2% in HM and 35–36% in BM of total phospholipids), phosphatidylethanolamine
(28% in HM and 27–30% in BM), phosphatidylinositol (4.6% in HM and 5–11% in BM),
phosphatidylserine (5.9% in HM and 3% in BM), and sphingolipids, which are mainly
represented by sphingomyelin (35.7% in HM and 25% in BM). In the same way, the MFGM
proteome is highly homologous, and it is composed mainly of adipophilin, butyrophilin,
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mucin 1, xanthine dehydrogenase/oxidase, mucins, lactadherin, and fatty acid-binding
protein, some of which are present in higher amounts in bovine MFGM.

MFGM has been isolated successfully from dairy products, such as BC and cow’s
milk, for supplementation in infant formula. The functional role of MFGM has been
studied by supplementing milk and formula with MFGM-enriched protein fraction and
it is suggested that MFGM protects against infections and modestly impacts the fecal
microbiota [90]. Studies performed with premature infants have shown that consumption
of sphingomyelin-fortified milk is beneficial for neurobehavioral development [91]. An
MFGM-enriched formula diet may improve lipid absorption, availability of essential fatty
acids, and therefore neurodevelopment. However, a recent study in preterm pigs failed
to show immediate effects of MFGM on the developing brain [92]. Other sphingolipids,
such as gangliosides, have also been reported to play critical roles in neurodevelopment
and the implications of their dietary consumption have been thoroughly discussed in other
reviews [93,94]. Aside from the neurological implications, the digestion of sphingomyelin
to sphingosine-1-phosphate (S1P) has been associated with the improvement of intestinal
barrier function in vitro by increasing the production and localization of E-cadherin to
cell–cell borders [95].

The bioactivity of the MFGM proteome ranges from the antimicrobial effects of mucin
and xanthine oxidase to the anticancer effects of proteins such as fatty acid binding protein
(FABP) [96,97]. Mucins and xanthine oxidases can act as decoy receptors for pathogens
in the GI tract, therefore preventing direct bacterial interaction with the epithelium. Ad-
ditionally, xanthine oxidase’s antimicrobial effects also stem from its ability to generate
reactive oxygen and nitrogen species which have bactericidal effects. Other studies have
highlighted the benefits of bovine MFGM or MFGM-derived proteins and lipids by demon-
strating that MFGM-supplemented formula fed to neonatal rodents improves intestinal
growth, Paneth and goblet cell numbers, and tight junction protein patterns to be compara-
ble to those seen in rat pups fed with mother’s milk [98]. In formula-fed infants, bovine
MFGM supplementation reduced the levels of Moraxella catarrhalis, the leading cause of
otitis media in children [99]. Although further studies on the effects of MFGM bioactive
components on the health of the human infants are needed, the available literature suggest
that BC-derived MFGM may indeed play an important role in infant development.

2.5. Oligosaccharides

The major carbohydrates in bovine and human colostrum are lactose and oligosaccha-
rides. Oligosaccharides are composed of more than three monosaccharide [100] units, with
a core of lactose or N-acetyl lactosamine, and are classified as neutral or acidic depending
on the presence of a sialic acid residue in the molecule [101,102]. Mammalian milks contain
a variety of oligosaccharides that consist of different monosaccharides linked to the core
lactose of N-acetyl lactosamine [103–106]. Oligosaccharides are largely undigested in the
upper GI tract of the infant and are instead fermented by gut microbes in the distal small
intestine and colon [102,107]. Oligosaccharide levels across species are highest in colostrum
and decline postpartum [102]. Oligosaccharides are most abundant in humans, ranging
from ~7 to 10 g/L, and represent 10% of the total caloric content of mature milk. Human
colostrum contains 22–24 g/L oligosaccharides, while BC contains 1 g/L oligosaccharides,
and this decreases substantially in the 48 h postpartum [100] (Figure 1). Despite the large
differences in oligosaccharide concentrations, bovine and human milk and colostrum
oligosaccharides contain similar oligosaccharide structures [108]. It remains unknown
if the marked differences in oligosaccharide composition between species (bovine and
human) have a specific role or if different species rely on different milk constituents for
similar antimicrobial and/or immunomodulatory effects. Regardless, the much higher
content of oligosaccharides in human milk versus bovine have led the formula industry
to add select oligosaccharides into formula products in attempts to ‘humanize’ infant
formula [27].
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Milk oligosaccharides have prebiotic activity, anti-adhesion effects, anti-inflammatory
properties, and glycome-modifying activity, as well as a role in development of brain
and intestinal cells [101]. The supplementation of sialic acid, an oligosaccharide found
in both human and bovine colostrum, can improve neural development and memory in
piglets [109]. Intact oligosaccharides serve as a prebiotic for bacteria, particularly in the
colon [110]. Incubation of HT29 cells with an oligosaccharide found in both human and
bovine colostrum resulted in increased adhesion of Bifidobacterium infantis [111]. B. infantis
and other bacteria, growing readily in the presence of human and bovine oligosaccharides,
reduce gut pH by producing volatile fatty acids. When epithelial cells were incubated
with conditioned media from Infantis fermentation, there was a reduction in the release of
pro-inflammatory cytokines [112].

Beyond their capacity to drive the colonization of ‘beneficial’ bacterial species in the
colon, human and bovine colostrum and milk oligosaccharides may act as competitive
inhibitors for pathogenic bacteria binding on the mucosal surface of the small intestine
and colon, protecting the neonate from infection [102]. Human milk oligosaccharides
(HMOs) have demonstrated anti-infective capabilities against a wide variety of pathogens
such as H. pylori, M. meningitides, and influenza virus in various models [113]. Lane
et al. showed that incubation of human epithelial cells with oligosaccharides found in BC
reduced the internalization and growth of the devastating diarrheal agent C. jejuni [113].
Incubating human colonocytes with the dominant oligosaccharide in BC reduced adhesion
of enteropathogenic E. coli by 50% [114].

Bovine and human milk oligosaccharides (HMO and BMO) have additional im-
munomodulatory effects on the GI tract itself, beyond their efficacy as prebiotics and
pathogen binding agents. When HMO and BMOs are incubated with human epithelial
cells, these cells show increased expression of cell surface receptors, chemokines and
cytokines, indicating the potential for HMO and BMOs to improve the maturation of
the cytokine response in neonates [115]. Ex vivo treatment of cultured peripheral blood
mononuclear cells isolated from neonatal piglets with HMOs increased proliferative and
anti-inflammatory activity, indicating potential direct immunomodulatory effects of HMO
and BMO supplementation on the enteric immune system [116]. Studies in neonatal pigs
challenged with rotavirus showed that feeding formula supplemented with HMOs or mix-
tures of prebiotic oligosaccharides reduced the duration of diarrhea and enhanced T-helper
type 1 interferon-gamma and IL-10 cytokines in the ileum [117]. HMO-fed pigs have twice
as many natural killer (NK) cells, 36% more mesenteric lymph node effector memory T cells
suggesting improved mucosal immune function [118]. Additional work supplementing
purified oligosaccharides to neonatal calves receiving heat-treated colostrum demonstrated
that oligosaccharides may also increase the absorption of the Igs, potentially improving
health and growth outcomes [119].

Recent research has investigated whether HMOs contribute to the protective effect
of human milk feeding on the incidence of NEC in preterm infants. Rodent models of
NEC demonstrated that the protective effects of HMO supplementation are highly HMO
structure-specific [120]. These studies identified that disialyllacto-n-tetraose (DSLNT)
was the most effective HMO in reducing NEC in rats, whereas a structurally similar and
highly abundant HMO, α-1,2-fucosyllactose (2′-FL), has limited effects in both rodents
and preterm pigs. The latter studies in preterm pigs also tested whether adding the HMO,
2′-FL, was protective against an enterotoxigenic Escherichia coli F18 challenge, because
2′-FL has structural homology to bacterial adhesion sites in the intestine [121,122]. Both
of these studies showed that the addition of 2′-FL to formula-fed preterm pigs did not
reduce or prevent diarrhea or NEC incidence in the first week of life. A study comparing a
mixture of 4 vs. 25 different HMO blends found that these HMOs suppressed intestinal
epithelial cell proliferation and had a modest immunomodulatory effect in the intestine
in vivo, but did not prevent NEC or diarrhea when added to formula and fed to preterm
pigs for 5–11 days after birth. Addition of mixtures of bovine milk oligosaccharides was
well tolerated but did not improve any clinical outcomes in preterm pigs [121–125]. In
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order to move beyond findings in preclinical NEC models, a recent study in matched
human mother–infant cohorts correlated HMO composition in infants with healthy and
NEC outcomes health [126]. This study showed that that DSLNT concentrations were
significantly lower in milk samples from NEC cases compared to controls. Moreover, the
lower level of DSLNT was associated with lower relative abundance of Bifidobacterium
longum and higher relative abundance of Enterobacter cloacae in infants with NEC. These
studies highlight the specificity of HMOs to modulate NEC and the possible interaction
between the immature intestine and developing microbiome community in preterm infants.
These findings coupled with the structure and configurational specificity of the beneficial
oligosaccharides, indicate that additional work is warranted to explore the implications of
milk oligosaccharide supplementation in diets for infants and children, particularly the
highly sensitive preterm population.

