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Cow’s milk may be delivering potentially harmful undetected
cargoes to humans. Is it time to reconsider dairy

recommendations?

Zena Wehbe and Sawsan Kreydiyyeh

Mammalian evolution has shaped milk into a species-specific vehicle for post-natal
development, continuing what began within the mother’s womb. Increased con-
sumption of the mother’s breast milk is associated with the most adequate meta-
bolic programming and lowers the incidence of the diseases of civilization during
adulthood. An abundance of short sequences of RNA, known as microRNA, exists in
mammalian breast milk, enclosed within robust small extracellular vesicles known
as exosomes. These microRNAs can epigenetically regulate over 60% of human
genes. When cow’s milk is consumed by humans, the bovine exosomes are trans-
ported through the gastrointestinal tract, detected intact in the blood stream, and
taken up by target cells, where they alter protein expression. The aim of this review
was to highlight the role of dairy exosomes and microRNA, and of the type of dairy
product consumed, in human diseases. Given that microRNAs are involved in a vast
array of physiological processes and associated with several diseases, perhaps cau-
tion should be practiced with regard to human consumption of dairy, particularly
for individuals within developmentally critical time frames, such as pregnant and

lactating mothers, and young children.

INTRODUCTION

The complex and heterogeneous mixture of milk, pro-
duced by a lactating mammalian mother, is directed by
the species’ unique genome for the purpose of nourish-
ing and ensuring the healthy growth of its own off-
spring.’ In the context of evolution, dairy produced
from cow’s milk is a fairly recent addition to the human
diet.” Dairy, together with processed grains and refined
sugars, provide today 72% of the total energy intake of
individuals in the West.” Conversely, milk would have
been almost absent from our Hominin ancestor’s diet.

Not only are Neolithic humans the only mammals to in-
gest the milk of another species, such as cow, goat, and
buffalo,” but they singularly continue to do so beyond
the weaning period." Because most of the literature ex-
amining the role of dairy exosomes is on cow’s milk,
they will be the focus of this review.

Given the species-specific formulation of milk, it is
no surprise to find the increase in dairy consumption
by humans implicated in the development of several
modern diseases of civilization, including diabetes, met-
abolic syndrome, and auto-immune diseases like arthri-
tis.” Milk is known to carry allergens like whey protein
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and to cause discomfort in the form of lactose intoler-
ance, yet particular constituents involved in chronic dis-
eases have not been clearly identified. Over the last
6years, however, increasing evidence has emerged,
shedding light on a potential causative agent: parcels
known as exosomes. The smallest category of extracellu-
lar vesicles, known as exosomes, have been shown to
translocate from bovine milk into the plasma through
the intestines of foreign species, like mice and humans,
and to affect gene expression once taken up by a target
cell.’ The aim of this review was to shed light, by sum-
marizing the existing literature, on the still questionable
role of bovine milk exosomes and their microRNA
(miR) cargo in the etiology of human diseases, and thus
to provide an incentive for the conducting of more
comprehensive studies that could confirm or revoke
such a role. We also aimed to illustrate the importance
of several factors that need to be considered when link-
ing milk to disease prevalence, such as the type of dairy
product, its fat composition and processing mode, the
gender of the consumer, and the age at initiation of
milk consumption .

EXOSOME BIOGENESIS AND ENDOGENOUS FUNCTION
What are exosomes?

Exosomes are the smallest category of extracellular
vesicles (EVs) and have emerged as important media-
tors of intercellular communication.” They are enclosed
by a phospholipid bilayer, display a disk-like morphol-
ogy, and are between 60nm and 100nm in size.
Exosomes are produced by virtually every living organ-
ism and are present in all physiological fluids, such as
milk, blood, saliva, and urine.® Following their detec-
tion in human milk, they were also identified in bovine
k7?7 Due to the integrity provided by the bilipid
membrane of exosomes, they confer protection for their
cargo against RNAses, heat, and acid, ultimately en-
abling the transport of intact bioactive cargo to near
and distant cells within an organism.® Exosomes trans-
port a variety of molecules, predominantly lipids, pro-
teins, and nucleic acids, especially miRs. The translation
of over 60% of protein-coding genes is regulated by
miRs, rendering them the most copious category of ge-
netic modulators.®

mil

Exosome formation and uptake by target cells

There are 3 main types of EVs that are released by cells:
ectosomes, apoptotic bodies, and exosomes.'”
Exosomes are the smallest category (30 nm-150 nm),
followed by ectosomes (100 nm-1000nm) and apopto-
tic bodies (50 nm-5000 nm). Each type of EV sediments
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at its own unique centrifugal force. While ectosomes
and exosomes are involved in intercellular communica-
tion between near and distant cells, apoptotic bodies
eventually disintegrate. The terms microvesicles, shed-
ding vesicles, and microparticles are used interchange-
ably with ectosomes throughout the literature.'
Although exosomes and ectosomes partially share simi-
lar cargo (eg, nucleic acids), they also contain unique
features. For example, exosomes are more abundant in
tetraspannins (important for enclosing protein cargo)
than ectosomes. Moreover, they uniquely appear to
carry adhesion proteins like ICAM-1. On the other
hand, ectosomes display higher amounts of receptors
and glycoproteins on their surface.

Both ectosomes and exosomes have been shown to
modulate physiological processes. For example, ectoso-
mal cargo (laminin and fibrinogen) interacts with
receptors of trophoblast cells (cells forming the outer
layer of a blastocyst), activate signaling pathways, and
trigger migration of the trophoblasts and ultimately bet-
ter implantation of the blastocyst in the uterus.'* A
unique feature of exosomes, compared with other EVs
which pinch off outwardly from the lipid bilayer mem-
brane into the extracellular environment, is their endo-
somal origin (Fig. 1)."> Exosomes, unlike ectosomes, are
continuously released from cells without the need for
triggers.'> A search in the literature for the role of EVs
predominantly results in research related to exosomes,
which have garnered more attention as epigenetic regu-
lators due to their abundance of nucleic acids, especially
miRs. As such, this review will focus on exosomes, their
cargo, and their relation to diseases.

