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Abstract
Milk is a widely consumed nutrient-rich food containing protein variants such as casein A2 and A1. A1 differs from A2 in an 
amino acid at position 67 (Pro67 to His67). The breakdown of β-casein yields β-casomorphins (BCM), among which BCM-7 
is extensively studied for its effects on the human body. Animal studies have shown that A1 β-casein milk increases diges-
tive transit time and enhances myeloperoxidase activity. Individuals with lactose intolerance prefer A2 milk to conventional 
A1 milk, as BCM-7 in A1 milk can lead to inflammation and discomfort in sensitive individuals. A2 milk, which contains 
A2 β-casein, is believed to be more easily digestible than A1 β-casein. Its popularity has grown owing to reports linking A1 
casein to diseases such as type 1 diabetes, heart disease, and autism. A2 milk has gained popularity as an alternative to A1 
milk, primarily because of its potential benefits for individuals with certain diseases. This review aims to provide an updated 
understanding of A2 milk consumption and its health benefits. This review aims to provide an updated understanding of A2 
milk consumption and its health benefits.

Keywords A2 milk · β-casomorphin-7 · Lactose intolerance · Inflammation · Health benefit

Introduction

Milk is considered a nutrient-dense food, as it contains vari-
ous nutrients such as carbohydrates, fats, proteins, vitamins, 
and minerals. However, it does not provide sufficient iron 
(Fe) and folate, especially to meet the nutritional needs 
of growing infants (Kaskous, 2020). Caseins contribute 
to approximately 80% of the total protein in bovine milk 
and to one-third of the protein in human milk (Swaisgood, 
2003). Bovine milk consists of four caseins, ⍺s1-casein 
(26.9%), ⍺s2-casein (7.3%), β-casein (22.0%), and κ-casein 
(7.3%), and two major whey proteins, ⍺-lactoglobulin and 

⍺-lactalbumin (Lucey and Horne, 2018). The whey pro-
teins, including lactoglobulin (7.8%), serum albumin (1.0%), 
lactoferrin (7.3%), immunoglobulin (17.1%), and enzymes 
(0.2%) (Franzoi et al., 2019) make up the remaining 20% of 
the total protein content in milk (Fig. 1). β-Casein consists 
of 209 amino acids.

Currently, bovine milk contains 13 genetic variants 
of casein: A1, A2, A3, B, C, D, E, F, G, H1/H2, I, and J 
(Fig. 2). The A1 and A2 variants are the most common. 
Notably, the A1 and A2 variants differed in the  67th amino 
acid in the β-casein polypeptide chain. The A1 type contains 
histidine (His), whereas the A2 type harbors proline (Pro) 
at this position. Studies have shown that humans can digest 
 His67 in casein using digestive and microbial enzymes; this 
results in the release of a heptapeptide, β-casomorphin-7 
(BCM-7), during digestion as well as during the ripening of 
cheese. BCM-7 belongs to a group of peptides with opioid 
properties, commonly called casomorphins (De Noni and 
Cattaneo, 2010).

Among BCMs, only BCM-7 has been studied extensively. 
Recent epidemiological evidence has suggested that the 
consumption of milk containing the A1 variant is associ-
ated with higher risk of developing type 1 diabetes (T1D) 
and heart disease (Laugesen and Elliott, 2003; McLachlan, 
2001). The formed BCMs can bind to opioid receptors in 

Young-Seo Park and Sung-Sik Yoon have contributed equally to this 
work.

 * Young-Seo Park 
 ypark@gachon.ac.kr

 * Sung-Sik Yoon 
 sungsik@yonsei.ac.kr

 Huijin Jeong 
 huijin0218@gmail.com

1 Department of Food Science and Biotechnology, Gachon 
University, Seongnam 13120, Republic of Korea

2 Division of Biological Science and Technology, Yonsei 
University, Wonju 26493, Republic of Korea

http://crossmark.crossref.org/dialog/?doi=10.1007/s10068-023-01428-5&domain=pdf
http://orcid.org/0000-0002-9930-4201


492 H. Jeong et al.

1 3

the central nervous system, as well as in the gastrointestinal 
tract. In contrast, A2 milk with  Pro67 substitution hampers 
protein digestion in humans. Researchers have focused on 
the potential effects of BCM-7 and its associated peptides on 
human health. In 2009, the European Food Safety Author-
ity (EFSA) concluded that BCM-7 is not directly related 
to non-communicable diseases such as cardiovascular dis-
eases (CVD), autism, and insulin-dependent diabetes (De 
Noni et al., 2009). Nevertheless, BCM-7-like peptides have 
been identified in raw milk (Cieslinska et al., 2022), which 
requires further research because of their possible link to an 
elevated risk of developing chronic diseases. Whether BCMs 
are formed and the amount of BCMs formed at different 

steps of milk processing or fermentation remain highly 
intriguing.

