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This is the first systematic review, to our knowledge, of published studies investigating the gastrointestinal effects of Al-type bovine B-casein
(A1) compared with A2-type bovine B-casein (A2). The review is relevant to nutrition practice given the increasing availability and promotion
in a range of countries of dairy products free of A1 for both infant and adult nutrition. In vitro and in vivo studies (all species) were included.
In vivo studies were limited to oral consumption. Inclusion criteria encompassed all English-language primary research studies, but not
reviews, involving milk, fresh-milk products, B-casein, and B-casomorphins published through 12 April 2017. Studies involving cheese and
fermented milk products were excluded. Only studies with a specific gastrointestinal focus were included. However, inclusion was not
delimited by specific gastrointestinal outcome nor by a specific mechanism. Inclusion criteria were satisfied by 39 studies. In vivo
consumption of A1 relative to A2 delays intestinal transit in rodents via an opioid-mediated mechanism. Rodent models also link
consumption of A1 to the initiation of inflammatory response markers plus enhanced Toll-like receptor expression relative to both A2 and
nonmilk controls. Although most rodent responses are confirmed as opioid-mediated, there is evidence that dipeptidyl peptidase 4
stimulation in the jejunum of rodents is via a nonopioid mechanism. In humans, there is evidence from a limited number of studies that
A1 consumption is also associated with delayed intestinal transit (1 clinical study) and looser stool consistency (2 clinical studies). In
addition, digestive discomfort is correlated with inflammatory markers in humans for A1 but not A2. Further research is required in humans

to investigate the digestive function effects of A1 relative to A2 in different populations and dietary settings. Adv Nutr 2017,8:739-48.
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Introduction

In this review, we address the scientific evidence for Al-type
bovine (3-casein (A1) compared with A2-type bovine (3-casein
(A2) being associated with gastrointestinal issues. We do this
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within a systematic framework in accordance with section 6
of the Australia New Zealand Food Standards Code (1) by us-
ing defined criteria and including in vivo and in vitro studies
(all species) published through 12 April 2017. Articles that do
not have an explicit relevance to gastrointestinal issues were
excluded.

As background, B-casein makes up ~30% of the total
protein contained in bovine milk and may present as 1 of
2 major genetic types: Al and A2 (2). The distinguishing
structure between these 2 forms of -casein is the presence
of either histidine (His®”) in Al or proline (Pro®”) in A2 at
position 67 of this 209—amino acid protein, with Al being
consequential to a point mutation from Pro®” to His®” oc-
curring in ancestors to modern European-type cattle (2).
Consequently, the milk produced commercially in many
countries contains a mixture of Al and A2 (2). The His®” mu-
tation is absent in purebred Asian and African cattle. Simi-
larly, the presence of a histidine mutation at the equivalent
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position in other mammalian species, including humans, is
either absent or extremely rare (3, 4).

Within modern European-type cattle, there are addi-
tional derivative [-casein proteins through mutations at
other points of the protein chain, which can be grouped
within the Al and A2 types. The most important of these
is type B B-casein, which, like Al, contains His®’. Other Al
and A2 caseins can be considered minor. Most studies are
not explicit as to the presence or absence of these minor
variants and refer only to either “A1” or “A2.” Accordingly,
throughout this review we use the same terminology but
recognize that other unrecorded minor subvariants of these
types may also have been present.

Although His®” within Al is susceptible to proteolytic
cleavage, Pro®” within A2 is not. Thus, Als have the poten-
tial to release short B-casomorphin (BCM) opioid peptides,
including BCM-7, during gastrointestinal digestion (Table
1). The avoidance of Al is feasible within dairy-based diets
through the consumption of goat, sheep, and buffalo milk
or through the consumption of bovine milk from the native
Asian and African bovine breeds, or through the consump-
tion of milk from genetically selected herds of European-
type cattle that are certified free of the His®” mutation. Such
herds are being developed in many countries.

Bovine milk that is free of Al is now available commer-
cially in a range of countries, including Australia, the United
Kingdom, the United States, New Zealand, and The Nether-
lands, and is widely promoted as beneficial for people who
suffer from milk intolerances. Infant formula containing
casein but free of Al is now marketed widely in China and
Australia and is promoted commercially as being more gentle
on the infant digestive system.

To our knowledge, this is the first scientific review to fo-
cus specifically on intolerances and gastrointestinal effects.
An earlier review by Truswell (5) was not systematic, did
not focus specifically on gastrointestinal effects, and has
been criticized for ignoring relevant studies (6, 7). A review
by the European Food Safety Authority (EFSA) undertaken
in 2008 (2) noted that BCM-7 was an opioid peptide re-
leased by Al but not A2, but did not find convincing evi-
dence for physiologic effects in humans. The EFSA study
did not investigate intolerances and gastrointestinal effects.
In our study, we focus on the available science both before
and subsequent to these studies. Although the underlying
science of casomorphins has been known for >30 y, the

TABLE 1 Structure of BCMs released from bovine milk’

scientific evidence specific to gastrointestinal effects has
largely emerged since 2009.