Exosome formation begins as inward invaginations
of the plasma membrane that pinch off, forming intra-
cellular endosomes. These vesicles undergo further in-
ward budding, eventually forming several intraluminal
vesicles (ILVs) within the endosome, and the vesicles
are now termed “multivesicular bodies” (MVBs).!> The
formation of these ILVs can be triggered either by a cer-
amide-dependent pathway or via a process involving
endosomal sorting complexes required for transport
(ESCRT).'® The newly formed endosomal ILVs within
the MVBs may eventually either be degraded via lyso-
somes or undergo further maturation to become exo-
somes. In order to commit specifically to becoming an
exosome, the ILV’s membrane is reorganized to become
more saturated with the tetraspannins CD9, CD63, and
CD81."” Once the MVBs fuse with the cell’s bilayer,
they subsequently release the enclosed ILVs, now
termed “exosomes.”’” The release of exosomes is con-
sidered to be an active-transport process, ie, affected by
the presence of ATP in a cell.'"® A unique feature of exo-
somes compared with other EVs is that they are con-
stantly released, both in the presence and absence of

875

$20z 1Mdy 60 U0 Jasn nJiag 10 AlISISAIUN UBDLIBWY AQ | ¥SSEEO/Y/8/b/08/010IIB/SMBIASIUOIILINU/WOD dNO dIWapeae//:sd)y WOl PaPEOjUMO(]



¥ cell surface proteins
Tetraspannins
~ Nucleic acids
~._ A Cellproteins

Phospholipid bilayer
cell membrane

A
N

A N A

'S N

N VB containing ILVs
A

Ao

4
A

N

Cytoplasm
Secreted

/ exosomes

D @

Figure 1 General sequential steps of exosome formation. Exosomes, in contrast to other extracellular vesicles, are formed by endocytosis
of the plasma membrane of the donor cell rather than outward pinching (1). The invagination eventually pinches off to form an early endo-
some, which then matures into a late endosome (2). The membrane of the endosome then also undergoes inward budding, eventually form-
ing several small intraluminal vesicles (ILVs), contained within the multivesicular body (MVB) — which was originally the late endosome.
Reorganization of membrane tetraspannins so they become clustered on the endosomal membrane can trigger invaginations of the endoso-
mal membrane. Cellular components like proteins and microRNA (miR) are loaded into the ILVs as they pinch inward. (3). The MVB is either
destined for fusion with lysosomes where it undergoes degradation or fusion with the plasma membrane, which results in the ultimate extra-
cellular release of the ILVs, now known as exosomes (4). It has been suggested that MVB membranes rich in cholesterol are directed towards
the membrane rather than lysosomes. Identifying the exact molecules involved in each process remains a somewhat elusive process.
However, several proteins have been shown to be involved in the process of exosome biogenesis. It is likely that a deliberate cargo-loading
mechanism exists due to differences in exosome cargo (proteins, lipids, and nucleic acids) of various cell lines. For example, a sequence motif
identified on miRs binds to the protein heterogeneous nuclear ribonucleoprotein A2B1 (hnRNPA2B1), which ultimately controls its loading.
Uridylation of the miRs has also been demonstrated to contribute to the deliberate loading of miRs. MVB transport is also a complex process.
It has been proposed that post-translational ubiquitin-like modification of the MVB directs it towards the lysosome rather than the plasma
membrane. Fusion of the MVB to the membrane appears to be a process that requires energy and several proteins

triggers.'” Once reaching a recipient cell, they may fuse
with the plasma membrane, conduct ligand-cell com-
munication, or become internalized via endocytosis.'’
Interestingly, exosomes are not necessarily confined to
the initial target cell, as they have been shown to exit
endothelial cells and travel to various tissues.*’

Exosome cargo

Throughout the sequential steps of inward invagina-
tions to form exosomes, pieces of cell membrane and
cytosolic contents become entrapped, yet the exosome
is devoid of organelles.'°Thousands of components of
various types have been detected in exosomes, including
predominantly proteins, nucleic acids, and lipids."?
Exocarta, an online database, categorizes exosome cargo
according to various factors such as species, type (eg,
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protein or nucleic acid), original cell source, and physi-
ological fluid from which they were derived.*" The exo-
some cargo can carry out intracellular regulation of
numerous endogenous physiological activities, just as
they did within their original cell.*> Once the contents
or the exosomes themselves are internalized, they may
exert an effect in either the cytoplasm or the nucleus,
endure lysosomal degradation, or be repackaged for ex-
ternal transport once again.15

Due to their endosomal origin and the fact that
they are exported and received by cells, exosomes, re-
gardless of their cell source, share common proteins in-
volved in the endosomal, export and uptake
procedures.”'® These proteins include tetraspannins
CD63, CD9, CD81, annexin, flotillin, ankyrin, ESCRT
components, and heat shock proteins (hsp70 and
hsp90).”** Although exosomes share these common
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aforementioned constituents and markers, their con-
tents vary depending on their original cell source and
the body fluid from which they were derived.**
Important proteins also discovered in exosomes include
a library of numerous inflammatory cytokines.*
Nucleic acids detected in exosomes include DNA,
mRNA, and an abundance of miRs (the most copious
category of nucleic acids detected in exosomes).'” These
short RNA sequences usually downregulate translation
by binding to target sequences in mRNA transcripts,
thus silencing further expression of the corresponding
proteins.'” The characteristics of exosomes and their
cargo have rendered them bioactive components that
can modulate various physiological and pathological
processes. Their roles include but are not limited to im-
mune response modulators, mediators of stem cell
growth and differentiation, biomarkers of disease, and
facilitators of disease and cancer progression.**>’

EXOSOMAL MICRORNA IN A MOTHER’S MILK:
BENEFICIAL EPIGENETIC REGULATORS FOR HER OWN
NEONATES

Increased consumption of a mother’s breast milk is as-
sociated with the most adequate metabolic program-
ming and lower incidence of inflammatory diseases
during adulthood.”® Milk carries products predomi-
nantly formulated by the lactating breast, as well as
from the mother’s systemic circulation.’® Incidentally,
exosomes and miRs are found in the highest concentra-
tions in breast milk, relative to other physiological
fluids.”

What are microRNAs?

MiRs are short strands of nucleic acids that function lo-
cally within a cell to regulate genetic expression and can
be shuttled to different regions of an organism, also di-
rectly influencing the phenotype of a seemingly unaf-
fected cell.'”” MiRs, which begin as primary transcripts
found in the nucleus, are coded for by their own genes
or by introns and exons.”® Once they are translocated
into the cytoplasm, they undergo maturation by cleav-
age and coupling to an RNA-induced-silencing-
complex (RISC)."”*’ The mature miR consists of up to
22 nucleotides and functions to guide the RISC to the 3’
untranslatable region (UTR) of a target messenger RNA
(mRNA).° The ability of miRs to exert their effect stems
from their 5’ seed region (nucleotides 2-8), which must
bind with partial or complete sequence complementar-
ity to the corresponding mRNA in order to have an ef-
fect’ (Fig.2).” Depending on the extent of sequence
complementarity, the mRNA transcript is either cleaved
or, more commonly, blocked from translation.'” Up to
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Figure 2 Modulation of gene expression by microRNAs. The 5
seed sequence in a microRNA (miRNA) (nucleotides 2-8 from the
5 end of a miR) may bind with complete sequence complementar-
ity to a target mRNA in the 3’ untranslatable region (UTR). The miR
guides an RNA-induced-silencing-complex to the target site in the
3’ UTR in the mRNA and subsequently can silence translation of
the mRNA into a protein

2% of the entire mammalian genome encodes for evolu-
tionarily conserved miRs, yet there are more than
45000 miR target sites in mRNAs, implicating the pro-
miscuity of a single miR in regulating several different
mRNAs. On the other hand, a single mRNA may con-
tain up to 4 different landing sites for various miRs,
which suggests that different miRs can work coopera-
tively or overlap in order to fine-tune genetic
expression.”*

One of the largest online databases for miRs,
miRbase.org, contains approximately 40000 entries of
miRs from various species. However, analysis of these
entries suggests that there are only around 2300 mature
miRs in humans, and the rest are considered false posi-
tives.”> Numerous miRs exert important regulatory
roles in a number of physiological processes, such as
bone health, immunity, and reproduction.?**"*?