Systematic reviews on the effects of A1 or A2 β-casein 
intake on human health are limited. Four reviews have men-
tioned that the intake of A2 milk may favor digestion com-
pared to that of A1 milk (Brooke-Taylor et al., 2017; Kask-
ous, 2020; Kay et al., 2021; Kullenberg de Gaudry et al., 
2019). However, evidence regarding its health benefits is 
limited. Information regarding the differences in the struc-
ture and physicochemical properties of β-casein mutants, 
which can be used in technology and cheese manufacturing, 
is also scarce. Apparently, the substitution of Pro by His 
affected both the structure and hydrophobicity of β-casein. 
Similarly, these two forms appear to affect the stability and 
emulsifying and coagulation properties of casein.

This review summarizes the current knowledge regard-
ing BCMs, their content in dairy products, and the possi-
ble health benefits of bovine milk containing A2 β-casein 
(Table 1).

Methodology used

We systematically searched the bibliographic data in dif-
ferent electronic databases (Scopus, MEDLINE, PubMed, 
and Google Scholar) from March 13 to June 11, 2023. The 
search terms were used in the Title/Abstract/Keywords, 
MeSH, Title/Abstract, or Topic fields. For the MeSH search, 
casein and A2 milk, BCMs/BCM-7, A2/A2 milk, and A2 
variants were used for searching Title/Keywords/Abstracts. 
The resulting data were filtered for relevance. Some full-text 
papers were subjected to full-text analysis when the data 
were ambiguous in terms of compatibility. The analyzed 
data were further screened to identify the studies included 
in the meta-analysis. Letters to the editor, conference papers, 
or studies that had not been peer-reviewed were excluded. 
All cited references were carefully examined for compat-
ibility prior to citation. This manuscript was shared with the 
authors using EndNote 20 program (Clarivate, London, UK).

Fig. 1  Protein composition of bovine milk. Sky blue and yellowish-
green areas indicate caseins and whey proteins, respectively. The 
numbers show the percentage of each protein in the milk based on 
protein content of 100%. The data are extracted from Franzoi et  al. 
(2019)

Fig. 2  Different casein forms 
and their genetic variants and 
genes
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Structure of casein micelle in milk

Caseins, a family of related phosphoproteins, are the pre-
dominant proteins in mammalian milk, constituting approxi-
mately 80% of the proteins in cow’s milk and between 20 
and 60% of the proteins in human milk (Kunz and Lon-
nerdal, 1990). The structure of milk casein is primarily 
determined by its ability to assemble into colloidal particles 
called casein micelles, which are spherical entities con-
taining all four casein species (αS1, αS2, β, and κ). These 
micelles are held together and stabilized by their unique 
physicochemical properties, including the ability of phos-
phorylated serine residues to bind to calcium (Lucey, 2002).

Several models have been proposed to explain the for-
mation and organization of casein micelles. One model 
suggests that the micellar core is formed by submicelles, 
clusters of αS1 and β-caseins linked by calcium phosphate 
bridges, whereas the periphery of the micelle consists of 
casein microvilli that prevent aggregation via steric and elec-
trostatic repulsion (Slattery, 1976). Bovine casein, the most 
hydrophobic casein, plays a critical role in the binding and 
self-assembly of casein micelles because of its amphipathic 
nature resulting from the phosphorylation of all five phos-
phoserines (Daniloski et al., 2021). Another model, known 
as the dual-binding model, proposes that casein micelles are 
formed via two mechanisms: hydrophobic attraction between 
casein proteins and colloidal calcium phosphate bridging 
between phosphoserine residues and calcium phosphate 
(Horne, 2020). The nanocluster model proposes that casein 
micelles are formed by the aggregation of calcium phosphate 
nanoclusters linked by casein proteins. Nanoclusters provide 
a structural framework, whereas caseins contribute to stabil-
ity via their interactions with each other and with the nano-
clusters (Holt, 2016). According to the water-channel model, 
casein micelles have porous structures that contain water 
channels. Caseins form a network that allows the movement 

of water and small solutes (Dalgleish and Corredig, 2012). 
The network model describes casein micelles as a porous 
network of nonspherical primary casein particles linked by 
calcium phosphate nanoclusters. This emphasizes the impor-
tance of the nonspherical particle shape in determining the 
micelle structure (Huppertz et al., 2017). These models pro-
vide different perspectives on the structure and assembly of 
casein micelles. Possibly, elements from multiple models 
coexist within a single micelle, thereby contributing to its 
complexity.

Milk protein-coding genes, such as CSN1S1, CSN1S2, 
CSN2, and CSN3 are responsible for the production of dif-
ferent casein variants. These genetic variants can influence 
the physicochemical properties and functionality of bovine 
milk, ultimately affecting the structure and stability of casein 
micelles (Gai et al., 2021). To date, 39 genetic variants of 
bovine casein have been reported (Gazi et al., 2022) (Fig. 2). 
Casein micelles are complex structures that play a critical 
role in determining the properties and functionality of milk. 
Understanding the structures and mechanisms regulating 
their formation is essential for optimizing dairy processing 
and enhancing the nutritional value of milk.