Methods

Criteria for inclusion

Both in vitro and in vivo animal studies and human clinical trials that re-
ported outcomes relevant to a comparison between the digestion and po-
tential health impacts of Al and A2 in the gastrointestinal system were
included in the review. Studies involving milk, milk products, B-casein,
and BCM peptides of various lengths were considered relevant. For
in vivo animal and human clinical studies, inclusion was limited to those
studies in which the test material was administered orally. Relevant outcome
measures were as follows: release of BCM in actual or simulated gastrointes-
tinal digestion of milk, fresh-milk products, or casein; opioid agonist activ-
ity after digestion of milk, milk products, or casein; and variations in
biomarkers of bloating and abdominal pain or discomfort after the con-
sumption of milk, fresh-milk products, or casein. However, the selection
of studies was not delimited by any specific mechanism or outcome as
long as it had a gastrointestinal relevance. Studies involving fermented
and aged dairy products, such as cheese, were not included. The authors
considered that the presence of cultures in fermented and aged products
raises 2 separate questions—I) how much BCM is released during the
cheese-making process and 2) how much BCM is released during in vitro
and in vivo digestion—which are sufficiently complex to warrant a separate
review.

Search methods

English-language literature searches were undertaken by using PubMed
(https://www.ncbi.nlm.nih.gov/pubmed/), Scopus (https://www.elsevier.com/
solutions/scopus), and ScienceDirect (http://www.sciencedirect.com/) (filtered
for Agricultural and Biological Sciences; Biochemistry, Genetics and Molecu-
lar Biology; and Health Sciences), initially in March 2016, but updated
through 12 April 2017 with the use of the following search terms: A2 AND
Milk; beta-casein AND Al OR A2; casomorphin; beta-casomorphin; beta-
casomorphin-7; beta-casomorphine; beta-casomorphine-7; Al_betacasein
OR A2_betacasein; and b-cm OR 7 bcm?7 OR bem-7. In addition, 1 relevant
study (8) was identified from the EFSA DATEX Working Group report (3),
1 (9) was identified from a citation in a selected study (10), and 1 (11) was
provided by one of the authors.

Study selection

Data were extracted manually and independently for each search database.
Studies that measured outcomes relevant to potential direct effects of Al
compared with A2 in the gastrointestinal tract were selected. Studies that
did not contain relevant outcome measures or that were only available as
abstracts of conference presentations were excluded. Studies were assessed
manually for bias on the basis of information provided in each publication
(see Supplemental Tables 1-6).

Results
A total of 3287 unique studies were identified (Figure 1).
The overwhelming majority of studies were excluded on

Corresponding

Peptide B-casein location Structure
BCM-4 60-63 Tyr-Pro-Phe-Pro
BCM-5 60-64 Tyr-Pro-Phe-Pro-Gly
BCM-6 60-65 Tyr-Pro-Phe-Pro-Gly-Pro
BCM-7 60-66 Tyr-Pro-Phe-Pro-Gly-Pro-lle
Pro®-BCM-8 60-67 (A2/A3) Tyr-Pro-Phe-Pro-Gly-Pro-lle-Pro
His®-BCM-8 60-67 (A1/B) Tyr-Pro-Phe-Pro-Gly-Pro-lle-His
Pro®-BCM-11 60-70 (A2/A3) Tyr-Pro-Phe-Pro-Gly-Pro-lle-Pro-Asn-Ser-Leu
His®-BCM-11 60-70 (A1/B) Tyr-Pro-Phe-Pro-Gly-Pro-lle-His-Asn-Ser-Leu

' A1, Al-type bovine B-casein; A2, A2-type bovine B-casein; A3, A3-type bovine B-casein; BCM, B-casomorphin.
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the basis that the reported variables did not include oral ex-
posure to the test materials for in vivo studies; did not in-
clude markers relevant to gastrointestinal bloating, abdominal
pain or discomfort, or both; were not original results; or
were reviews. Additional exclusion criteria included that the
original references could not be sourced, were not available
in English, or the references were conference papers or ab-
stracts that contained data published elsewhere in full. Thirty-
five studies were identified for review directly from the search
results, and 4 were identified from other sources as described.
Of these, 11 described the digestion of bovine milk or fresh-
milk products within in vitro studies and 5 within in vivo
studies, 11 reported bovine BCM activity in the gastrointestinal

tract within in vitro studies, and 15 reported results from milk
or bovine BCM within in vivo studies. Some studies were allo-
cated to more than one category during review depending on
the relevant content. Although mention of BCM activity was
not a required condition for study selection, it was found
that (3-casein studies of gastrointestinal effects consistently re-
ferred to either BCM-related analyses or BCM-related explan-
atory hypotheses.

Release of BCMs from B-casein

Eleven in vitro studies that reported enzymatic digestion of
milk and milk products or casein, and 5 in vivo digestion
studies (including those in humans), met the inclusion criteria
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FIGURE 1 PRISMA flowchart. PRISMA, Preferred Reporting Items for Systematic Reviews and Meta-Analyses.
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for review (Supplemental Tables 1 and 2). One study reported
both in vitro and in vivo data.