The presence of miRs in various bodily fluids (such
as plasma, urine, and milk) is the result of their ability
to withstand physiological impedances like RNases,
heat, and acidity due to their enclosure within exo-
somes.”® Thus, they not only function locally within a
cell, but can also be shuttled extracellularly to distant
tissues within an organism.'® Exosomes dutifully trans-
fer miRs from a mammalian mother to her newborn via
breast milk, and contribute to the proper development
and protection of the infant.>*’

MiRs are secreted from cells in proportion to the
amount of intracellular production of mature miRs,
suggesting an intelligent supply and demand system.>
When miR production is enhanced, the secretion of
exosomes also increases.”> Directing miRs into exo-
somes is emerging as a complex and multifaceted issue.
According to one postulated mechanism, the transport
is initiated by the association of a ribonucleotide-bind-
ing protein with a common 4-nucleotide motif (GGAG)
identified on the 3’ end of miRs."” The particular modi-
fication of the 3’ end is also likely important in sorting
the miR into exosomes. For example, miRs that are uri-
dylated at the 3’ portion tend to be more enriched in
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EVs that are isolated from urine. There are several other
proteins that have been implicated in miR sorting into
EVs in general, eg, argonaute 2 (Ago2), and these are
summarized by Anand and colleagues."

Exosomes in mammalian breast milk are rich in
miRs, and most of them have been secreted by mam-
mary cells and immune cells.” Human milk in particu-
lar, carries around 1500 miRs that are notably absent in
infant milk formulas.® Around 300 miRs extracted from
a human lactating mother were predicted to target the
transcripts of approximately 9000 genes, and the 10
most abundant miRs were found to regulate transcrip-
tion, metabolism, and immunity.*® The exosomes allow
miRs to remain intact as they pass from the mammary
ducts through the infant’s intestinal tract and into the
infant’s plasma.” In fact, once maternal miRs reach in-
fant circulation, they are subsequently transported and
delivered to tissues and organs, where they exert their
intracellular epigenetic effects.>

The protective and developmental roles of miRs in
breastfed infants

Most of the milk exosome miRs are related to immune
function and assist in modulating the infant’s immune
response, eg, B and T cell differentiation, viral elimina-
tion, lung development, adipose tissue growth, and
stem cell differentiation.® For example, miR-125b tar-
gets the mRNA of the inflammatory cytokine tumor ne-
crosis factor-alpha (TNFa), and is involved in innate
immunity.*” Similarly, miR-155 plays a central role in
several immune functions of innate and adaptive im-
munity.”’ These immune-related miRs are found both
in human and bovine milk, playing the same function
in both of their respective species.

Knockout studies of certain miRs found commonly
in a mother’s milk have caused disruptions in homeo-
stasis and infant development. For example, the lack of
miR-90, miR-17, and miR-26 impairs embryonic and
perinatal cardiac development. When absent, miRs-1
and -2 can lead to fatality at weaning. Defects in miR-
275 lead to disruptions in glucose metabolism.”* MiR-
148a, which is one of the most abundant miRs in hu-
man and cow’s milk, downregulates the genes involved
in the proliferation of cancer cells. Thus, it is suggested
that miR-148a exerts anti-tumor activity in
newborns.””*!

It is important to stress that many of the most prev-
alent miRs found in human milk, eg, miR-148a, share
homology with those found in cow’s milk.* In fact,
miR-148a has been detected in milk exosomes from
humans, goats, and cows®! (Table 1).**°® In both hu-
man milk- and bovine milk-derived exosomes, miRs
have been shown to play an important role in lipid
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metabolism.*” MiR-33 has been shown to modulate the
expression of genes involved in lipid metabolism; it sup-
presses the transcripts of enzymes that regulate choles-
terol efflux (ABCAl and NPCl), insulin signaling
(IRS2), and fatty acid metabolism (CROT and
CPT1a).*’ Also, Munch et al*® demonstrated that miR-
118 targets the mRNA of Teneurin Transmembrane
Protein 2 (TENM2), found abundantly in the central
nervous system,”® suggesting its involvement in the for-
mation of neuronal connections in the infant.

Baier et al® illustrated the indispensability of miRs
provided by an infant’s mother. Mice orally adminis-
tered milk deficient in miR-29b showed significantly re-
duced levels of miR-29b in their plasma compared with
their controls.® Hence, endogenous production of spe-
cific miRs does not appear to be increased to compen-
sate for depletion of those miRs in an infant’s milk .
Thus, during processes such as infant physiological de-
velopment, specific external milk-associated miRs are
only obtainable through the neonate’s mother, making
them somewhat essential factors.

The miR profile of milk can be affected by various
factors

Although many miRs share sequence homology with
and across various species, the profile of miRs can vary
considerably, not only between species but also among
the same species. Some factors contributing to the intra-
species disparities in milk include the dietary intake of
the mother, her body mass index, and whether she has
delivered full or pre-term.”*~"*

The miR profile in the milk of mothers who have
delivered at full term compared with those who have
delivered prematurely varies notably. For example, 15
miRs are differentially expressed in the milk of mothers
of premature infants. The majority of mRNAs targeted
by these miRs are those related to glycosphingolipid
synthesis — important molecules involved in proper
neurodevelopment, functional cell membranes, and cer-
tain cell signaling pathways.”” Moreover, exosomal
miRs derived from the milk of mothers who have deliv-
ered pre-term still adequately survive the in vitro diges-
tive conditions of the pre-term infant.”> These
phenomena highlight the likelihood that irreplaceable
components found in a mother’s milk may offer addi-
tional favorable growth and developmental support to
her premature infant.