2.6. Insight into Novel Milk Components

In a continuous effort to explain the benefits of human milk, recent studies have
focused on exosomes, their related extracellular vesicles (EV), micro-RNA (miRNA), and
stem cells (Figure 2). MicroRNAs are small (18–25 nucleotides) non-coding strands of
RNA that exert post-transcriptional regulation on a variety of tissues [127]. They are
largely delivered to their target cell or tissue in extracellular vesicles and are found in most
secretions from the body, including amniotic fluid, tears, blood, saliva, and milk [128,129].
Moreover, miRNAs in milk and colostrum have two main purposes: first, to maintain the
functionality of the mammary gland, and second, to serve as a means of communication
between mother and offspring [130]. A majority of miRNAs found in human, bovine,
and porcine colostrum are associated with immunological pathways [128,131,132], but
other work [130] has demonstrated that miRNAs play an important role in influencing the
growth and development of the neonatal GI tract, particularly compared with mature milk.

Extracellular vesicles in human milk and colostrum contain miRNAs associated with
immune regulation and metabolism, proteins involved in the signal transduction, and
inflammatory response. Milk and colostral extracellular vesicles may represent an anti-
inflammatory mechanism underlying the prevention of NEC in preterm infants fed breast
milk [133]. Proteomic work has demonstrated that exosomes and extracellular vesicles
from BC are enriched with proteins associated with the immune response and growth,
indicating their potential role in the regulation of these processes [134]. Co-incubation of
bovine colostral vesicles with human macrophage cultures has shown that miRNAs and
other proteins packaged in these vesicles have a profound effect on the metabolism, cell
migration, and cellular response to LPS challenge [132]. Additionally, Baier et al. [135]
showed that in vitro treatment of human cell culture from a variety of tissue origins with
miRNAs from BC changes gene expression in human cell culture. Other work has shown
that exosomes from bovine milk and BC can both be taken up by human enterocyte culture
and maintain the cell cycle in these cells [136].

Although in vitro work has painted a compelling picture of the potential impact
of bovine miRNA and exosomes on human tissue, in vivo experiments have been less
consistent. The miRNAs packaged in exosomes are largely resistant to degradation in
acidic environments, RNAse treatment, desiccation, and freezing [127,132]. Gu et al. [128]
demonstrated that miRNAs in extracellular porcine milk and colostrum are generally
resistant to harsh conditions and may survive the acidic conditions of the stomach and pass
intact into the small intestine. Baier et al. [135] demonstrated that healthy adults absorb
miRNAs from mature cow’s milk, and other work has shown that humans may absorb
animal- and plant-specific miRNAs. However, it remains unclear if the level of BC-derived
absorbed miRNA and the systemic distribution thereof is sufficient to have a meaningful
biologic effect, as demonstrated in calves where expression of blood miRNAs correlated
poorly with BC consumption [137]. Thus, it is possible that BC-derived miRNAs primarily
exert a local effect on the GI tract and not transported to blood in large amounts.
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Stem cells are present in human milk, and they are more abundant in human colostrum
than in mature milk [138]. Interestingly, these cells are pluripotent, and work in rodent
models has shown that human milk stem cells can be distributed to tissues as varied as the
brain, thymus, pancreas, liver, spleen, and kidney. This wide distribution and additional
characterization have indicated that there may be a role for these stem cells for regeneration
of cells in innate immune system [139,140]. Similar cells have been found in bovine milk
and colostrum, but it is unclear if they survive pasteurization and digestion in the human
neonate, and how they may be bioactive in the small intestine. Additional research is
needed to explore the implications of a pluripotent stem-cell population in BC, particularly
if these cells are absorbed and remain pluripotent after absorption.

Extracellular vesicles, miRNA, and stem cells are all present in measurable amounts
in human and bovine colostrum and mature milk. They are potential mechanisms to
influence the growth and immune competence of the neonate [137,139–141]. However,
it remains largely unclear if these effects are species-specific, or if neonatal humans are
affected by these components in bovine milk and colostrum. Thus, additional work is
required to explore the bioavailability and functions of colostral stem cells, particularly for
sensitive neonates.

3. Bovine Colostrum for Growth, Development and Immunity
3.1. Healthy Term Infants and Animal Models

Limited information is available on the safety and efficacy of providing BC for healthy
term infants who have limited or no access to their own mother’s milk immediately after
birth. In situations when this happens (e.g., maternal disease, agalactia, or no option to
breastfeed), such infants would normally be fed infant formula, or maybe donor human
milk if available. For infants beyond 6 months and toddlers beyond the first year of life,
commercially available follow-on or growing up formulas have been developed. These
formulas were developed to meet the nutritional needs of infants and young toddlers
whose complimentary food intake does meet specific nutritional requirements. The Ameri-
can Academy of Pediatrics guidance indicates that follow-up formulas are nutritionally
adequate but offer no nutritional advantage over infant formulas [142]. Others have raised
questions about the nutritional rationale for follow-on formulas in healthy infants and
toddlers [143]. Therefore, in healthy term infants, there would not seem to be a compelling
rationale for supplementing BC, especially not in developed countries.

Over the last decades, many adjustments have been made for conventional formulas
to adapt their nutrient contents to age-related needs of infants and children (e.g., less
overall protein and casein, more alpha-lactalbumin, and essential oils instead of bovine
milk lipids). New ingredients continue to be added to infant formulas in order to make it
more similar to that of human milk (‘humanized’ infant formula). More recently, specific
components such as LF, osteopontin, lutein, oligosaccharides, MFGMs, and essential fatty
acids have been added to specialized formulas [27]. The efforts are based on the assumption
that human milk composition is closely adapted to the needs of infants, potentially even
matched between individual infants and their own mother. Nevertheless, the biological
effects of milk and colostrum may only partly be species-specific and closely matched
between mother and offspring in the different species. Thus far, the ability to ‘humanize’
infant formula to accurately reflect nutritive and bioactive constituents of fresh human milk
has failed, particularly regarding the highly unstable, heat-sensitive milk bioactive with
immunological functions. This lack of progress is especially evident from numerous clinical
studies showing the increased risk of diseases (e.g., NEC) in premature infants fed formula
compared to human milk. On the other hand, it is possible that healthy term infants
are less dependent on optimized levels of nutrients, growth factors, immunomodulatory
components, and antimicrobials in human milk and colostrum than preterm, growth-
restricted, or diseased infants. The short- and longer-term health benefits of the numerous
bioactive factors in fresh human milk or colostrum, and their varying concentrations among
individuals remain poorly understood. Regardless, complete substitution of human milk
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by feeding BC to infants, even for shorter periods, is not recommended, due to the markedly
different composition of nutrients and bioactives in BC versus both colostrum and human
milk, but more research on dose-response relationships is needed (see later section).

In human children and adults, some of the effects of bovine IgG are similar to those of
IgA in human milk, e.g., binding to human-relevant pathogens, improved phagocytosis
mediated through Fc receptors and prevention of infections [19]. In infants, bovine colostral
IgG may pass through the gut undigested and have local antimicrobial or immune effects in
the gut. Nevertheless, the specificity and effector functions of bovine IgG are not identical
to human milk IgA and IgG, and it remains unclear if intact bovine IgG, provided in pure
form (isolated from plasma or milk) or as part of BC, can fully or partly restore the lack
of mother’s secretory IgA in formula-fed infants. Formula-fed infants receive minimal
amounts of immunomodulatory proteins and Igs because processing technologies and heat
treatment for microbiological safety normally denature these proteins. The development of
more gentle milk-processing technologies in the future may enable inclusion of colostral
Igs, or other fractions of BC, into standard infant formula. Longer-term trials are needed
to confirm if this reduces GI and respiratory infections, with or without changes to the
incidence of allergies and asthma [19].

Bovine colostrum and its components have been extensively investigated for their
potential use as a nutritional, growth-stimulating, immunological, and/or antimicrobial
supplement for newborns of several animal species when their own maternal milk is
deficient or absent. Such animals may even benefit from a short period of exclusive BC
feeding, in contrast to infants. Beneficial effects on growth and development have been
reported for domestic animals (piglets, foals, and lambs) [42,51,144,145] and some pet-
animal species (dogs, cats, and hamsters) [146–149], either as exclusive diet or supplement.
Results from such studies suggest that BC may also be a useful nutritional and bioactive
supplement for newborn infants, especially for gut functions, as its biological effects are
only partly species-specific. The mechanisms whereby supplementary BC may induce
effects in the gut of another species via nutritional, growth-stimulating, immunological,
and/or antimicrobial factors (Figure 2) may be similar to possible mechanisms for effects
of colostrum/milk versus formula to infants, as illustrated in Figure 4.

The most widespread use of BC in non-bovine animal species is for piglets. Modern
pig breeds often produce more offspring than the number of functional teats on sows, and
thus there is a need to provide nutrition and passive immunization of newborn piglets
that do not get adequate sow’s colostrum [150]. Supplementing such piglets with intact
BC increases their survival, but it remains lower than for species- and herd-specific sow’s
colostrum provided via their own mother or foster mothers [144]. As in the human infant,
supplementation of BC in piglets has the potential to affect host immunity initially via its
interaction with gut pathogens and mucosal epithelial cells. Similarly, supplementation
of BC with porcine plasma may further improve GI health and development in newborn
pigs, demonstrating that this as a partly species-specific substitution for porcine colostrum,
relative to formula [60]. In these studies, the gut trophic and enzyme maturation effects of
exclusive BC feeding were similar to, or even exceeded, the effects of porcine colostrum.