In vitro studies

The release of bioactive peptides from milk and milk products
with opioid properties was first discovered in an in vitro sys-
tem by Brantl and Teschemacher (12) in 1979 while searching
for pronase-resistant opioids in bovine milk and milk pro-
ducts that were similar to those reported previously in plasma.
Chloroform-methanol extracts of enzyme-digested commer-
cial cow milk, casein digests, and milk-based baby food were
found to inhibit contraction of isolated guinea pig ileum. Fur-
thermore, this activity was blocked by the opioid antagonist
(—)naloxone, suggesting that milk peptides in the extracts
had p-opioid receptor agonist activity. The fresh-milk samples
were collected monthly over a 7-mo period from a local farm.
Opioid activity was found in casein extracts prepared from
milk collected in May, June, and October but not in July,
August, September, or November. An explanation for this
differential finding may reflect random sampling, herd
composition, and health status. In a follow-up study, similar
chloroform-methanol extracts of digested casein were shown
to have p-opioid receptor activity in isolated guinea pig ileum
(13), and the active peptide was isolated and identified by us-
ing amino acid sequencing as BCM-7 (14, 15). The sequence
identified was cross-mapped to bovine 3-casein correspond-
ing to the amino acid sequence 60—66 (16).

Subsequent studies have shown that longer BCM pep-
tides, but not BCM-7 itself, can be released by simulated gas-
tric digestion with pepsin, but that a multistage digestion
system as is present in the human stomach and small intes-
tine is necessary for the release of BCM-7 and other smaller
BCMs. Svedberg et al. (17) reported that large amounts
of BCM-7 immunoreactive material was released after sim-
ulated gastrointestinal digestion of B-casein (unspecified
variant or variants) in a multienzyme system comprising
the following: 1) pepsin; 2) lipase, amylases, proteases, and
bile acids; and finally, 3) intestinal mucosal peptidase.
Only small amounts of BCM-7 immunoreactive material
were found after pepsin digestion alone. This finding was
confirmed in a small follow-up study in 4 healthy adults fit-
ted with intestinal tubes who consumed the same B-casein
(17). The BCM-7 immunoreactive material identified in
these studies was not further identified as BCM-7 itself
and potentially indicates the release of a longer-chain pep-
tide that includes the BCM-7 amino acid sequence. In an-
other more recent study, pepsin digestion of commercial
bovine B-casein released both His® and Pro’ BCM-11 but
not BCM-7 (18). These data indicate that pepsin alone is in-
sufficient and that the release of BCM-7 occurs beyond the
stomach.

It has been shown that pancreatin, a mixture of several
digestive enzymes produced by the pancreas and only found
in the small intestine (1), releases BCM-7 from His®’
B-caseins (i.e., Al and B B-casein types) but not Pro®
(i.e., A2 type) variants (16). Elastase was identified as the es-
sential component enzyme in the pancreatin responsible for

742 Brooke-Taylor et al.

cleaving the Tle®*~His®” bond to release BCM-7 from longer
BCM peptides (19). More recently, De Noni (20) and Ul
Hagq et al. (21) both confirmed the release of BCM-7 after
simulated gastrointestinal digestion of milk from A1/A1 and
A1/A2 but not from A2/A2 cows. Ul Hagq et al. (21) also ver-
ified that elutes containing BCM-7 showed opioid activity in
an isolated rat ileum assay.

One research group has consistently reported small
amounts of BCM-7 in fresh milk and in hydrolyzed milk
from both A1/A1 and A2/A2 cows after an intensive 24-h acidic
(pH 2.0) pepsin digestion (22, 23). The presence of BCM-7
in fresh milk is not confirmed elsewhere in the literature,
and it has alternatively been proposed that this finding may
be explained by proteolysis of caseins by enzymes associated
with somatic cells in the milk, which are normally associated
with clinical or subclinical mastitis (2, 24). However, it could
be more likely that small amounts of BCM-7 detected by this
group after pepsin digestion were the result of extended acidic
hydrolysis rather than enzymatic action and are not reflective
of human multienzyme gastrointestinal digestion in which
gastric digestion may occur for <1 h and is unlikely to exceed
6 h (25). From the same research group, and by using an al-
ternative pepsin-trypsin-elastase sequential digestion system,
Cieglinska et al. (23) reported that the concentrations of
BCM-7 were highest in milk hydrolysates from A1/Al cows
and 25- to 27-fold higher than that reported for pepsin diges-
tion alone. In hydrolysates of milk from A1/A2 cows, the
concentrations of BCM-7 measured were ~50-60% of those
from the A1/A1 milk. BCM-7 was also detected at low concen-
trations in milk hydrolysates from A2/A2 cows in this study,
although the concentrations were consistently <10% of those
measured from Al/Al milk. Although this study was under-
taken by using simulated gastric and intestinal digestion, the
detection of BCM-7 from A2/A2 milk stands in contrast to
other studies that have shown no release of BCM-7 from
the milk of A2/A2 cows (19-21).

In vivo studies

BCM:s were first identified in the gut contents after the con-
sumption of 100 g of a commercial, acid-precipitated bovine
casein in a small study with 2 mini-pigs fitted with a duodenal
cannula (26). The duodenal extract contained 23 tyrosine-
containing peptides from which electrophoresis produced
a main band that was subsequently resolved by HPLC into
14 peptides, predominantly BCM-5, but also minor bands
of BCM-7 and a BCM-4 amide.