Diet has also been linked to differences in the miR
content of milk. In fact, lactating mice fed a high-fat
diet produced an additional 25 new miRs in their milk
compared with those on a control diet, and these miRs
were linked to processes involved in development.””
There is also potential for other components of the diet
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Table 1 The role of abundant microRNAs (miRs) common to human and bovine milk exosomes

Most abundant General function Reference Zhou et al 2012*

miRs present in Izumi et al 2015*

both human

and cow'’s milk

exosomes

miR-148a-3p Attenuates immune response
(innate immune response and antigen-presenting function of dendritic Liu et al 2010%
cells) Shi et al 2018%
Intestinal cell differentiation Li et al 2019%
Silences DNA methyltransferase

miR-30b-5p Infant adipogenesis Naqvi et al 2015
Stimulates cellular invasion and immunosuppression Melnik et al 2016"
Regulates lactation and involution Stephen et al 2020*
Overexpression is associated with reduced phagocytosis and attenuated
secretion of cytokines

let-7f-5p It is increased during differentiation of tissues. Mizuno et al 2008*
Downregulated in different cancers; considered a tumor suppressor Stephen et al 2020*®
Involved in regulation of cell proliferation, cell cycle, apoptosis,
metabolism
Attenuates immune responses

miR-146b-5p Inhibitor of autophagy Li et al 2017%*
Tumor suppressor (by attenuation of cell proliferation, migration and Hanwei et al 2020*°
invasion)

miR-29a-3p Enables proper pancreatic function and insulin secretion Xi et al 2017°
Osteoblast differentiation Kwon et al 2019°
Tumor suppressor Kapinas et al 20103
Overexpression leads to inhibition of autophagy, cell viability and
migration.

let-7a-5p Infant adipogenesis Papetti et al 2011°*
Attenuates immune response Zhang et al 2013>°
Inhibits Th17 differentiation by downregulating IL-6 secretion upregu- Izumi et al 2015*
lated during intestinal cell differentiation Stephen et al 2020*

miR-141-3p Tumor suppressor Alsaweed et al 2016°°
Mammary gland development and lactation Liang et al 2019*’

miR-182-5p Immune modulator Li et al 2018%
Facilitates T-cell-mediated immune responses Zhao et al 2019%
Oncogenic

miR-200a-3p Tumor suppressor Lu et al 20148
Downregulated in some cancers, which leads to metastasis and tumor Pichler et al 2014°°
growth Beclin et al 2016°°
Post-natal neuronal maturation

miR-378-3p Infant adipogenesis Krist et al 2015°"
Development of postnatal muscle, myocardium, and brown adipose Stephen et al 2020*
tissue
Involved in breast cancer cell metabolism
Proangiogenic activity, which can also be tumorigenic in adults

miR-21 Decreases expression of tumor suppressor genes via PI3K-AkT-mTORC1 Dey et al 2012%7

signaling cascade
Involved in increased cancer cell proliferation and migration
mTORC1 is no longer heavily relied on post weaning.

Xu et al 2015%8

Many of the most abundant microRNAs found in milk are conserved between human and cow milk derived exosomes. In addition, tar-
get transcripts of these miRs also share sequence homolo%y. Because humans may consume milk as early as infancy and continue well

in‘glc')(adulthood, it is important to consider cross-species e
milk.

to alter the milk miR profile. For example, mice con-
suming a high-fructose diet displayed higher levels of
circulating miR-21, upregulated levels of hepatic miR-
27a, and reduced levels of miR-33 in white adipose tis-
sue.”* Importantly, there was a differential expression of
other miRs in these tissues depending on whether the
mice were lean or obese.”*
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ects that may arise, especially as a result of prolonged consumption of cows

As mentioned, some miRs derived from EVs of
milk, including exosomes, have been shown to retain
sequence homology and presence across numerous spe-
cies such as pig, human, panda and cow.”” Moreover,
milk-derived exosomes remain effective and intact even
when the external recipient is from a different species.
Among the species examined for milk exosomes, cow’s
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milk contained the highest concentration, carrying
1.4 x 10" particles of exosomes per 1mL of milk.”®
Thus, humans who continue to consume cow’s milk
post-infancy are persistently exposed to bioactive com-
ponents retaining sequence homology. Although miRs
are differentially expressed in individuals according to
certain components of their diet (eg, fructose), it
remains unknown whether a human’s consumption of
dairy can also alter the miR component of their milk.
Such findings would further elucidate the potential im-
pact of cow’s milk consumption by a mother on the de-
velopmental processes of her fetus and subsequently
breast-fed human infant.

BOVINE MILK EXOSOMES ARE TRANSPORTED INTO
HUMAN CIRCULATION AND ARE BIOACTIVE

Though exosomes are a tool for intercellular communi-
cation within an organism and from mother to infant,
they are also transported into completely foreign spe-
cies.”! In humans particularly, colon cancer cells (Caco-
2) efficiently absorb cow’s milk exosomes, primarily via
endocytosis.’ In related studies, bovine milk exosome
contents were elevated in the blood of humans who
orally consumed cow’s milk, indicating successful trans-
port across the intestinal epithelium.”” The contents
were elevated by 100%’® and remained in the blood for
up to 9 hours and in organs like the liver and spleen for
up to 24 hours to 48 hours, while endogenous EVs have
been shown to have a halflife of 5.5hours in
circulation.®””

Despite several studies supporting significant ab-
sorption of bioactive cow’s milk exosomes across the hu-
man gut mucosa, some researchers have disputed the
accuracy of these findings. For example, one of the ear-
lier animal studies demonstrated that fluorophore
(DiR)-labeled bovine milk exosomes accumulate in sev-
eral mouse tissues, eg, the liver, spleen, and kidneys.*
However, a key shortcoming in the experiment was fail-
ure to include negative controls. In fact, there was a lack
of animals treated only with the fluorophore DiR, and
therefore it was not ruled out that the detected fluores-
cent accumulation in the tissues was solely due to the flu-
orophore rather than fluorophore-labeled exosomes.*’
In other animal studies, a major consideration that was
lacking was the possible role of the gut microbiome in
transmitting, altering, or amplifying milk-derived exo-
somes.®’ As such, measuring exosome-derived miRs in
the blood stream or in target cells may be an oversimpli-
fication of the process of exosome uptake. Another factor
challenging the assumption of bioavailability of miRs is
that dietary levels reaching circulation may be too low to
elicit a physiological response,®” while another is the pos-
sibility that foreign exosomes are absorbed without
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eliciting any pathological response. For example, because
exosomes are taken up by human vascular endothelial
cells,” it has been suggested that cow’s milk exosomes
are viable contenders for targeted oral drug administra-
tion as they would not elicit immune responses.®
However, the possibility that the exosomes may contain
bioactive miRs, and that the effect of these exosomes
may be additive and cumulative - as a result of long-time
exposure to cow’s milk — was disregarded, as well as any
contribution that the exosomes may have to chronic,
auto-immune, and inflammatory diseases. Nevertheless,
the majority of the data that continue to emerge has sup-
ported the hypothesis that foreign exosome cargo is
absorbed and bioactive in humans.