3.2. Preterm Infants and Animal Models

In humans, preterm birth (<90% gestation or <37 weeks in humans) occurs in 5–15%
of all pregnancies [151]. The most immature, very preterm infants (<32 weeks gestation)
suffer most from complications in pregnancy (e.g., inflammation, infection, and placen-
tal dysfunction) or immediate postnatal period, resulting in growth failure and various
longer-term maladaptation syndromes [152,153]. In the weeks after birth, very preterm
infants have high susceptibility to systemic infections (bacteremia and LOS), gut disor-
ders (FI and NEC), lung complications (bronchopulmonary dysplasia, BPD), and brain
damage (intraventricular hemorrhage, IVH; cerebral palsy). Not surprisingly, these infants
need specialized clinical care, but despite the challenges, survival, health, and growth of
preterm infants, even when birth occurs as early as 60–70% gestation (24–28 weeks), have
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increased dramatically in the past decades. Improved care for these infants has come partly
via advances in nutritional care (parenteral nutrition, donor milk, specialized formulas,
and better feeding routines) and immunological protection (pro- and antibiotics, and im-
munomodulatory drugs). Especially in preterm infants, intact BC or fractions thereof may
have direct and indirect health effects by modulating the gut immune system, reducing gut
inflammation and enhancing mucosal integrity and tissue repair (see Figure 4 for overview
of possible mechanisms).
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The potential for using BC specifically to support nutrition and immunological pro-
tection of this highly sensitive infant population has remained largely unexplored until
recently. It is possible that preterm infants, because they have an immature gut, immune
system, and metabolism, have some physiological and immunological similarities with
newborn farm animals, for whom colostrum intake just after birth is absolutely essential for
survival. Recently, stepwise pilot-phase safety trials that involved using a powdered intact
BC product during the first 2 weeks of life were completed in Denmark and China [154,155].

The studies indicated no adverse clinical effects of BC supplementation, increased
enteral protein intake (when feeding with human milk), and/or a shortened time to reach
full enteral feeding (when feeding formula). However, elevated plasma tyrosine suggested
that excessive protein intake from BC may be a concern, especially in the first week of
life (see also later section). These pilot studies suggest that a growth-stimulating effect
of adding BC to human milk or formula may relate to indirect effects via the developing
gut microbiota, potentially via Igs, which, in turn, affect plasma amino acid levels to a
composition more favorable for growth [156]. Studies indicate that intestinal absorption
of human colostral proteins can occur [46–48,157], yet the capacity of preterm infants to
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absorb Igs from BC is very limited or absent [154,155]. A larger study is ongoing to confirm
these initial observations, feeding a maximum of 50 mL/kg/d BC (ColoDan, Biofiber,
Denmark) as a supplement to formula for very preterm infants in the first 2 weeks of
life, with time to full enteral feeding as the primary outcome (n = 350, ClinicalTrials.gov:
NCT03085277).

The interest to use BC for nutritional and immunological support of preterm infants
was sparked by a large series of studies in preterm pigs over 15 years. The neonatal pig
has been used as a model for human infant nutrition and gastroenterology for decades
based on homologies with regards to physiology, anatomy, and metabolism [158–160].
We first began by studying pigs delivered by caesarean section at 90% gestation and
observed that feeding porcine colostrum to newborn preterm versus term pigs induced a
marked trophic and functional gut response, for some parameters even more than for term
animals [161]. Subsequent studies showed that preterm pig intestines were highly sensitive
to formula feeding, even more than preterm infants, and spontaneously developed diet-
and microbiota-dependent NEC in the first 1 to 2 weeks of life [162,163]. Further studies
demonstrated that bovine and porcine colostrum were equally effective in inducing body
and gut growth and in protecting against inflammatory conditions in preterm pigs (NEC
and LOS; see later disease section [163–166]). We also showed that BC-fed preterm piglets
had a remarkable capacity to rapidly adapt their gut and immune development to that in
term pigs (within 1 to 2 weeks) [167,168], while brain and neurodevelopment were slower
in reaching normal levels (within 3 to 4 weeks) [169–172] when fed BC during the first
week. These studies clearly indicated the potential to use BC in states of immaturity with
a high sensitivity to gut and immune disorders. Importantly, we subsequently showed
that human donor milk was also relatively effective in protecting preterm pig against
NEC [173]. However, when fed in a minimal enteral feeding protocol, BC was more
effective than donor human milk to reduce the density of mucosa-associated bacteria and
putative pathogens [174]. These studies in preterm pigs suggest that common component(s)
in porcine and bovine colostrum and in human donor milk provide protection against the
development of NEC and importantly that these factors are not species-specific.

The above studies highlight the value of the preterm pig as a preclinical model to
evaluate the function and nutritional availability of milk diets, supplements, and novel
ingredients in the clinical support of preterm human infants. It is also notable that, be-
sides gut complications (feeding intolerance and NEC), this model incorporates a range of
the complications that are commonly known from moderately and very preterm infants,
such as respiratory insufficiency; impaired growth; dysmotility; high sepsis sensitivity;
metabolic derangements; and kidney, liver, and brain dysfunctions [158,159,175,176]. The
integration of all of these complications into the same clinical model is a great advantage
over other (rodent) models in neonatology, because any intervention, including the first
milk diet, is likely to have multi-organ effects. Due to the similar size (0.6–1 kg) and physiol-
ogy of 90% gestation preterm pigs and 70% preterm infants, clinical tools and interventions
can be made similar (e.g., respiratory care, parenteral/enteral nutrition, use of diagnostic
imaging techniques, repeated blood sampling from indwelling catheters, and surgical
interventions) [158]. Potentially, preterm pigs may also be used to test the interacting
effects of BC for gut and skin healing in preterm newborns and the interacting effects with
non-medical clinical routines, such as maternal singing, skin-to-skin contact, and kangaroo
care [177]. A recent study demonstrated reduced gut complications in preterm pigs being
co-bedded, facilitating sibling skin-to-skin contact [178]. The possibility that the immuno-
logical properties of BC may benefit the immature skin of preterm newborns, having altered
cell differentiation and perturbed barrier functions [179], remains unexplored.

3.3. Growth-Restricted Infants, Children, or Animal Models

There is a potential to use BC as a supplement in conditions of growth-restriction in
developing countries, mainly because the non-nutritive immunoprotective components
may alleviate clinical risks of infection and inflammation and thus limit negative impacts
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on growth at birth or later in infancy and childhood. However, it is not recommended
to feed BC as the sole diet to promote growth (see later section). In clinical practice,
the specific effects of nutrition-induced growth restriction (e.g., poor placental function
before birth and deficient nutrient intake after birth) can be difficult to separate from
associated increases in inflammation and infections. A number of studies performed
mainly in developed countries indicate that providing hyperimmune supplemental BC
reduced severity of diarrhea in children that have evidence of GI infection (see more
in later section) [180,181]. Whether colostrum supplementation increases growth and
development in growth-restricted infants born at full term, without associated diseases
(infectious, inflammatory, or other), is unknown.

For infants, it is well-known that growth restriction at birth is a risk factor for many
later diseases, especially if birth also occurs prematurely, making the infant both under-
weight and immature. A large proportion of preterm infants are born intra-uterine growth
restricted (IUGR) and after birth they may continue to experience slow growth related
to their increased postnatal complications, resulting in extra-uterine growth restriction
(EUGR). Human milk is relatively deficient in some nutrients, especially protein and select
minerals (e.g., Ca, P, Fe, and Zn), to support optimal growth of such infants from 1 to
2 weeks of age. Thus, nutrient fortifiers to human milk are needed and a number of prod-
ucts based on typical formula products are available on the market [182]. Due to its high
content of both nutrients (protein) and immunomodulatory factors, BC has been speculated
to have a potential as a nutrient fortifier to human milk. As a basis for the human trials,
we have tested the efficacy of BC as a fortifier to donor human milk in preterm pigs in the
first weeks of life. In pigs fed donor human milk, fortification with BC was superior to
formula-based fortifiers to support growth, gut function, nutrient absorption, and mucosal
defense [183,184]. The studies are significant because they suggest that, even though BC
and donor human milk do not contain pig- and species-specific immune components
(e.g., Igs and LF), their local gut effects and non-specific systemic immune effects appear
sufficient to support health and development in preterm pigs.