A similar result was reported from a small study in 4
healthy men fitted with a gastric tube positioned in the prox-
imal small intestine after the consumption of 1 L raw milk
(B-casein variants not reported) (17). Analysis of the BCM-7
immunoreactive peptides recovered indicated that, although
they contained the BCM-7 sequence, much of the material
was suspected to be a longer-peptide sequence, possibly in-
dicative of A2s. In a separate study, BCM-7 immunoreactive
material, with chain lengths of 12—13 amino acids, was also
found in the plasma of young dogs (aged 2 and 4 wk), but
not in adult dogs, after oral administration of cow milk
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(B-casein variants not reported) and canine milk (27). All of
these studies indicate the release of BCM peptides but do not
directly show the release of BCM-7 itself from -casein. In
addition, because the B-casein variants were not identified,
it is unclear from these studies alone whether the longer
BCM peptides detected, including the [Pro®]BCM-11 iden-
tified by Meisel (26), came from Al or A2. The formation
of a number of B-casein peptides was also reported in sam-
ples collected from the stomach and duodenum from a small
study in 6 adult humans after the consumption of milk and
yogurt; however, no peptides that contained sequences corre-
sponding to (3-casein positions 60—70 were reported (7).

In a current single-blind parallel study, 16 healthy adults
were randomly assigned to 2 groups of 8 participants (28).
Each group consumed daily, for 9 d, a protein controlled
meal (1.4 g - kg™ ' - d7'), including a protein shake contain-
ing 30 g of either milk casein (equivalent to ~1 L milk) or
whey protein. The B-casein status of the source milk was
not reported. On day 9, samples were withdrawn by nasoje-
junal tube, positioned to collect contents from the proximal
jejunum, at multiple times postconsumption. Analysis of
peptides was undertaken by using tandem MS. B-Casein
was reported to be the predominant precursor of peptides
recovered, accounting for 61.2% of total recovered casein
peptides. There were 20 peptides identified that had amino
acid sequences that included all or part of the B-casein
60-66 sequence (i.e., BCM-7) (Table 2). Six peptides cleaved
before B-casein position 67, including BCM-7, were identi-
fied with collection frequencies between 0.73 and 0.14. The

cumulative quantity of 4 of these peptides [B-casein®”°°,

58-66 59-66 60—-66

B-casein® ", B-casein™ ", and B-casein (the last being
BCM-7)] was highest at 30 min postconsumption, at 3.60 *
0.35 mg. An average total of 4 mg BCM-7 was recovered
from the jejunal effluent =2 h postconsumption, correspond-
ing to a concentration of 17 pmol/L in 304 mL (mean volume)
of the jejunal effluent collected. Only 2 long peptides containing
intact His®” were identified, B-casein®®’* and B-casein® "2,
both with very low frequencies (0.06 and 0.02, respectively).
A total of 14 peptides containing an intact Pro®” bond
(i.e., peptides of the A2 type) were identified. The most fre-
quently found was B-casein®®® (i.e., Pro®’—10 amino acid
peptide) at a frequency of 0.65. Three other Pro®” pep-
tides—B-casein57_68 (ie., Pro®’—12 amino acid peptide),
E>-c;1sein58_68 (i.e., Pro®-11 amino acid peptide), and
B-casein® % (i.e., Pro®”—9 amino acid peptide)—were identi-
fied with frequencies between 0.31 and 0.35. B-Casein®*®
(i.e., Pro®~-BCM-9) was identified at a frequency of 0.15.
These data support the in vitro data that His®” (i.e., Al
and B) B-casein is readily cleaved at position 67.

Mechanism of activity of B-casein

A total of 11 in vitro enzyme studies investigating the activity
in digests of milk, milk products, or casein, and including
one human colon cell culture system, were included for re-
view (Supplemental Tables 3 and 4). Two studies reviewed
under the preceding section that also included data on activ-
ity of casein digests were included in this section. All of these
studies identified opioid-related mechanisms of activity.
Studies that reported effects in vivo were allocated for review
in the subsequent section.

TABLE 2 Frequency of detection of jejunal BCM peptides after consumption of bovine casein by healthy adults’

Peptide Frequency
B-Casein sequence length Amino acids detected
Peptides cleaved at position 66 or 67
61-66 6 PFPGPI 042
60-65 6 YPFPGP 0.14
60-66 7 YPFPGPI 0.77
59-66 8 VYPFPGPI 0.67
58-66 9 LVYPFPGPI 0.73
57-66 10 SLVYPFPGPI 0.65
Peptides containing intact His®’
59-72 14 VYPFPGPIHNSLPQ 0.06
57-72 16 SLVYPFPGPIHNSLPQ 0.02
Peptides containing intact Pro®
62-67 6 FPGPIP 0.01
63-68 6 PGPIPN 0.14
61-67 7 PFPGPIP 0.1
62-68 7 FPGPIPN 0.01
60-67 8 YPFPGPIP 0.2
61-68 8 PFPGPIPN 0.02
59-67 9 VYPFPGPIP 0.31
60-68 9 YPFPGPIPN 0.15
58-67 10 LVYPFPGPIP 0.11
59-68 10 VYPFPGPIPN 0.65
57-67 11 SLVYPFPGPIP 0.01
58-68 " LVYPFPGPIPN 033
59-69 1 VYPFPGPIPNS 0.01
57-68 12 SLVYPFPGPIPN 0.35

' Data from reference 28. BCM, B-casomorphin.
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BCM-7 has been identified as a source of milk-derived
opioid activity and mapped to the B-casein peptide chain lo-
cations 60—66 (12—-15). BCM-4, -5, -6, and -7 have all been
shown subsequently to have p-opioid agonist activity in a
range of in vitro assays and analgesic activity in vivo (29,
30). After intracerebroventricular injection in rats, the most
potent of the bovine BCMs was reportedly BCM-5, with a po-
tency (half maximum inhibition of naloxone, ICsy) one-tenth
that of morphine (29).