Cow’s milk encompasses a library of up to 251
miRs, most of which have identical sequences to their
human orthologues.® Several miRs display the highest
frequency in bovine milk, with miR-21 the most promi-
nent (important for platelet width and white blood cell
counts), followed by miR-29b, miR-99a, miR-148a,
miR-30d, miR-200c, miR-26b, and mir-26a.>** Because
the majority of the 251 identified bovine miRs have se-
quence homology with human mRNAs, cow’s milk can
potentially affect human genes.® In fact, miR-200c and
miR-29b were detected in human peripheral blood
mononuclear cells (PBMCs) after cow’s milk consump-
tion, where miR-29b was further shown to suppress
translation of its target RUNX2 mRNA.® Preliminary
analysis suggests that over 11000 human genes may be
affected by bovine miRs.® Cargo of these exosomes have
been shown to elicit activity in foreign target cells,
which will be discussed in the following sections.

DYSREGULATION OF MIRS IS ASSOCIATED WITH
NUMEROUS DISEASES

Initially, correlations between miRs and diseases domi-
nated most of the research, but, more recently, increas-
ing evidence has emerged illustrating the direct effect of
the miRs on disease pathophysiology. Given their vital
role in maintaining the proper function of cells, links
between disturbances in miRs and diseases like cancer
and rheumatoid arthritis have been hypothesized and
investigated.'”®’

One of the most abundant miRs in cow’s milk exo-
somes, miR-148a, is commonly dysregulated in gliobas-
toma (the most common malignant brain tumor), and
was only recently found to also contribute to its patho-
genesis.’” This miR is negatively correlated to patient
survival and is especially abundant in the cancerous
cells. Eventually, it was demonstrated that miR-148a
promotes tumor cell growth, proliferation, and migra-
tion by specifically decreasing the expression of
human disks large-associated protein 1 (DLGAP1) -
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which codes for an important protein that maintains
proper cell polarity and morphology.®*

The mechanistic target of rapamycin complex 1
(mTORCI1) is a kinase involved in multiple metabolic
functions in humans and other mammals, including
protein and lipid anabolism, cell proliferation and
growth, and prohibition of autophagy.® It is activated
by branched-chain amino acids (BCAAs) like leucine.
Cow’s milk, particularly the whey, is rich in leucine and
consequently has been shown to increase the activity of
mTORCI in humans who consume cow’s milk.*” It is
not only this macronutrient fraction of amino acids that
can affect mTORCI1. Exosomes enclosing miRs are
transported through breast milk into the recipient, and
miR-21, in particular, can indirectly increase the activity
of mTORCI by downregulating its inhibitors.
mTORCI is no longer heavily relied on post weaning,
which may be problematic for the human infant and
adult who continues to consume dairy. In fact, the per-
sistent activation of mTORCI via miR-21 has been im-
plicated in renal cancer migration and proliferation.*®

It appears that the ultimate effect of the miRs is a
multifaceted issue in the context of dairy intake and as-
sociated diseases. As will be discussed below, several
factors (such as the dairy fraction, method of milk ster-
ilization, and type of dairy product) influence the rela-
tionship  between dairy intake and various
inflammatory diseases. Incidentally, these same factors
also alter the abundance of milk exosomes. As such,
much of the association between dairy in the diet and
numerous diseases could be mediated via their exo-
somes, especially since exosomes contain miRs that
have been shown to be directly involved in various dis-
ease processes.

THE RELATIONSHIP BETWEEN DAIRY IN THE DIET AND
SPECIFIC DISEASES VARIES ACCORDING TO THE TYPE
OF DAIRY PRODUCT AND ITS PROCESSING: EXOSOMES
MAY BE THE REASON

Although exosomes are abundant in dairy, the concen-
tration varies greatly depending on the method of steril-
ization and processing applied to the product, the fat
content, and whether or not it has been fermented.
Pasteurization (78°C) has no significant effect on the in-
tegrity of cow’s milk-derived exosomes; however, boil-
ing (100°C) and ultra-heat treatment (130°C) appear to
reduce the miR content of exosomes.* Similarly, fer-
mentation of milk reduces the size of exosomes and
diminishes the protein and miR content.”*® The impor-
tance of considering the type of dairy product and its
processing when conducting correlation studies be-
tween milk consumption and diseases can be
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demonstrated in the following findings related to exo-
somes and type 2 diabetes mellitus (T2DM).

Type 2 diabetes mellitus, dairy, and exosomes

The relationship between dairy and T2DM varies
according to the type of dairy product consumed.
Yogurt and low-fat dairy displayed an inverse relation-
ship with T2DM incidence.”’ Another study demon-
strated that higher intake of unfermented milk products
was indirectly associated with T2DM.”* One of the larg-
est meta-analyses demonstrated a significant association
between pre-diabetes and consumption of full-fat dairy
products and unfermented dairy products, whereas
low-fat and fermented dairy products demonstrated an
inverse relationship with the disease.”

The authors postulated that the relationship be-
tween high-fat milk and T2DM could be due to a lower
concentration of whey protein and casein. These pro-
teins are associated with lower post-prandial glucose,
lower food intake, and lower weight.”> However, the
correlation may not be as straightforward as this.
Exosomes may be involved in the mechanism for the
link between full-fat milk / unfermented dairy products
and T2DM, because they are still abundant and intact
in these types of dairy products.” Moreover, because
they are enriched with miRs that may be exerting an ef-
fect over a prolonged period of time, exosomes may be
viable contributors to the etiology of this disease.

In fact, several miRs have been shown to modulate
the expression of several diabetes-related proteins. For
example, the diabetogenic miR-29b present in cow’s
milk can reach human circulation, and specifically
downregulate translation of branched-chain o-ketoacid
dehydrogenase, which breaks down BCAAs. Thus,
miR-29b may increase BCAAs, established markers of
T2DM and insulin resistance.”* In animal studies, miR-
29b also attenuated expression of the anti-apoptotic
protein Mcl-1, subsequently linked to pancreatic f§ cell
death and, thus, ultimately impaired production of in-
sulin. This miR could be a potential causative agent in
the increased incidence of T2DM after prolonged expo-
sure to cow’s milk.

Another consideration is that pancreatic f cells
reach full maturation and acquire the ability to produce
insulin in response to glucose only postnatally. A crucial
factor enabling maturation of these f cells is switching
of the dominant form of their intracellular signaling
from the nutrient sensor mTORC-1 to the energy sen-
sor 5'-adenosine monophosphate-activated protein ki-
nase (AMPK). This occurs during the weaning period,
when the infant’s diet begins to include more foods
containing glucose (like carbohydrate-rich foods) in-
stead of solely relying on the lactose-rich milk, resulting
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eventually in weakened mTORC-1 signaling while fa-
voring a more dominant AMPK response. Remarkably,
inducing mTORC-1 signaling in mature AMPK-depen-
dent adult § pancreatic cells, reverted them to the im-
mature pre-weaning mTORC-1-dominant phenotype.
Incidentally, T2DM is also associated with the same
pre-weaning mTORC-1 phenotype.”> One of the most
abundant miRs in cow’s milk exosomes, miR-148a, can
target and inhibit translation of AMPK.” Prolonged ex-
posure to miR-148a likely promotes reversion to the
immature pre-weaning phenotype of pancreatic f cells
favoring mTORC-1 signaling, resulting in disrupted in-
sulin secretion and early death of these cells. Notably,
the miRs and exosomes are more prevalent in pasteur-
ized cow’s milk, than in products exposed to fermenta-
tion, boiling, and ultra-heat treatment.” It is therefore
important to consider the role of prolonged exposure to
exosomes from pasteurized and unfermented dairy
products in the increased incidence of T2DM.