Reduced growth and health challenges of newly weaned piglets can be viewed as an
animal model for the nutrition and immune challenges often observed in infants weaned
early from their mother and fed alternative milk or vegetable diets, particularly when
reared in low-sanitary environments in developing countries. When pigs were weaned
later (3 to 4 weeks) on to vegetable-based diets, growth, intestinal function, and immunity
were improved (local and systemic IgA, Th1 and Th2 cytokines, and nutrient digestion
and absorption) by supplementing small amounts of intact BC or colostrum whey pow-
der (1–10 g/kg body weight per day). Effects occurred mainly during the immediate
post-weaning period when digestive complications, microbial perturbations, and adverse
immune responses were most pronounced [185–190]. A few days of exclusive BC feeding
post-weaning (40–45 g/kg/d) reduced diarrhea, E. coli (Enterobacteriaceae) density in intesti-
nal contents and tissue, and Gram-negative mucosal immune responses (TLR4 and IL-2),
but it also increased short chain fatty acid production, in part due to excessive protein
supply and fermentation [187,188]. Collectively, the studies in young piglets support that
supplemental BC indirectly improves body growth via improved gut functions and immu-
nity, especially in conditions of stress and inflammation, such as the weaning transition,
probably reflecting the mechanisms illustrated in Figure 4. As for infants and children, the
optimal BC intake to stimulate body growth in various clinical conditions is unclear.

4. Bovine Colostrum to Prevent or Treat Specific Pediatric Diseases
4.1. Gut and Lung Infections in Children and Animal Models

One of the most extensively studied applications of BC is treatment of gut infections
in children, including rotavirus, enteropathogenic and enterotoxigenic E. coli, Shigella, and
Helicobacter pylori infections (for detailed reviews, see References [19,23,62]). Most of these
studies have been conducted by using hyperimmune BC, which is produced by immuniz-
ing cows with select pathogens or toxins prior to lactation, with the intention to obtain
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BC with enriched titers of pathogen- or antigen-specific IgG antibodies. Studies also have
used different forms of immunoglobulin-enriched products, including IgG-rich colostrum,
IgG-isolates from colostrum or milk, and serum-derived IgG. The products used in the
clinical studies were tested for prophylactic or therapeutic effects in field settings, as well as
in controlled pathogen challenge models. In two double-blind placebo-controlled studies
and two controlled studies designed to treat rotavirus diarrhea, children aged 4–30 months
given hyperimmune BC or concentrated antibodies showed significant clinical reductions
in duration of diarrhea, stool frequency and duration of virus shedding [191–193]. How-
ever, a similar study showed only modest benefits [194]. In controlled studies to treat
enteropathogenic E. coli (EPEC), children with diarrhea were given hyperimmune bovine
milk immunoglobulin concentrate for 10 days. Negative EPEC cultures were found in
84% of treated cases, but in only 11% of control children [195]. In another double-blind
placebo-controlled study, children with E. coli–induced diarrhea were treated with milk
concentrate from cows hyperimmunized with enterotoxigenic E. coli (ETEC), but no ben-
eficial effects on duration of diarrhea or stool frequency were observed [196]. In other
placebo-controlled studies, children infected with Shighella were treated with hyperimmune
BC with one study showing a reduction in stool frequency [197] and another study no
effect [198]. Studies in adults and pathogen challenge studies with Clostridium difficile,
ETEC, and Cryptosporidium parvum showed that hyperimmune BC products can indeed
reduce diarrhea and the presence of pathogens in stool [19,62].

Studies designed to prevent gut infections with rotavirus in children have shown a
protective effect of feeding hyperimmune BC or immune concentrates [199–201]. However,
in another large controlled field study, where immune fractions from cows immunized
with rotavirus and E. coli were added to infant formula, there was no protection against
diarrhea [202]. Thus, a summary of the studies in children infected with either rotavirus or
E. coli suggest that they are not uniformly positive, and are heterogeneous with regard to
dose, duration of treatment and form of colostrum product. However, a majority of the
studies found a clinical benefit on diarrhea outcomes when treated with hyperimmune
BC. Likewise, the studies targeting prevention of rotavirus by feeding hyperimmune BC
showed positive effects of reduced diarrhea outcomes. Importantly, hyperimmune BC
directed against specific pathogens, in this case rotavirus, has clear therapeutic potentials
in children and better effects than against pathogenic bacterial species. A recent meta-
analysis including 213 children mostly supplemented with hyperimmune BC indicates
reduced severity of diarrhea in children that have evidence of GI infection with E. coli and
rotavirus [180]. The clinical evidence may suggest that non-immune BC is less effective
in controlling gut diseases than hyperimmune colostrum derived from pathogen-specific
immunized cows. However, a recent double-blind RCT with 160 children with evidence
of GI infection performed in Egypt showed that providing supplemental non-immune
BC reduced severity of diarrhea [181]. An important observation from these studies, in
children as young as 3 months of age, is the absence of any adverse effects of BC. This point
raises the question of whether BC can be safely fed to even younger term infants and those
born preterm. Possibly, BC can be particularly effective in preventing bacterial translocation
and additional immune protection in immature states of gut microbial colonization (e.g.,
low species abundance and diversity) and mucosal immunity (e.g., mucous production
and immune-cell responses).

In addition to binding GI tract associated pathogens, IgG from BC can bind to res-
piratory pathogens, such as human Respiratory Syncytial Virus (RSV), influenza virus
and Streptococcus pneumonia [203]. This immunomodulation explains why raw milk
consumption (provision of more intact IgG) is associated with fewer upper respiratory
tract infections and otitis media [204]. While the studies suggest that BC can prevent upper
respiratory tract infections, the many open, non-controlled prospective studies should
be interpreted with caution. A role for IgG from BC in preventing or ameliorating viral
respiratory tract infections is possible, but whether this protective effect will also affect
allergy prevalence remains to be established [19]. The reduced prevalence of allergy in
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farming families in many countries [205] may be related to intake of unpasteurized milk
(containing more intact IgG and immunological factors) by both infants, children as well as
their pregnant and lactating mothers.

Again, important lessons are available from studying the effects of intact or frac-
tionated BC in developing pigs with infections. Effects on lung infections are poorly
documented, but a number of reports show specific abilities of BC to protect gut epithelial
cells against infections, even without prior immunization of pregnant cow’s against specific
pig pathogens. Thus, the increased in vitro membrane permeability caused by piglet ETEC
bacteria was decreased by three different BC fractions [206]. The fractions contained widely
different amounts of Igs and growth factors, suggesting that individual BC factors do not
alone explain the protective effects, but antimicrobial compounds such as LF, lysozyme, and
lactoperoxidase may all be involved in synergy [206]. In vivo, exclusive feeding with intact
BC prevented diarrhea, relative to formula-fed piglets, probably via inducing a higher
ratio of lactic acid bacteria to hemolytic E. Coli, and lower expression of intestinal Toll-like
receptor-4 and IL-2 [187,188]. Similar antibacterial and immune modulating effects in
newly weaned piglets were found by other investigators after supplementation with intact
BC [185,186,189], but whether such effects extend to organs distant to the gut (e.g., lungs)
remains unknown It is noteworthy that small BC supplements to weanling 3-to-4-week-old
pigs (0.5–1 g/kg/day) slightly increased systemic IgA levels (likely gut-derived) [185,186],
potentially supporting epithelial protection throughout the body, while an exclusive BC
diet from day 3 of life (40–45 g/kg/day) had no effects on systemic IgG, IgA, or IgM [188].

4.2. Necrotizing Enterocolitis in Preterm Infants and Animal Models

Necrotizing enterocolitis is the leading cause of infant death from GI disease in infants,
affecting 3–10% of the hospitalized preterm infants around the world [158,207]. NEC has a
mortality as high as 50%, and surgical intervention is necessary in 20–40% of cases, leading
to increased morbidity. Three key features necessary for NEC pathogenesis are infant
prematurity, the presence of gut microbiota, and enteral feeding, especially infant formula.
Importantly, feeding mother’s own breast milk has been shown to effectively reduce the
incidence of NEC in preterm infants [9]. The fact that feeding breast milk prevents NEC,
especially in preterm infants, suggests that two key features of NEC, namely the microbiota
and enteral feeding, may be neutralized by the important immune factors present in human
colostrum and milk, but their absence in infant formula.

A recent meta-analysis summarized results from eight RCT studies (n = 394 infants)
including mostly preterm infants given human or BC via oropharyngeal route during the
first 48 h of life demonstrated no effect on NEC incidence or all-cause mortality, but a trend
to reduce culture proven sepsis and reduced time to full feeds [208]. The ongoing large
clinical trials on very preterm infants in Denmark and China (<1500 g, total n = 700) will
soon provide more evidence for safety and efficacy of providing BC to preterm infants
to protect against NEC, but also against milder gut immaturity complications, such as
constipation, feeding intolerance, and diarrhea [154,155,209]. However, in none of these
trials was NEC the primary outcome, because of its low prevalence in the above countries
(<5% [207]), requiring a very large sample size to verify NEC effects. Indirect evidence
to support BC for protection against NEC comes from studies showing that BC contains
IgG and IgA antibodies directed against pathogens that have been associated with NEC,
such as Klebsiella, Citrobacter, Enterobacter, and Serratia [210]. A pilot clinical study in
India (total n = 86) showed no benefits of providing a processed BC product to very
preterm infants, and there were even indications (although not significant) of increased
gut inflammation, indicated by elevated IL-6 in stool samples and radiological features of
NEC [211]. Relatively large amounts (5–8 g/kg/d) of product (Pedimmune, Merck, India)
were fed for up to 3 weeks with mixed feedings, and its safety related to other constituents
than BC alone was questioned (e.g., excessive osmolality). In another recent study on
preterm infants (total n = 80, <34 weeks gestation), an intact BC product (Immuguard,
Dulex-Lab Pharmaceutical, Egypt) increased systemic T-regulatory (Treg) cell number



Nutrients 2021, 13, 2551 19 of 41

and showed a clear tendency to improved feeding tolerance, growth and resistance to
NEC [212]. In this study, maximum 20 mL/kg BC fluid (e.g., <1 g/kg/d) was supplemented
to daily formula meals and was compared to formula alone for a maximum of 2 weeks,
while gradually transitioning infants to full formula feeding when mother’s own milk
was unavailable.