A predigested enzyme hydrolysate of casein has also been
shown to increase jejunal mucin secretion in vitro (31).
BCM-7 also induced jejunal mucin secretion when admin-
istered intra-arterially in an isolated vascularly perfused
rat jejunum system (32). Both effects were inhibited by
naloxone, indicating p-opioid receptor activity. BCM-7
also produced a dose- and time-dependent increase in mucin-
like glycoprotein secretion by cultured rat and human colon
cells that was inhibited by the w-opioid receptor antagonist
cyprodime (33).

Endogenous opioids, including both bovine and human
BCM-7, have also been shown to reduce cellular redox status
and methylation capacity, through opioid receptor-mediated
inhibition of cysteine uptake by human intestinal Caco-2
cells, in an isolated cell system (34). The relative potency in
this assay was morphine > bovine BCM-7 > human BCM-7.
We note here for clarification that human BCM-7 contains
5 out of 7 amino acids that are homologous to bovine BCM-
7 and is found in the highest concentrations in breast milk
in the first days after parturition (35). Human BCM can also
be considered A2-like, in that the amino acid at the equivalent
position is Pro and not His.

Casein and opioid activity in vivo

Rodent studies have consistently reported opioid-mediated
reduction in the rate of gastric emptying and increases in
gastrointestinal transit time after the consumption of com-
mercial casein (Supplemental Tables 5 and 6). In vivo assays
in rodents showed that a casein meal slowed gastric empty-
ing and increased gastrointestinal transit time, compared
with a whey protein meal (10, 36). Similarly, in dogs, de-
creased intestinal motility and motor activity were observed
with a casein-rich meal compared with a soy protein meal
(37). Casein has also been shown to slow gastrointestinal
transit time in young rats compared with hydrolyzed casein
that has been predigested and which does not release BCMs
(38). In each case, the effects of casein were reversed by
naloxone.

In a direct comparison of Al and A2 fed to Wistar rats,
gastrointestinal transit time was significantly greater in the
Al group between 8 and 14 h postprandially (39). Co-
administration of naloxone decreased gastrointestinal transit
time significantly in the Al diet group but not in the A2 diet
group at 8 and 11 h, but not at 14 h.

There is also some evidence that BCM-7 may interact
with k-opioid receptors in the gut. When administered in
combination with enterostatin, which acts on k-opioid re-
ceptors, via a gastric cannula, BCM-7 partially reversed the

744  Brooke-Taylor et al.

decrease in fat intake from a high-fat diet, observed with
enterostatin alone, but did not affect intake from a low-fat
diet (40).

Casein and bowel irritation

The action of B-casein and BCMs on bowel irritation has
been studied in rats, mice, and humans (Supplemental Tables 5
and 6). In a study in which mice were administered (3-casein
isolated from milk of A1/A1, A1/A2, or A2/A2 Indian Karan
Fries cows, by gavage at a dose of 85 mg/d (or a saline con-
trol), there were increases in indicators of gut inflammation
associated with both A1/Al and A1/A2 compared with
A2/A2 or control (41). Both A1/A1 and A1/A2 significantly
increased myeloperoxidase activity in intestinal tissue
(P < 0.01) and IL-4, IgE, IgG, IgGl1, and IgG2a concentra-
tions in intestinal fluid compared with both control and
A2/A2 (P < 0.01). The ratio of IgG1 to IgG2a also increased
significantly (P < 0.05) in the A1/A1 group compared with
the control. There was no difference between the control
and the A2/A2-fed groups for any of these variables. There
were no significant changes in IgA concentrations in the in-
testinal fluid with any of the B-casein variants compared
with control.

In the same study, all B-casein variants significantly
increased monocyte chemotactic protein 1 (MCP-1) con-
centrations in intestinal fluid compared with control, al-
though this effect was greatest for A1/Al1 and A1/A2 than
for A2/A2. On histologic examination, both Al/Al and
A1/A2 significantly increased the number of leukocytes in
the intestinal villi compared with both control and A2/A2,
whereas there was no difference between A2/A2 and con-
trols. However, B-casein had no effect on the number of
goblet cells observed in the intestinal villi or IgA™ plasma
cells in ileum sections compared with controls. A1/A1 and
A1/A2 also significantly increased Toll-like receptor (TLR)
4 expression compared with control and A2/A2, and Al/Al
also increased TLR-2 expression compared with control and
both A1/A2 and A2/A2 (neither of which were significantly
different from the control group).