Asthma, dairy, and exosomes

Unprocessed raw cow’s milk has been shown to reduce
the risk of asthma by up to 50%.% To investigate this is-
sue, researchers compared the miR profile of the same
batch of cow’s milk subjected to various processing
treatments (broadly categorized into ultra-high temper-
ature [UHT] and raw milk). The authors found that the
fat fraction of raw cow’s milk contained the highest
concentration of miRs. Generally, miRs were more
abundant in milk that was either untreated or pasteur-
ized, compared with milk that was treated with high
heat (such as boiling and UHT). Many of these differen-
tially expressed miRs were shown, in silico, to target the
expression of inflammatory cytokines, such as interleu-
kins, and the transcription factor involved in cytokine
signaling, signaling transducer and activator of tran-
scription factor 3 (STAT3). STAT3 is associated with
the manifestation of impaired lung function common
to asthmatic patients.* Importantly, prostaglandin-en-
doperoxide synthase 2S (PTGS2) expression is also tar-
geted by these miRs. This enzyme is involved in the
synthesis of eicosanoids, which are pro-inflammatory
and allergic mediators. In animal studies, treatment of
mice with induced asthmatic symptoms with milk-
derived miRs that silence expression of the aforemen-
tioned proteins (eg, those of the let-7 family of miRs)
resulted in a reduced expression of interleukin-17 as
well as a decrease in the asthmatic symptoms. Thus, the
protective qualities of raw milk against asthma is attrib-
uted to the relatively abundant presence of miRs that re-
press the expression of pro-inflammatory asthmatic
mediators in humans - particularly due to their estab-
lished sequence homology. These results highlight the
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anti-inflammatory qualities of raw untreated cow’s
milk, and attribute them partially to the presence of
these miRs, which are subsequently reduced with in-
creased heat treatment. These findings challenge the
negative view of cow’s milk in relation to chronic in-
flammatory diseases. Whereas high-fat dairy products
showed correlation with the incidence of T2DM, in this
case the fat fraction of unpasteurized raw milk showed
a protective effect against asthma. It is clearly impor-
tant, when examining the role of milk in the etiology of
diseases, to specify the exact nature of the dairy product,
the type of sterilization treatment it has (or hasn’t) un-
dergone, age at initial exposure to milk, and duration of
milk consumption. It is also important to investigate
which protective miRs or dairy components have been
lost in the pasteurization of milk. Moreover, it is possi-
ble that raw milk is abundant in other factors, such as
anti-inflammatory proteins, that could subsequently be
lost with treatment.

Raw unprocessed farm milk has drawn attention
for its overall protective effects against allergic diseases
and atopy. Of particular interest is its role in inducing
an increase in immune T regulatory cells (Tregs), which
promote tolerance to self-antigens and are protective
against auto-immune diseases like asthma by hamper-
ing the activity of effector T cells.”” One of the major
inducers of Tregs is FOXP3.”® Two major components
in milk have been shown to induce expression of
FOXP3. MiR-148a has been shown to drive demethyla-
tion of the promoter FOXP3. As previously discussed
miR-148a targets translation of DNA methyltransferase.
Because this enzyme leads to inhibition of gene tran-
scription by methylation of the promoter,”® then miR-
148a would essentially be reducing the methylation of
the FOXP3 promoter and facilitating its expression
(thus inhibiting the inhibitor of FOXP3). Another com-
ponent abundant in raw milk exosomes is transforming
growth factor B (TGFEp),”® which induces expression of
FOXP3 by triggering a downstream signaling cascade
involving SMAD2/3.” Therefore, these findings offer
further insight into the protective effect of raw whole
milk against atopic diseases and further corroborate the
necessity of citing the type of dairy product being
assessed in epidemiological studies.

Cancer, dairy, and exosomes

Many cancers, like glioblastoma and melanoma, display
elevated levels of miR-21. This miR has been shown to
be involved in a spectrum of pro-cancerous activity. For
example, miR-21 silences the expression of several tu-
mor suppressor proteins, such as phosphatase and ten-
sin homolog (PTEN), while upregulating expression of
the cell cycle promoter cyclin DI1. Ultimately, these
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proteins contribute to proliferation of cancerous cells,
angiogenesis, and metastasis. MiR-21 is a prominent
and evolutionarily conserved constituent of both hu-
man milk- and cow’s milk-derived exosomes.
Incidentally, milk itself has been shown to drive the ex-
pression of miR-21 within the actual cancer cells.
Moreover, another constituent of milk exosomes, TGFf3
also drives the expression of miR-21. As such, milk con-
sumption delivers both a direct supply of miR-21 and
components that can enhance endogenous cell expres-
sion of miR-21. In addition, exosomes in cancer
patients have been shown to deliver miRs to vascular
endothelial cells and promote angiogenesis, a character-
istic of tumor growth and metastasis. This warrants fur-
ther investigation of angiogenic miRs in bovine milk
exosomes, especially in unfermented milk products.

Acne, dairy, and exosomes, and the link to prostate
cancer

Acne represents another condition positively associated
with dairy intake. A fairly recent meta-analysis involv-
ing over 70 000 individuals demonstrated that there was
an increased odds ratio for acne for individuals aged be-
tween 7 years and 30 years who consume dairy, relative
to those who consume no dairy.'”® However, stratifica-
tion of the data according to the consumption fre-
quency and type of dairy product highlighted that the
odds ratios differ among the dairy subtypes.
Specifically, a higher intake of milk per week (1 or more
glasses per day) was associated with a higher odds ratio
for acne than was a lower intake of milk (up to 6 glasses
a week). Interestingly, high-fat dairy products had a
lower odds ratio than skimmed products, but this was
thought to be linked to a probable higher consumption
of skimmed products per week. Another study, how-
ever, also demonstrated that acne in boys was positively
correlated to consumption of skimmed milk.'"!
Stratification according to gender and ethnicity also
presented higher odds ratios in males and in individuals
from Africa and Asia, respectively.'® Thus, gender and
ethnicity represent other factors to consider when ex-
amining the role of dairy products in diseases.