Beyond the few published clinical studies described above, no studies have examined
the effects of BC supplementation on NEC. However, there are a number of clinical studies
that have tested whether feeding human immunoglobulin preparations can prevent the
incidence of NEC [213–217]. Three of the five clinical studies, based on a total of 2095
infants, were reviewed, and it was concluded the current evidence does not support admin-
istration of oral immunoglobulin for NEC prevention [218]. The earliest reported studies,
showing a protective effect of human Igs against NEC, were small, the outcome assess-
ments not blinded, and infants that received human breast milk were excluded [213,215].
This contrasts with the more recent large randomized placebo-controlled double-blind
study where 90% of the infants received breast milk, and with no effect of immunoglobulin
supplementation [214]. Here, the immune protection provided by breast milk itself may
explain that additional immunoglobulin had no effect. Additionally, Eibl et al. (1988) [213]
and Rubaltelli et al. (1991) [215] administered the oral immunoglobulin within the first
24 h following birth, whereas Lawrence et al. (2001) [214] only began oral supplemen-
tation after initiation of enteral feeding. The Lawrence et al. (2001) and Rubaltelli et al.
(1991) studies used preparations containing predominately IgG, whereas the study by
Eibl et al. (1988) used an immunoglobulin mixture containing 73% IgA and 26% IgG. The
Lawrence et al. (2001) study also fed a higher dose of immunoglobulin (1200 mg/kg/bw)
than the Eibl et al. (1988) and Rubaltelli et al. (1991) studies (600 mg/kg/bw). Thus, from
the available studies in preterm infants, is would appear that supplementing BC may be
safe, but the benefits on endpoints of growth, morbidity and disease outcomes are lacking
given the relatively small number of studies reported.

The available evidence from pigs suggest that Igs, and a wide range of antibacterial
and immunomodulatory factors in BC [3], may work across species, and therefore have
protective effects against pathogens and inflammatory reactions in the infant gut. Using
preterm pigs as a model of infant NEC [52,158,163,219], BC has been shown to effectively
reduce NEC incidence, compared to different feeding regimens of infant formulas, human
milk or even amniotic fluid (the natural fetal ‘enteral diet’) [163,164,174,183,184,219–238].
The effects were most pronounced within the first week after preterm birth [174,229,239],
with similar efficacy as porcine colostrum [164] and may ameliorate damage induced by ear-
lier or later formula feeding [223,233,239,240], at least when representing a major part of the
daily diet [240]. Importantly, BC maintained its in vivo efficacy to protect against NEC in
preterm pigs following the spray-drying and heat-pasteurization required for long shelf life,
easy handling, and product sterility [232]. Preterm pigs have provided detailed insight into
the possible modes of action of BC to prevent NEC development. The effects of BC include
stimulation of physical activity [171], feeding-induced mucosal growth [164,223,229], diges-
tive enzyme support [174,184,229,233,240], better nutrient absorption [173,174,224,229,241],
improved enteric nervous system development [227,234,242], dampened bacterial over-
growth [163,164,173,174,223,233], reduced intestinal cytokine responses [219,229,230,233],
less intestinal permeability [173,174,224,229,233], prevention of pathogen adherence to the
gut epithelium [173,184,236], greater production of intestinal mucus [163,243], and reduced
bacterial fermentation of nutrients to lactate and short chain fatty acids. It is not clear if
BC mediates these effects on NEC by altering gut bacterial colonization. We found no
consistent changes in microbiota community profiles associated with BC-induced NEC
protection, particularly not during the first week after birth when colonization is chaotic
and highly variable [164,173,174,219,223,229,244]. In week two after birth, BC feeding
appeared to produce a more robust impact on the gut microbiota, preventing overall
bacterial adherence to the mucosa, and proliferation of potentially pathogenic strains of
Campylobacter, Helicobacter, Enterococcus, and some Clostridia [174].
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4.3. Fetal Infection and Neonatal Sepsis in Infants and Animal Models

A large fraction of the infants born prematurely are born in response to maternal
infection (chorioamnionitis) with exposure of the developing fetus to gut, lung and systemic
inflammation in utero. Such prenatal insults are associated with infections just after birth
(early onset sepsis, EOS) and altered immune system development with a range of adverse
short- and longer-term outcomes across many organs (e.g., NEC, BPD, and IVH) [245].
The health consequences of fetal inflammation for preterm infants are highly dependent
on the type, length and level of fetal infection-induced inflammation, from inducing a
precocious (potentially beneficial) immune maturation, to adverse immune defects with
subsequent widespread inflammatory insults [246,247]. No studies are available in infants
but in theory, BC supplementation may ameliorate the postnatal consequences of fetal
inflammation by better control of bacterial colonization after birth and modulation of local
and systemic immune responses. In preterm pigs, postnatal BC feeding was clearly more
effective than formula feeding to dampen the gut inflammatory effects of experimental
intra-uterine infection of the fetus [238,248].

Even without fetal inflammatory insults, newborn preterm infants are highly sus-
ceptible to LOS) following systemic infections caused by entry of bacteria across their
permeable barriers (skin, lung, and gut) or via indwelling catheters for parenteral nutrition
and intravenous medication. Between 10 and 40% of hospitalized preterm infants expe-
rience one or more periods of systemic infection [183,249,250]. Preterm infants are more
predisposed to LOS because of immature function of circulating innate and adaptive im-
mune cells, and an inability to mount an effective immune response to eliminate invading
microorganisms. They rely on a disease-tolerant rather than a disease-resistant strategy
to combat infections [251]. There is no doubt that mother’s own milk, via IgA and other
immunomodulatory components, decreases sepsis sensitivity [252].

Whether BC supplementation decreases the risk of sepsis, especially in formula-fed
preterm infants, is unclear. A colostrum-like product showed no effect on sepsis in the pre-
viously mentioned Indian study [211], while the Egyptian study reported a clear tendency
of fewer LOS cases. The latter study showed more systemic Treg cells, inducing a more
disease-tolerant state, when formula-fed preterm infants were supplemented with BC from
birth [212]. Blood T-regulatory cells (Tregs) are critical factors in regulating the newborn
innate and adaptive host response to infection and prevent excessive tissue inflammatory
damage whilst allowing development of the immune system components, necessary to
combat infections (Th1). The results are promising and may suggest a preventive effect
of BC against LOS, but results need to be confirmed in more immature infants receiving
variable amounts of human milk and formula.

In preterm pigs, heat treatment (pasteurization) reduced the capacity of human milk to
reduce systemic infection [253], yet the addition of BC to pasteurized donor milk improved
its capacity to prevent infection [184]. Direct antimicrobial effects of BC are supported by
studies in vitro, both in combination with formula [254] and human milk [250]. Conversely,
potential indirect effects, such as improved gut integrity, reduced bacterial transloca-
tion, and systemic immunity, in immature newborns are supported by studies in both
piglets [229] and rodents [255]. Such luminal effects of BC, facilitating systemic immune
protection, may explain why BC feeding markedly reduced adverse clinical symptoms and
brain defects in a preterm pig sepsis model [166]. However, reduced systemic neutropenia
and bacterial clearance, relative to formula feeding, were observed mainly when BC was
fed in the first days after preterm birth, not later [165,239]. Because preterm pigs are able to
absorb intact Igs during the first day after birth, some of these effects may be mediated via
circulating bovine Igs, and these effects could be pig-specific, and not relevant for human
infants. Regardless, enteral feeding with BC may reduce sepsis sensitivity in both infants
and pigs, especially just after preterm birth.
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4.4. Inflammatory Bowel Disease in Adolescents or Animal Models

Inflammatory bowel disease (IBD) comprises multiple GI disorders, including Crohn’s
disease (CD) and ulcerative colitis (UC), and has multifactorial etiology that involves an
exaggerated immune response in genetically select groups in response to an environmental
factor [256]. The incidence of pediatric IBD is increasing and it develops mainly in adoles-
cence (ages 10–17), but can also occur in younger children less than 5 years of age. Common
treatments of pediatric IBD are corticosteroids, amino salicylate, and immunomodulatory
agents, such as thiopurines, methotrexate, and anti-TNF antibody drugs. Many of these
treatments have important adverse side effects that can reduce body growth and skeletal
development during this critical stage of life. Key factors that are commonly altered in
cases of IBD and its treatment are the gut microbiota composition and nutrition, since both
elements can interact to affect the mucosal immune response [257]. Since nutrition plays
a key role in pediatric growth and can also modulate IBD morbidity, dietary approaches
have been used in treatment, including use of exclusive and partial enteral nutrition as
well as dietary exclusion. The use of exclusive enteral nutrition involves nutrition inter-
vention using a complete liquid formula and is recommended as a first-line therapy for
mild-to-moderate IBD by the European Society of Pediatric Gastroenterology, Hepatology
and Nutrition (ESPGHAN).