In a second study by the same research group in which
mice received BCM-7, BCM-5, or saline by gavage for
15 d, there were similar significant increases in indicators
of inflammation compared with the saline control (42).
The B-casein and BCM doses administered in both of these
studies were standardized according to a body size—dose—
translation formula (human to mouse) (43) and the release
of BCM-7 from Al (20). Myeloperoxidase activity in intes-
tinal tissue and MCP-1, IL-4, and histamine concentrations
in intestinal fluid all increased in mice treated with BCM-7
and BCM-5. The magnitudes of the effect produced on
opioid-mediated markers of inflammation were consistent
between A1/A1 and BCM-7 and BCM-5 (Table 3). In con-
trast, the magnitude of the non—opioid-mediated increase in
MCP-1 observed with BCM-7 was approximately one-third
of that with A1/A1l. Total IgE concentrations in intestinal
fluid were also increased and the effect of BCM-7 was greater
than that of BCM-5. Total IgG, IgG1, and IgG2a concentrations
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TABLE 3 Effects of bovine B-casein variants or BCMs on markers of gastrointestinal inflammation in mice’
Test material, % increase

Marker A1/A1? A1/A2? A2/A2? BCM-73 BCM-5°
MPO 204.2* 43.54% NS 129.76** 117.55%
MCP-1 95.83* 79.16* 42.05% 33.38*** 31.73%**
IL-4 255.12* 27741* NS 175.54** 164**
IgA NS NS NS NS NS
IgE 50.67* 46.75% NS 77.09%* 52.37%*
[¢]€] 77.56%** 24.09*** NS 42.13%%% 45.17%%%
IgG1 145.65* 82.6% NS 126.63%** 159.78%%*
lgG2a 81.07* 66.23% NS 77.39%** 90.27***
IgG1/lgG2a 35.5%** NS NS 26.87*** 27.32%**
Leukocytes in intestinal villi 178.51%* 159.5%% NS 154.99%% 118.04**
TLR-2 expression 349** NS NS 160*** 63%**
TLR-4 expression 414%% 408** NS 381%** 290%**

" Values are mean * SEM percentage increases relative to control (n = 6/group). *P < 0.01; **P < 0.001; ***P < 0.05. A1, Al-type bovine B-casein; A2, A2-type bovine B-casein;
BCM, B-casomorphin; MCP-1, monocyte chemoattractant protein 1; MPO, myeloperoxidase; TLR, Toll-like receptor.

2 Data from reference 41.
3 Data from reference 42.

in intestinal fluid also increased, as did the ratio of IgG1 to
IgG2a. Histologic examination also showed increases in the
number of leukocytes in the intestinal villi. The expression of
TLR mRNA (TLR-2 and TLR-4) also increased significantly
in intestinal extracts. As with the casein study, intestinal fluid
IgA was not affected by either BCM-7 or BCM-5, nor were
histologic observations of the number of goblet cells in the in-
testinal villi or IgA-positive plasma cells in ileum sections,
compared with controls.

In another recent rodent study in which rats were fed a
diet containing Al or A2, Al but not A2 also resulted in
an increase in a range of markers of intestinal inflammation
(39). A 65% increase in colonic myeloperoxidase was observed
in the rats that consumed A1 rather than A2 and this was in-
hibited by (—)naloxone. Jejunal dipeptidyl peptidase 4 (DPP-
4) activity (the enzyme responsible for cleaving BCMs at the
second proline on the opioid peptide chain) also increased
by 40% and 37% in rats fed A1, with or without (—)naloxone,
compared with A2. The lack of any effect of (—)naloxone in-
dicates that the effect on DPP-4 activity does not involve a
w-opioid—mediated pathway. A similar increase was not ob-
served for colonic DPP-4, for which there was no difference
from the controls irrespective of the type of (-casein con-
sumed. Histologic injury scores also tended to be higher in
the Al-fed groups, although the difference was not significant.

Human studies

In young children, the consumption of cow milk or cow-
milk—based formula has been shown to be associated with
chronic constipation in some individuals (8, 9). In a study
in children aged 11 mo to 6 y fed cow milk and with chronic
constipation that had not responded to laxatives, symptoms
were alleviated by replacement with soy milk alternatives in
44 of 65 individuals (i.e., 21 did not respond to the removal
of cow milk) (5). In a follow-up double-blind, placebo-
controlled trial in the 44 milk-sensitive individuals only, con-
stipation returned within 5-10 d in all those given cow milk
but in none of those given the soy milk control. Histologic

evidence of gastrointestinal inflammation was also observed
via biopsy samples in a subset of 26 of the 44 milk-sensitive
children, characterized by infiltration by lymphocytes, partic-
ularly infiltration of the lamina propria by eosinophils and the
presence of intraepithelial eosinophils in the crypts.