One mechanism by which dairy is likely linked to
acne is via insulin-like growth factor-1 (IGF-1). IGF-1
is significantly upregulated in individuals who consume
dairy products.'”>'* In fact, it is increased as a result of
milk consumption up to 20% in adults, and up to 30%°>
in children. Moreover, prolonged intake of UHT milk
has been shown to especially augment IGF-1 levels in
children.'”* IGF-1 is a hormone produced in the liver
and it is stimulated by growth hormone (GH).'*
Insulin has been shown to stimulate secretion of IGF-1
from the liver.'” IGF-1 is especially important in
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growth and development in young individuals, with a
prominent role in the prepubertal growth spurt. In
adults, it exerts anabolic functions throughout the vari-
ous cells of the body. The increase in IGF-1 has been at-
tributed particularly to the essential amino acids,
bovine IGF-1, and calcium found in dairy products.103
In fact, proteins and calcium from non-dairy sources
were not associated with the same increase in IGF-1 in
humans.'”’

It has previously been demonstrated that porcine
milk-derived exosomes stimulate expression of IGF-1
receptor (IGF-1R) in porcine intestinal epithelial cells,
with a likely role in stimulating intestinal proliferation
in their newborns.'®” Thus, there is also potential that
bovine milk exosomes trigger a similar outcome, and
this warrants exploration of the role of bovine milk exo-
somes in the production of IGF-1 and IGF-1 receptors
in the human consumer. IGF-1 stimulates proliferation
of sebocytes, 50-reductase, and androgen synthesis, all
of which contribute to acne development.

Further cause for concern is that elevated adult lev-
els of IGF-1 and the presence of acne have been linked
to an increased risk of cancer. Specifically, acne in late
adolescence is associated with a 6-fold increase in pros-
tate cancer later in life."”® IGF-1 is postulated to exert
tumorigenic activity via its ability to upregulate the
PI3K/Akt/mTORC-1 signaling pathway. As discussed,
mTORC-1 enhances growth and anabolic activities in
adults, and its dysregulation is a contributor to can-
cer.'” Incidentally, milk intake has also been linked to
an increased incidence of prostate cancer.''
Importantly, this link was mainly attributed to early-life
milk consumption rather than mid-life milk consump-
tion, stressing the importance of factoring in age of
milk consumption in epidemiological studies.""”

MiRs encapsulated in bovine milk exosomes have
also been postulated to contribute to acne and prostate
cancer. The intersection of acne and prostate cancer is
proposed to be the anti-apoptotic effects that result
from silencing of p53 expression.''"''* In particular,
miR-125 and miR-148a, 2 of the most abundant miRs
in milk, respectively downregulate p53 and DNMT-1 -
2 important factors that regulate cell cycle and division
and the silencing of gene expression.'"” Oncogenic
miRs, or those that inhibit expression of tumor suppres-
sion proteins such as p21 and p27, can eventually en-
hance proliferation of cancer cells. For example, the 6
miRs from the miR-17-92 cluster are overexpressed in
prostate cancer patients, and 1 of them, miR-20a, has
thus far been shown to inhibit apoptosis.''*'"> The
therapy for acne directly targets p53 to stimulate
apoptosis.

However, it has yet to be demonstrated whether
these miRs from bovine milk exosomes are taken up in
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sufficient quantities in the human recipient to elicit
these particular effects. Nevertheless, prolonged expo-
sure to these miRs from adolescence into adulthood
should be considered for a possible additive or cumula-
tive effect on the signaling pathways shared between
acne and prostate cancer.

Breast cancer, dairy, and exosomes

Females who consume whole unpasteurized cow’s milk
demonstrated a higher prevalence of estrogen receptor-
positive (ER+) breast cancer.''® However, another co-
hort study examining the role of low-fat milk, full-fat
milk, and yogurt, in relation to breast cancer, showed
no significant association.''” Perhaps a larger study
stratified by age groups may offer more accurate corre-
lations. Previously, the protective effect of unpasteur-
ized milk against asthma and allergic diseases was
discussed, yet in this scenario its positive correlation to
breast cancer is noted. This highlights that milk exerts
differential effects depending on the context of the dis-
ease. Additionally, while whole unpasteurized milk is
associated with higher prevalence of ER+ breast cancer
in women, skimmed milk was more correlated to pros-
tate cancer incidence in males. Additionally, whereas
adolescent boys with elevated IGF-1 levels had a higher
risk of developing prostate cancer, older post-
menopausal women with high plasma levels of IGF-1
demonstrated a higher risk of developing ER+ breast
cancer. As such, it is clear that the effect of dairy prod-
ucts on humans varies depending on the type of disease,
gender, age, and type of milk product, so all these fac-
tors should be considered during investigations.

In addition to factors that increase IGF-1, one po-
tential causative agent in the relationship between milk
and breast cancer could be miR-20a. This miR is upre-
gulated in breast cancer patients and has been shown to
be involved in its metastasis. In particular, exosomes re-
leased by breast cancer cells delivered an abundance of
miR-20a to distant osteoclasts, and were significantly
taken up and interacted with a target transcript.''®
Ultimately, the effect was promotion of proliferation
and facilitation of metastasis of the cancer.'® It should
be noted that exosomes from bovine milk also contain
miR-20a and that it is also significantly internalized by
target cells."'’It may be worth examining whether milk
consumption by adults who have particular cancers
may increase the risk of proliferation and metastasis
and to consider whether prolonged exposure to miR-
20a from an early age increases the risk of particular
cancers.
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NEWLY DISCOVERED CIRCULAR DNA MOLECULES IN
MILK ARE LINKED TO MULTIPLE SCLEROSIS: ARE THEY
TRANSPORTED BY EXOSOMES?

Milk consumption has also been linked to the neurode-
generative disease of multiple sclerosis (MS).**°
Interestingly, one of the earlier studies indicated that
the correlation is more prominent among those who
consumed unpasteurized whole cow’s milk as chil-
dren."?! However, another unique finding is that cow’s
milk, yogurt, and cheese contain circular virus-like
DNA. Cow’s milk in particular carries two circular
DNA molecules that share significant sequence homol-
ogy (89% and 68%) to a circular DNA sequence
detected in the brain of patients with MS.'*
Furthermore, these bovine milk and serum circular
DNA species have been detected in human cells, and
have been shown to have hijacked the human transcrip-
tion machinery and expressed their gene products.'* In
fact, a main gene product within human cells has been
identified as a replication association protein (Rep), and
an induced anti-Rep immune response has been
detected serologically in humans. Moreover, transcrip-
tome analysis of the human cells after exposure to these
circular DNA agents revealed that mRNAs related to
cell cycle progression and cell viability were altered.'*
Additionally, these nucleic acids were associated with
an increase in antibodies in humans, suggesting an im-
mune response that may be prolonged in milk consum-
ers. In line with this finding is that breastfeeding is
associated with a lower risk of MS."** It is important to
point out that exosomes have been shown to carry and
effectively transmit circular viral DNA,'** and as such it
is worth examining whether additional circular DNAs
can be detected in these microvesicles, since they have
already been shown to carry and protect other nucleic
acids like miRs and mRNA. Establishing any sequence
homology between circular DNAs in cow’s milk exo-
somes and those associated with human diseases may
elucidate another mechanism through which cow’s milk
may contribute to diseases.