There are no clinical studies in pediatric patients and only one study that has examined
the effect of BC in adult IBD patients with distal colitis [258]. This study involved a small
randomized double-blind controlled protocol in middle-aged (45 years) patients with mild
to moderately severe distal colitis, given twice daily rectal enemas of either a purified BC
product (100 mL of 10% solution) or a control bovine serum albumin solution for four
weeks. Several of the patients in both groups were concurrently taking amino salicylate.
The BC enemas were well tolerated, and the results showed a significant reduction in
clinical symptom score after two weeks in BC-treated patients with no improvement in
controls. Further, BC-treated patients’ biopsies showed improvement in histological score.

The above human study is supported by studies in a mouse DSS colitis model show-
ing that relatively low daily oral gavage of BC (20 mg/kg/bw) improved occult blood,
stool consistency, and clinical recovery from colitis, but without preventing the initial
weight loss [259]. Conversely, human colostral sIgA (1 to 2 mg/kg/bw) improved re-
covery of weight loss induced by colitis [259]. Oral gavage with higher daily intakes
of BC (100 mg/kg/bw but not 500 mg/kg/bw) in DSS-treated mice also showed protec-
tion against tissue injury, and the effects were partially mediated by the IgG present in
BC. In a mouse model of TNBS-induced colitis, a relatively high daily oral BC intake
(100 mg/mouse) for 21 days reduced colonic tissue injury, proinflammatory cytokine ex-
pression, and abundance E. coli and Enterococci [260]. Taken together, despite only a single
human adult IBD study, the results in mouse colitis models suggest that oral BC offers some
protection against mucosal inflammation and tissue injury. This experimental evidence
encourages further well-designed, clinical trials in pediatric IBD patients to explore the
benefits of BC to reduce disease morbidity.

4.5. Short-Bowel Syndrome in Infants or Animal Models

Short bowel syndrome (SBS) is the clinical condition resulting from surgical resection
of large portion of intestine due to congenital defects (intestinal atresia and gastroschisis)
or disease-associated loss of absorption, leading to an inability to maintain nutrient balance
when fed a normal diet. In pediatrics, disease-related SBS is prevalent, resulting from
severe NEC lesions, requiring removal the affected (necrotic) parts of the intestine and/or
colon. The clinical condition is particularly severe after removal of the distal part of the
small intestine, as demonstrated in both patients and animal models, possibly due to the
dense localization of immune and enteroendocrine cells in the ileum [261].

Preterm infants with SBS after NEC and intestinal resection depend on small volumes
of enteral food, in addition to parenteral nutrition, to stimulate gut growth and adaptation,
without overloading the immature, remaining parts of the resected gut. Human milk is the
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recommended diet for all preterm infants, including SBS infants, but when the mother’s
own milk or donor human milk is not available, formulas are used. Again, a protein-rich
and growth-factor-rich non-human milk diet, such as BC, could be a relevant supplement
to this diet. In a pilot study, children (>1 year) with SBS due to a previous episode of NEC
and surgery did not improve their intestinal functions (nutrient balance) after inclusion of
BC in the enteral diet [262]. Enteral BC supplementation was well tolerated by preterm
infants shortly after surgery, with no signs of cow’s milk allergy [263], but more studies
are required to substantiate if and how BC should be used for this highly sensitive patient
population. A number of both infant- and feeding-related factors (e.g., gestational age,
postnatal, resection type, feeding volume, and other diets) may affect responses, making it
very difficult to fully document benefits or possible harm in infant studies.

The clinical complications observed after 50% distal intestine resection in preterm
pigs are similar to those in infants subjected to intestinal resection for reasons other than
NEC [261]. However, surgical resection in preterm pigs following extensive NEC lesions
is difficult due to both practical and ethical limitations in the care of such individuals.
Importantly, the postsurgical adaptation responses to enteral formula feeding are reduced
in preterm versus term SBS pigs, and the clinical complications, such as hemodynamic
instability, hypothermia, intestinal dysmotility, dehydration, respiratory distress, and
peritonitis, are more severe [264]. Preterm SBS pigs have a blunted postsurgical increase
in intestinal protein synthesis, villus height, crypt depth, and digestive enzyme activities
when compared with the corresponding intestinal segment in unresected control pigs.
In such piglets, there is limited effect of providing enteral diets, either as infant formula
or BC [263], yet the enteroendocrine growth factor glucagon-like peptide 2 (GLP-2) had
marked effects immediately after resection [265]. The diminished adaptation in preterm
and term newborn pigs contrasts with the structural and functional adaptation of the
remnant distal part of the intestine in slightly older (4–8-week-old) suckling pigs that
were subjected to resection. In these older pigs, a BC concentrate significantly increased
adaptation and circulating levels of insulin-like growth factor 1 (IGF-1) [266,267] and
GLP-2 [268]. These findings suggest that the effect of BC in developing SBS individuals is
highly dependent on the stage of maturation, as well as many other confounding variables.

4.6. Chemotherapy-Induced Mucositis

Childhood leukemia is the most common cancer found in children. Gastrointestinal
mucositis is a common adverse advent of cytotoxic anticancer treatment that increase mor-
bidity and mortality. Chemotherapy-induced mucositis (CIM) is an inflammatory process
that affects mucosal surfaces and submucosal layers, and is often considered the most
serious side effect of cancer treatment. Beyond the problem of mucosal inflammation itself,
CIM may adversely affect nutrient and fluid absorption, influence endocrine functions of
the intestine, and increase intestinal permeability. CIM also affects innate and adaptive
immune functions of the developing intestine, leading to malnutrition, microbial translo-
cation, and systemic inflammatory complications [269]. Considering these complications,
coupled with the immune-depressing effects of the cancer itself (especially in leukemia),
it is not surprising that BC has been speculated to alleviate the complications of CIM in
pediatric patients.

In a recent study on childhood acute lymphoblastic leukemia (ALL), children with
newly diagnosed ALL were randomized to receive daily BC or placebo supplements during
4 weeks of chemotherapy induction treatment (total n = 62). No differences were found
for days with fever (primary outcome), bacteremia, or inflammation, but peak severity of
oral mucositis was reduced by BC supplementation, despite that only small amounts of BC
(0.5–1 g/kg/d) were ingested by these severely ill pediatric patients [270].

In piglet models of pediatric CIM (without the associated cancer), whole BC had
beneficial effects on gut responses after chemotherapy compared with infant formula, but
less when compared with intact bovine milk. BC ameliorated the short-term effects of
doxorubicin [271–273] and also of the more intense myeloablative chemotherapy treatment
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using busulfan and cyclophosphamide [274,275]. Thus, BC may support the general
nutritional status, but it may also promote specific gut mucosal integrity via antimicrobial
and endotoxin-neutralizing effects, suppression of gut inflammation, and promotion of
mucosal tissue repair.

5. Processing of Bovine Colostrum for Use in Pediatrics

Infants, especially those born preterm or otherwise immunocompromised, may benefit
from the antibacterial, immunomodulatory, and growth-stimulating effects of BC (Figure 2).
Therefore, the adverse effects of processing colostrum to its constituents (e.g., bioactives,
macronutrients, and micronutrients) are more likely to impact the response of these infants
to BC supplementation, relative to more robust term infants and children. Processing pro-
cedures differentially reduce the content of many bioactive factors in BC [225,232,254,276],
and while this may decrease in vivo bioactivity, it does not eliminate it, partly due to
the high amounts present in native BC before processing. Igs and LF are relatively sen-
sitive to heat damage, while other bioactive peptides, such as IGF-1 and TGF-β, are less
sensitive [276–278]. Consequently, IgG and LF are often used as markers of BC bioactivity.

There are similar challenges in the preservation of the natural bioactivity of human or
bovine milk concentrates. In NEC-sensitive preterm pigs, untreated or gently sterilized
(ultraviolet-light lower-temperature sterilization) human donor milk or bovine whey pro-
tein concentrates have superior effects to protect against NEC, intestinal inflammation and
systemic infections, relative to products subjected to more intense heat [225,253,279,280].
The same may be true for BC. Thus, care should be taken not to eliminate colostral bioac-
tivity during industrial processing, despite the need to provide a microbiologically safe
product, for infection-sensitive newborn infants.

The product- and host-related effects of different processing steps have been exten-
sively studied for dairy products (i.e., freezing, thawing, ultra-filtration, heat- or freeze-
drying, food matrix effects, heat pasteurization, ultrahigh heat treatment, irradiation, and
storage conditions with regards to temperature, oxygen pressure, and moisture). Much
less is known about colostrum, but such processing steps are critical to ensure microbi-
ological safety. The processing effects may differ between mature milk and colostrum
due to widely differing composition of both nutrients and heat-sensitive bioactive factors
(Figure 3) [3]. Concern for damage to BC by standard heat treatment is not primarily
related to macronutrient levels (e.g., protein, lipid, carbohydrate, minerals, and vitamins),
but to effects on heat-sensitive proteins that may lose their biological function. Thus,
denaturation of colostral proteins by standard heat treatment will not likely reduce amino
acid absorption kinetics, which is determined more by protein composition (casein and
whey), as shown in piglets [35]. In individuals with immature digestive function (preterm
infants), protein digestibility and amino acid absorption may be improved by heat-induced
protein denaturation, as shown in infants after ultrahigh temperature (UHT) treatment of
formula [281].