In a separate double-blind crossover study in cow-milk—
drinking children, aged 18 mo to 12 y, with chronic consti-
pation unresolved by laxatives, symptoms were relieved
by substitution with soy milk (9 of 9) or by a non—cow-milk
or soy-milk diet (8 of 9) over a 2-wk period (9). There
was a significant difference in the incidence of resolution
of constipation and the number of bowel movements during
the cow-milk compared with the soy-milk stages of the
study. Despite the presence of an identified potential for
bias in the study because of organoleptic differences between
cow milk and soy milk, such as taste, and a higher preva-
lence of dropout due to constipation of subjects who con-
sumed the cow milk first, the results of this study in relation
to a causal association between cow milk and constipation
are consistent with those of the preceding study (8). A follow-
up double-blind crossover side study that attempted to inves-
tigate the comparative effects of Al and A2 on constipation by
using commercially available milk failed to show a difference
(9). However, the study design contained a potential for bias
because neither the sources nor 3-casein analyses of the com-
mercially available test milks were reported. In light of these lim-
itations, it is difficult to draw any conclusions from this study.

In a double-blind, randomized crossover study in 41
Australian adults, who consumed 750 mL milk/d containing
either Al or A2 exclusively for 2 wk separated by a 2-wk
washout period, the stool consistency score, self-assessed
by using the Bristol Stool Scale, was significantly higher
with Al than with A2 milk, indicating softer stools in the
Al group (41). The result was strongest for women alone.
This difference in stool consistency was also evident within a
subgroup who were self-identified as being milk-tolerant
individuals (n = 28), but not for those who self-identified
as being milk intolerant (n = 8), likely because of the smaller
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group number. There were no reported differences in bowel
frequency between the Al and A2 milk phases of this study,
although there was considerable intragroup variation (Al:
0.43-3.6; A2: 0.3-4.5).

This study also reported a number of secondary correla-
tions between the measured variables. At a whole-group
level, there was a significant positive association between
stool consistency and abdominal pain with the Al diet
(r=0.52) but not with the A2 diet (r= —0.13). The difference
between these 2 correlations (0.52 compared with —0.13) was
also highly significant. For the A1 milk stage, there were also
correlations between gastrointestinal inflammation, mea-
sured as fecal calprotectin, and self-recorded markers of di-
gestive discomfort (e.g., bloating, abdominal pain, flatus,
and voiding difficulty), either individually or when com-
bined in a composite measure, for all participants, whereas
during the A2 stage, there was no correlation with bloating
or abdominal pain and the correlation with the composite
measure was markedly weaker. There were significant corre-
lations between gastrointestinal inflammation and both higher
abdominal pain (r = 0.46) and higher bloating (r = 0.36) scores
during the Al phase but not during the A2 milk phase. The dif-
ference in the correlation measures between gut inflammation
and both abdominal pain (Al compared with A2: 0.46 com-
pared with 0.03) and bloating (Al compared with A2: 0.36
compared with 0.02) was also significant for the 2 study phases.
There was no reported overall difference in fecal calprotectin
between the Al and A2 milk—drinking groups, and analyses
from most participants were within the normal range
(<50 mg/g). However, analyses from 5 individuals, who
consumed Al milk first, showed >50 mg/g for both Al
and A2 stages of the study and 3 other individuals had fecal
calprotectin concentrations >100 mg/g when consuming
Al milk but <50 mg/g when consuming A2 milk.

In a further recent randomized, double-blind crossover
study in 45 Han Chinese adults who self-identified as being
milk intolerant (but without previous diagnosis of cause),
the consumption of two 250-mL servings of A1/A2 (40:60
ratio) but not A2/A2 milk/d was associated with an increase
in self-reported markers of digestive discomfort and stool
frequency and softer stools, as measured by using the Bristol
Stool Scale (11). Whole gastrointestinal transit time, as mea-
sured by using the OMOM Controllable Capsule Endoscope
[Jianshan Science & Technology (Group) Co., Ltd., Chongqing,
China], was significantly longer with A1/A2 milk than
with A2/A2 milk (by 6.3 h; P < 0.0001), and was similar
for colon transit time (by 6.6 h; P < 0.0001) but not for small
bowel transit time (—0.20 h; P = 0.59). There were also sig-
nificant increases in serum markers of inflammation, IL-4,
IgG, IgE, and IgG1 associated with A1/A2 milk compared
with A2/A2 milk. Within the trial, urinary galactose was
used as a marker for the gastrointestinal presence of lactase.
On that basis, approximately half of the participants were
classified as being lactose intolerant. However, the effects
of the A1/A2 mix compared with all A2 milks were found
to be similar in both the presence and absence of the lactase
marker, indicating that both groups were reacting to the Al.
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Quality of the data

Much of the research relating to the release of BCMs from
milk or casein has been undertaken within in vitro studies,
which simulate gastrointestinal digestion, to find and character-
ize naturally occurring exorphins. These studies are generally
performed with adequate controls. The potential for bias within
individual studies is addressed in Supplemental Tables 2, 4,
and 6. Accordingly, evidence on the in vitro release of peptides
with p-opioid activity, and differences therein in relation to
Al compared with A2, can be considered reliable. The in
vivo evidence confirms these differences when bovine milk
is consumed by animals and humans and shows peptide re-
lease at concentrations that have the potential to be of biolog-
ical significance. Overall, there is a high degree of consistency
in outcomes within the data reviewed.

The evidence for the gastrointestinal effects of Al compared
with A2 in animals comes from multiple well-controlled ex-
periments. However, in vivo clinical data for humans are cur-
rently limited to 3 controlled, blinded, crossover pilot studies,
one in children (9) and 2 in adults (44, 45). The 2 studies in
adults drew on distinct populations: one being Australian, largely
self-identified as milk tolerant, of mixed ethnicity but predomi-
nantly European, and the other being Han Chinese with self-
identified milk intolerance. Accordingly, although the crossover
designs show high levels of significance, caution is appropriate in
relation to generalization to other populations.