OTHER POTENTIALLY DISRUPTIVE FACTORS FOUND IN
MILK EXOSOMES: CYTOKINES

Only within the last 2 years was it discovered that exo-
somes also display and enclose a variety of cytokines,
small proteins involved in cell-cell communication.*
Previously, it had been widely established that cytokines
exert their effect by interacting with highly specific cell
surface receptors that trigger internal signaling cas-
cades, resulting in a response from the cell. They func-
tion in an endocrine, autocrine, or paracrine manner.
The primary role of cytokines is as immune modulators,
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activating or suppressing the immune system, as well as
shaping the development and maturation of cells.'* It
has already been established that free soluble cytokines
exist in mammalian milk, the most prominent being
TGEFp, which is critically involved in the anti-inflamma-
tory response as well as in metabolic growth and devel-
opment in the newborn.'*’”

Cytokines are preferentially secreted either as a sol-
uble free form, or within EVs such as exosomes.
Immune cells such as T cells and monocytes secrete
most of their cytokines enclosed in EVs, while placental
villi are more associated with the secretion of soluble
free cytokines. Eleven cytokines are predominantly
found in the enclosed rather than secreted version, in-
cluding a number of interleukins (mainly secreted by
immune T helper cells in order to enhance an immune
response), TGEp, interferon gamma (INFy), and TNFa,
all of which are involved in the immune and inflamma-
tory response. Moreover, the enclosed cytokines show
biological activity once internalized by a cell.

Exosomes transported in milk from a mother to
her own infant may carry cytokines involved in devel-
opment and production of hematopoietic cells, an im-
portant component in infant immune programming.
On the other hand, young infants and pregnant women
consuming dairy may be ingesting bovine cytokines
enclosed in cow’s milk exosomes which are reaching
the child or fetus, perhaps eliciting responses that would
be undesired in a developmentally vulnerable human.
Moreover, cytokines like TGFf are evolutionarily con-
served across species, which is a cause for concern for
the young human age groups that are incessantly ex-
posed to these inflammatory modulators, even well into
adulthood.'*® Additionally, because many cytokines are
released in response to pathogens, it may be likely that
transported exosomes carrying cytokines are triggering
an unnecessary immune response in the recipient,
whether it is visible or not.

THE IMPLICATIONS OF COW’S MILK CONSUMPTION ON
SUSCEPTIBLE INDIVIDUALS: DEVELOPING FETUSES
AND INFANTS

The most critical developmental time frames for
humans are during embryonic development, the neona-
tal period, and childhood. During this period of rapid
growth and development, they are the most sensitive to
environmental exposures. It has been established that
the mother’s food intake can shape the body composi-
tion and health outcomes of the offspring.'*” Due to
epigenetic regulation caused by food, the diet of preg-
nant mothers and infants serves as a risk factor for later
adult non-communicable diseases such as T2DM.
Moreover, numerous studies have indicated that
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expressed genes and the miR profile of offspring change
directly according to the type of diet the pregnant
mother consumes.

Pregnant female mice maintained on high-fat diets
gave birth to offspring with significantly reduced levels
of miRs associated with fat metabolism and develop-
ment. Mother’s fed low-protein diets during pregnancy
produced offspring with significantly reduced levels of
miRs involved in blood pressure regulation, while ba-
boon neonates of mothers on high-fructose diets dis-
played an increase in miRs associated with cardiac
hypertrophy and disease. In fact, a total of 55 miRs re-
lated to cardiovascular disease were elevated in these
baboon offspring. Obese mothers produce offspring
with significantly elevated levels of serum insulin and a
corresponding increase in miR-126, which also targets
transcripts involved in insulin resistance. Numerous
other studies continue to depict that the miR profile of
the vulnerable young changes directly according to the
type of diet and food intake they were exposed to dur-
ing fetal development.”" For example, miR-21, which is
abundant in cow’s milk, is significantly elevated in
infants born with macrosomia."*® Examining potential
links between milk intake by a mother during preg-
nancy and future incidence of diseases in offspring is an
area that remains largely unexplored. These studies in-
dicate the direct role of a gestating mother in epigeneti-
cally shaping the physiology of her offspring, and in the
possible unintentional planting of the seed of non-
communicable diseases, especially later in life. This war-
rants the necessity of practicing caution regarding con-
sumption of cow’s milk, a liquid laden with numerous
epigenetic components. Furthermore, it offers a new
perspective for investigating modern-day disease preva-
lence. It is possible that factoring in milk consumption
by a pregnant mother may offer insight into the inci-
dences and odds ratios of developing particular diseases
later in life.

Despite recognizing the abundance of epigenetic
regulators like miR and cytokines in exosomes, ethical
factors make it difficult to directly test their effect on
humans, especially developing fetuses and infants.
Moreover, because many non-communicable diseases
appear in adulthood, it remains challenging to trace
them back retrospectively to the individual’s pregnant
and lactating mother’s milk consumption and their own
milk consumption as infants. Thus, there is a great reli-
ance on correlation and animal studies extrapolated to
humans as we attempt to gain an understanding of
what the effects of ingested epigenetic regulators may
entail.

Dairy products compose a large portion of the hu-
man diet. In fact, the current dairy recommendation in
the food pyramid in the United States is 2-3 servings
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per day, while the Canadian food guidelines recom-
mend reducing animal protein and dairy products high
in fat. In just 1 mL of cow’s milk, there are approxi-
mately 1.4 x 10'" particles of exosomes. This would
mean that in 1 serving (which equates to 250 mL) an in-
dividual is ingesting 35 billion particles of exosomes, of
which 30% are transported across the intestine and
shown to accumulate in the liver, spleen, intestines, and
(as demonstrated in mice) the brain.'*'

CONCLUSION

Milk has been considered a beneficial dietary compo-
nent because it includes all 3 main macronutrients (pro-
teins, fats, and carbohydrates) as well as minerals.
However, the findings mentioned in this review illus-
trate that milk may be a double-edged sword due to its
potential for exerting unnecessary (and potentially dele-
terious) epigenetic regulation. Whether the existing evi-
dence is sufficient to challenge the previously
considered unequivocal benefits of cow’s milk is an is-
sue that needs further research. Is milk not as beneficial
as previously thought? If so, is it time to reconsider the
dairy recommendations, especially for vulnerable age
groups, and pregnant and lactating mothers?
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