Differential clinical responses to BC supplementation of infants and children in the
previously reported clinical trials (e.g., gut, immunity, infections, and growth) may arise
from processing-related differences in the contents of BC bioactives. Bioactivity of dif-
ferent commercially available BC products varies markedly, as measured in vitro (up to
6-fold) [282]. This inconsistency in bioactivity is a great concern for use of BC as therapy
for hospitalized infants and children. The factors in BC that support gut development,
immunity and survival in other species are heat-sensitive. When whey protein concen-
trates are severely heated (80–85 ◦C, 20–30 min), a reduction in gut-protective effects is
observed [279,280]. In contrast, raw, frozen, and mildly heat-treated BC may retain its
bioactivity to protect against gut disorders and inflammation, as demonstrated in newborn
term pigs [144,224,283,284].

In addition to heat pasteurization, milk and colostrum components are exposed to
significant heat during the spray-drying process to obtain a powdered dry product for
easy handling and long shelf life. This process, with or without vacuum-concentration,
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induces relatively minor damage to milk proteins [285], probably due to the large surface
area of milk particles during the evaporation and drying process. Both in vitro cell stud-
ies and in vivo studies in immature pigs, analyzing fresh and spray-dried BC, support
this [224,232,254,276]. Conversely, one or several pasteurization steps, especially using
the fast high-temperature method (15 s, 72 ◦C), relative to the more gentle, slow low-
temperature Holder pasteurization method (30 min, 63 ◦C), induces much greater damage
to many colostral proteins [254,276]. In our studies, attempts to secure a near-sterile in-
tact BC product for preterm infants by exposing the product to additional irradiation,
induced further protein and amino acid modifications, potentially affecting both nutrient
availability and product bioactivity. On the other hand, it can eliminate common low-
density pathogens in processed milk powders, such as Bacillus cereus, that often escape
heat pasteurization steps [254]. While it remains unclear if different processing steps
reduce BC bioactivity for infants and children in vivo, it remains critical to balance the
need for microbiological safety against processing-related damage to milk proteins. In
the ongoing preterm infant studies [154,155,209], we used a low-temperature pasteur-
ized, gamma-irradiated, spray-dried BC product, carefully characterized for its bioactivity
in vitro [250,254,276] and in vivo in preterm pigs [232].

The obligation to secure microbiological safety of human donor milk (typically by heat
pasteurization) for sensitive preterm newborn infants may decrease its natural protective
bioactivity. This may present an option to use BC as a supplement or a fortifier to human
donor milk. Pasteurization-induced loss of milk bioactivity will occur for both fluids, but
because BC is much richer in many bioactive components, its protective effects may be
retained after processing, as shown in preterm pigs studies [232]. Among the available
dietary choices for preterm infants, it is also clear that infant formula is inferior in its
gut-protective effects to both BC and human donor milk [173]. Alternative methods
to secure microbiological safety, such as exposure to ultraviolet light, have been tested,
and provide superior quality of human milk for preterm pigs [253], but the general use
of this method is still limited. Adverse effects of pasteurization techniques, interacting
with long and inappropriate storage conditions (warm, moist, and light), may further
accelerate protein modifications that inevitably decrease nutritional value and bioactivity
of BC. In recent decades, ultrahigh temperature (UHT)-treated ready-to-feed liquid milk
formulas have been widely used for hospitalized infants. Studies indicate that the extra
heat-treatment steps for such products, combined with long storage, induce significant
damage to milk bioactivity by modifying amino acids and high levels of Maillard reaction
to components [286,287]. Ultrahigh-temperature treatment of liquid BC is therefore not a
preferred method as part of BC processing for sensitive infants, despite the benefits for
easy handling, feeding, and long-term storage.

6. Product Consistency and Quality

Any medical food or nutritional product used in patients, within or outside hospitals,
must have a consistent product composition and quality, especially with respect to nutrient
and microbiological profiles, but also environmental contaminants. This is a challenge for
BC because its composition changes markedly over the first two days of lactation after
calving, with rapidly decreasing amounts of many bioactive components [3,277]. Unless
the collection time from cows is tightly controlled and restricted, with final products pooled
from many farms and cows, this may result in varying BC product compositions, as indi-
cated in a recent survey [282]. In addition, BC composition will vary among different cattle
breeds, seasons of the year, cow nutrition, cow parity, and herd health conditions, together
affecting product consistency for both nutrients and bioactive constituents. Importantly, it
cannot be excluded that cows reared in an environment with pollutants entering the food
chain (e.g., heavy metals or persistent organic pollutants, POPs [288]), would also excrete
these pollutants in their colostrum. These would likely be excreted in higher amounts in
colostrum than in the later mature milk due to the leaky mammary epithelium at parturi-
tion [2]. In this perspective, it is critical that colostrum collected from cows treated with
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antibiotics is tested for antibiotic residues, because any antibiotic residue may be excreted
particularly in colostrum. This seems unlikely since most dairies and companies collecting
BC for human use need to adhere to strict guidelines for screening antibiotic residues [289].
Thus, bovine colostrum products need to be carefully analyzed to prevent infants and
children from exposure to antibiotic residues [290]. Further studies are needed to establish
when unwanted components in colostrum, human, or bovine induce health or growth
complications short- and longer-term, particularly in sensitive preterm infants [288].

The highly variable production conditions add to the concern for adequate micro-
biological safety, with possible contamination of the product at farms and/or during
processing and packaging (see previous section). Use of BC in pediatrics should normally
meet the microbiological safety standards for milk powders. In some countries, microbio-
logical safety standards may be particularly strict for certain microbes when powders are
used for sensitive newborn infants (e.g., E. sakazakii, E. coli, and Bacillus cereus). Variable
composition, risk of microbiological contaminants, and possible pollutants are factors that
require strict quality control with BC products for use in human patients, especially infants
and children. In this regard, quality control of BC should be similar to that of infant formula
and products derived from human donor milk [291–293].

7. Possible Health Risks of Using Bovine Colostrum in Pediatrics

Any novel dietary supplement fed to infants and children must be carefully checked
for its short- and longer-term safety. Safety concerns regarding BC are particularly rele-
vant for the most vulnerable newborns and children with serious diseases. Some com-
mon reservations against use of BC in pediatrics include widely varying product supply,
quality, purity and microbiological safety (see previous section), increased child allergy
risk, excessive supply of nutrients (protein), nutrient deficiencies (certain amino acids,
oligosaccharides, and minerals), excessive supply of growth factors, and inhibition of
drug absorption. Most of these concerns are poorly documented in the literature, but it
remains important to consider how BC can be used safely, in the optimal formulation
and intake levels, at the right time and age, and only in pediatric patients that will in fact
benefit from BC supplementation. Several commercial colostrum products are available
and were cited in this review and previous reviews [282]. Some products available online
are marketed for use in infants and toddlers, but the evidence to support the safety of these
products is usually lacking. A commercial bovine colostrum product produced by a US
based biotechnology company recently self-affirmed GRAS (Generally Recognized as Safe)
after being reviewed by an independent expert panel of scientists. For a substance to be
given GRAS determination, scientific data and information about its use and its chemical,
toxicological, and microbiological properties must be widely known, and the safety under
the conditions of use are approved by consensus among qualified experts.

7.1. Cow’s Milk Allergy

Cow’s milk allergy (CMA) is a very well-studied pediatric condition and affects 2 to
3% of infants in developed countries [14,294] and decreases rapidly after the first years
of life. Clinical CMA symptoms are typically seen within few hours of ingesting formula
based on cow’s milk and can be IgE or non-IgE mediated. FPIES [16] is part of a larger
cluster of non-IgE mediated allergic disease conditions with a prevalence <1%, often related
to cow’s milk protein, and affecting the GI tract (e.g., rectal bleeding) [295]. While these
allergic conditions in term children may show similarity with NEC in preterm infants,
they are likely distinct diseases with limited overlap in predisposing factors and disease
mechanisms [15,296]. There is currently no reason to suspect that the risk of developing
CMA is greater for BC than for formula or intact cow’s milk. Many bovine milk proteins
(>25) can cause allergy and casein subtypes; alpha-lactalbumin and beta-lactoglobulin
are potent allergens [297]. These groups are present in similar amounts in BC and milk,
while the large amount of non-allergenic immunoglobulin G [298] is present only in BC
(Figure 1).
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In our pilot preterm infant studies, bovine immunoglobulin G (bIgG) was not detected
in the plasma of preterm infants supplemented with BC [155], and no IgE-mediated allergy
was detected for BC-supplemented infants with short-bowel syndrome [263]. Even if bIgG
is detected systemically in infants, this would not likely cause allergic reactions. Many
human vaccines are developed from Igs raised in other species [42]. In weanling piglets
fed BC-rich diets, no anti-bovine immunoglobulin could be detected in plasma although
BC modulated the lymphocyte populations locally in the gut [185]. It remains unknown
why a commercial IgG-containing BC-like product (6% IgG) supplemented to the diet of
preterm infants in India (400 mg IgG/kg/day) was associated with a trend to more gut
inflammation [211], but this is not likely to result from bIgG-induced NEC or FPIES symp-
toms. Preterm infants have an immature immune system that is skewed towards tolerance
to foreign proteins, potentially making them more tolerant to introduction of bovine milk,
and thereby also colostral proteins from cows, than normal infants. Consequently, the
prevalence of CMA in preterm infants tends to be lower, not higher, than for normal infants,
indicating that preterm infants are not at increased risk of developing CMA after exposure
to BC or milk [299]. Advice against using BC for infants and children, based on CMA
concerns, is therefore relevant mainly for individuals already diagnosed with CMA.