Discussion
The evidence identified in this systematic review can be clas-
sified as a combination of conclusive (in which findings have
been documented and found to be repeatable in different in-
vestigatory settings) and emerging (in which significant
findings have been obtained, but where repeatability of find-
ings in diverse research settings is required before the science
can be regarded as settled). It is established that BCM-7 and re-
lated short BCMs (BCM-5, BCM-4, and BCM-3) are released
by gastrointestinal digestion from the Al-type (but not the
A2-type) B-caseins under in vitro conditions and in animals.
Furthermore, these short BCM:s exhibit direct -opioid recep-
tor agonist activity both in vitro and in animal studies. In an-
imals, there is consistent evidence that Al slows gastrointestinal
transit, and it is conclusive that this is opioid-mediated. A cur-
rent clinical study also reported the release of pharmacologic
quantities of BCM-7 in humans after the consumption of a
quantity of bovine casein equivalent to 1 L of milk (28).
There is also consistent evidence in rodents that Al and
BCM-7 are proinflammatory and induce T cell-mediated im-
mune response and emerging evidence of similar proin-
flammatory markers in humans. There is well-established
previous evidence that endogenous p-opioid agonists,
such as B-endorphin, are released in the gut in response
to chronic pain or injury and have signaling roles both neu-
rologically and peripherally (46, 47). It is also well established
that localized responses to endogenous opioid peptides in
the gastrointestinal tract include alterations to gut motility
and transit time (46, 48) and T cell-mediated inflammatory
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responses (49-51). Accordingly, the above effects from Al
and BCM-7 are consistent with a priori hypotheses.

Although the overall evidence for gastrointestinal effects
from Al and BCM-7 in animal trials and in vitro studies
can be considered conclusive, the evidence from human
clinical studies can be classed as emerging. Although there
are strong theoretical grounds arising from the universality
of p-opioid receptors within mammalian gastrointestinal
systems and the consistent evidence of B-casein effects on
gastrointestinal transit to postulate that the gastrointestinal
transit results from this specific milk-intolerant Han Chinese
population will be repeatable with other population groups,
such generalizability cannot be concluded without specific
investigations thereof. It is also reasonable to postulate that
longer gastrointestinal transit times may lead to increased
effects of lactose fermentation and other dietary compo-
nents, such as FODMAPS, which, together with genetic pre-
disposition, may also be relevant in relation to clinical and
subclinical outcomes, including both digestive discomfort
and proinflammatory effects (3).

The 2 clinical studies in adult humans that investigated
Bristol Stool Scale measures of fecal consistency both reported
softer stools with Al relative to A2, with one of these studies
also showing softer stools associated with the Al diet relative
to a nondairy baseline diet. Although these results could be
considered counterintuitive, given the delayed gastrointestinal
transit and hence a perceived potential for possible constipa-
tion, they are consistent with the proinflammatory markers ev-
ident in both human and animal studies. However, given that
these findings are counter to a conventional perception that
longer transit will lead to constipation, further replication of
these results is appropriate.

The published evidence in relation to Al and gastrointes-
tinal effects relates primarily to w-opioid pathways. However,
it is evident that Al stimulates production of the enzyme
DPP-4 in the rat jejunum through a nonopioid mechanism
(39). It is also known that BCMs are 5-hydroxytryptamine2
(5HT?2)-serotonin receptor antagonists through an unrelated
mechanism (52-54). Furthermore, recent research has shown
that A1 compared with A2 has implications for casein micelle
structure and associated chaperone activity within the gastroin-
testinal system that is unrelated to opioid mechanisms (55).
Accordingly, further research into these mechanisms within
the human gastrointestinal system is warranted.

Within this study, we emphasize that our focus has been
on a systematic analysis that draws on in vivo evidence—
human and animal—supported by in vitro studies of underly-
ing science. We wish to clearly distinguish between such a
systematic study and a meta-analysis of human clinical studies,
which would clearly be premature. We also acknowledge the
likelihood that sensitivity to Al may vary both across and
within populations, with these issues yet to be elucidated.

In conclusion, it is evident that, under normal digestive
conditions, the p-opioid peptide BCM-7 is released from
Al but not from A2. There is extensive evidence from animal
trials and emerging evidence in humans that this is associ-
ated with slower gastrointestinal transit and hence increased

gastrointestinal transit times. It is also evident in animals
and at least in some human population groups that the Al-
derivative peptide BCM-7 is proinflammatory. The balance be-
tween the extent to which these effects are direct inflammatory
responses to BCM-7, or indirect consequences of delayed
transit influencing other biological processes, is yet to be
elucidated. Although the current gastrointestinal evidence
is strongly linked to BCM-7 and .-opioid pathways, the
possibility that some gastrointestinal effects involve nonop-
ioid pathways is relevant. There is now a need for further
clinical studies of Al effects in a broad range of population
groups (ages, ethnicities, and different genetic haplotypes)
and dietary conditions.
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