7.2. Recommended Safe and Effective Intake Levels

Widely differing intakes of BC have been applied when powdered, whole, or frac-
tionated BC products were supplemented to formula or mother’s own milk for infants
and children (0.1–3 g/kg/d, 5–75% of recommended daily protein intake). Typically, the
highest intake levels were used in the first week of life for preterm or underweight in-
fants [155,209,211,212], having a deficient supply of own mother’s milk. These infants also
have the highest daily protein requirements for metabolism and growth (~4 g/kg/d). Sup-
plementary BC (containing 50–70% protein mainly as IgG) is an attractive way to provide
more enteral protein for gut and body growth and metabolism in preterm infants reared
on human milk, which is normally considered deficient in protein. However, because the
highly enriched IgG may be partly undigested to maintain bioactivity [19], the bioavailabil-
ity of amino acids in colostrum protein may be less than in highly digestible hydrolyzed
protein in infant formulas. This potential issue of amino acid bioavailability of BC proteins
highlight a gap in our current knowledge and warrants further investigation, especially in
preterm infants with a high protein requirement and an immature digestive capacity.

While a low level of supplementary BC may be nutritionally and immunologically in-
effective, excessive BC intake could raise concerns about possible protein toxicity, especially
for preterm infants [300]. In such infants, excessive protein may pose a risk for metabolic
disturbance, azotemia, and acidosis, in part related to immature metabolic, hepatic, and
renal functions. This dysfunction may, in turn, induce brain defects via toxicity of certain
amino acids (phenylalanine, glycine, and methionine [301]). In preterm infants, excessive
protein supply may first raise plasma levels of an aromatic amino acid, tyrosine. While
such feeding-induced ‘hypertyrosinemia’ is not generally considered toxic [302], tyrosine
levels may be used as a marker of excessive BC supply to preterm infants during the
first weeks after birth [154,155]. Plasma tyrosine levels increase in preterm pigs following
BC supplementation during the first week, consistent with the relatively high tyrosine
levels in BC [229]. Despite these concerns, amino acid toxicity is a rare condition, even
in preterm infants, and normally excess amino acid supply would be effectively excreted
as urea [300]. In preterm infants, moderately high blood urea levels (e.g., 5–10 mM) may
indicate immature liver and kidney functions and/or excess protein supply, but such urea
levels are not toxic, and blood urea level alone is a poor marker of adequate protein intake
for growth and protein intake in preterm infants [301]. Collectively, protein toxicity is
unlikely to be a problem following BC supplementation to human milk or formula, at least
not within the normal upper limits of daily protein intake for infants.

Normal gut motility is diet-dependent and critical to avoid maldigestion, constipation,
and diarrhea and GI inflammatory reactions. For sensitive pediatric patients, too much
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BC-derived casein may adversely affect GI motility and delay gastric emptying due to
casein clotting in the stomach. Thus, casein-based pediatric formulas often consist of partly
hydrolyzed proteins [303,304] to avoid feeding intolerance, gastric residuals, and constipa-
tion, as often observed in preterm infants [305–307]. Low-dose BC supplementation within
normal protein limits of preterm infants is unlikely to induce casein-related dysmotility
and ongoing clinical trials will test this [154,209,224]. In preterm pigs, exclusive BC feeding
was associated with accumulation of casein clots, and more gastric mucosal lesions in
the first week of life when the gut was still very immature [164,173,174,233]. However,
neither casein supplementation to whey-based formula nor rapid advancement of a diet
with casein (intact or hydrolyzed) increased the NEC sensitivity in preterm pigs [304,308].
In fact, a moderate BC-induced retention of digesta in the stomach may promote digestion
and gut maturation, relative to whey-based formulas, as indicated from food transit studies
in preterm pigs [309].

The available literature on from infants and children indicate that the optimal time,
duration, and intake level of BC supplementation may differ among different clinical
conditions, and much research is lacking to define optimal treatments. Pediatric animal
models may help to evaluate if excessive or prolonged BC supplementation induces
nutritional deficiencies and/or health risks for infants and children. Consistent with its
biological role to secure nutrition and immunological protection of newborn calves, there
may be limited nutritional benefit of BC when provided in high amounts beyond the
first weeks of life although in preterm pigs exclusive BC feeding is effective to promote
growth, gut, immunity, and microbiota development beyond 10 days, at least relative to
formula [174,239]. In the first week of life, BC supplementation to formula-fed preterm pigs
is most NEC-protective when fed in amounts of >50% of the total diet [240], but optimal
doses later are less clear, as also shown in chemotherapy-treated term piglets [273]. In
a single study, preterm pigs fed exclusive BC in high amounts for seven days showed
reduced NEC incidence but abnormal body growth and blood chemistry values (e.g., high
blood Na, urea, and lipids) [310]. In all pediatric studies, much less BC was provided
than in these animal studies. Relatively high intake levels (8 g/kg/day) of a BC-like
highly processed product (6% IgG) for 3 weeks to very preterm infants in India may have
led to high osmolality and the reported tendency to adverse NEC effects, but limited
product information was provided in the published report [211]. Clearly, more research is
required to define when and how much BC, provided in intact or fractionated form and
after different processing, should be given to specific pediatric patients to optimize their
nutrition, growth, and health outcomes.

8. Conclusions

This review provides an extensive overview of the human and animal studies that
have examined the potential benefits of feeding BC to infants and children, mainly with
regards to its effect in the GI tract. A number of studies in term infants and children have
fed BC as a supplement to infant formula or donor human milk with limited adverse
effects. More recent studies in preterm infants fed a low supplemental BC intake showed
no adverse effects, whereas one study with high intake of a processed BC product, with
relatively low IgG levels, produced a tendency to adverse intestinal inflammatory effects.
The limited number of studies in infants, and several studies in term and preterm piglets,
suggest that feeding exclusive pasteurized BC, or as a supplement to infant formula,
protects against several GI diseases, such as rotavirus diarrhea, NEC, sepsis, and CIM
mucositis. The evidence suggests benefits and safety especially from hyperimmune BC
products directed towards specific pathogens in infants and children. The mechanisms
explored to explain the benefits of BC on GI diseases frequently suggest antimicrobial and
immune-stimulating functions of Igs, potentially in synergy with other bioactives, such as
LF. Nevertheless, it remains unclear how all of these BC bioactive factors act independently
or in synergy to promote growth and gut mucosal protection. While safe and effective use
of single BC constituents, especially Igs, is reported, the complexity of BC and the variety
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of clinical conditions provide an argument for using intact BC, rather than fractions or
isolated components from BC for infants and children.

The few existing infant studies, together with numerous preclinical animal and cell
culture studies, provide a framework to stimulate further investigation of feeding BC
in human infants and children. This option has become increasingly possible with the
commercial availability of BC preparations to be used as medical foods. This question
should also be addressed considering the fact that processed bovine milk products (infant
formula) have been fed to infants for >100 years and to very preterm infants for >50 years.
Supplementation with BC should only be considered when mother’s own milk or donor
human milk are not available or clearly insufficient in nutrients or protective factors. We
need safe, effective, and economically viable alternatives to processed infant formulas,
which, for preterm infants, is well documented to increase the risk of many diseases,
including NEC and sepsis.

It is exceedingly difficult to prove both safety and clear health-promoting effects
of new clinical procedures, drugs, or nutritional therapies for hospitalized infants and
children. Generally, patient populations are small and the associated complications to test
safety and efficacy of new interventions develop with low frequency. Another therapy
that has recently been considered for infants and children is probiotics, which only a few
decades ago was considered unsafe for immunocompromised preterm infants. Based
on the evidence from dozens of randomized controlled trials, many neonatal units are
feeding probiotics to hospitalized preterm infants, even though they are not officially
approved for such use, in either Europe or United States. The same applies for numerous
drugs given to fragile and critically ill infants and children that have not been tested in
randomized controlled trials for safety of the intended indication. Given that bovine-milk-
based formulas have been given exclusively, or as supplements, to term infants and children
for centuries, we suggest that further studies are warranted to test whether pasteurized BC
can be a safe and effective nutritional supplement for a number of pediatric patient groups,
providing improved immunity and gut health. At the same time, research is needed to
better identify the most responsive patient groups and target diseases (e.g., preterm infants
with high NEC/sepsis sensitivity, and children with infections and gut complications); the
optimal timing, age, and dose of BC; and the optimal BC product for each condition (e.g.,
optimally processed intact or fractionated BC).
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