Formation of BCM‑7 and other BCMs

A major difference between the A1 and A2 variants was a 
point mutation at the  67th amino acid in the β-casein poly-
peptide chain, wherein the A1 type contained His, while 
the A2 type contained Pro in its sequence (Fig. 3). Casein 
with  His67 is readily digestible by gastrointestinal and micro-
bial enzymes; therefore, BCM-7 can be released during the 
digestive process or ripening of cheese.

In contrast, A2 milk containing  Pro67 hampers protein 
digestion in humans. Studies have confirmed that the BCMs 
formed can bind to the μ-opioid receptors which are com-
monly found in the central nervous tissue and digestive tract. 

Fig. 3  Difference in the amino acid sequences of A1 and A2 variants and formation of β-casomorphin-7
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For decades, many researchers have been interested in BCM-
7, its associated peptides, and their potential effects on the 
human body. These molecules may activate lymphocyte 
proliferation and antibody production.

Gastrointestinal transit time associated with A1 
or A2 milk

An animal experiment in rodents reported that A1 β-casein 
milk increased the transit time in the digestive tract and sig-
nificantly enhanced myeloperoxidase activity, an inflamma-
tion marker (Pal et al., 2015). Despite limited evidence in 
clinical trials for humans, two independent clinical studies 
suggested that proinflammatory factors affect the transit time 
in the gastrointestinal tract (Ho et al., 2014). Four systematic 
reviews published between 2017 and 2021 suggested tools 
for analyzing the variable evidence provided by in vitro ani-
mal experiments (Brooke-Taylor et al., 2017; Kaskous, 2020; 
Kay et al., 2021; Kullenberg de Gaudry et al., 2019). Using 
the PRISMA method, the results obtained from animal stud-
ies were carefully examined to determine how consump-
tion of A1 β-casein milk and A2 β-casein milk can affect 
human health. These reviews revealed that A1 β-casein 
milk is highly related to increased gastrointestinal transit 
time. According to Kullenberg de Gaudry et al. (2019), 
A1 β-casein milk shows negligible association with CVD, 
diabetes, or neurological diseases. Daniloski et al. (2021) 
confirmed these claims using a series of clinical and animal 
experiments.

Acid gelation and rennet coagulation

The composition and technological properties of milk, 
including its ability to undergo acid gelation and rennet 
coagulation, are strongly influenced by milk proteins, par-
ticularly β-casein variants (Bisutti et al., 2022). These pro-
cesses play a fundamental role in the production of dairy 
products such as cheese and yogurt. The β-casein variants, 
A1 and A2, have been extensively studied because of their 
significant impact on the coagulation properties and protein 
profile of milk (Nguyen et al., 2018).

Acid gelation refers to the coagulation of milk proteins 
under acidic conditions, and is commonly used in the pro-
duction of yogurt and certain types of cheese. Research has 
shown that the polymorphic structure of β-casein, specifi-
cally the A1 and A2 variants, considerably affects the acid 
gelation behavior of milk (Daniloski et al., 2022). In particu-
lar, milk containing the A2/A2 casein variant had lower elas-
tic modulus, water-holding capacity, and gel permeability 
than milk containing the A1/A1 and A1/A2 variants. In addi-
tion, milk with the A2/A2 casein phenotype contains higher 
proportion of free ionic calcium and improved foaming 

capacity, although it requires longer time to gel than milk 
with the A1/A1 composition (Nguyen et al., 2018).

In contrast, rennet coagulation, used in cheese production, 
involves the addition of the enzyme, rennet, to milk to form 
curds. The A1 and A2 variants have been associated with 
significant differences in rennet coagulation properties. Milk 
with higher concentration of casein B, which includes the 
A1 and B variants, positively affected rennetting time, curd 
firmness, and protein, casein, and fat content (Vigolo et al., 
2022). Conversely, milk containing the A2/A2 casein vari-
ant shows poorer performance in terms of cheese-making 
ability, particularly in terms of rennet coagulation time and 
curd firmness (Bisutti et al., 2022).

These variations in acid gelling and rennet coagulation 
properties of the β-casein variants have significant implica-
tions for the dairy industry. Selection of milk with specific 
casein variants has the potential to improve the quality of 
raw milk and increase cheese yield (Poulsen et al., 2013). 
However, the high prevalence of certain β-casein variants, 
such as variant F, in native breeds, which are associated with 
poor coagulation properties, poses a challenge for dairy pro-
ducers (Poulsen et al., 2016). Therefore, further research 
to completely understand the impact of β-casein variants 
on milk coagulation properties and to develop strategies for 
optimizing milk selection in dairy production is required.

In conclusion, β-casein variants, especially A1 and A2, 
significantly influence the acid gelation and rennet coagula-
tion properties of milk. Understanding these effects is cru-
cial for optimizing milk production processes and improving 
the quality of dairy products. In future, the complex relation-
ships between β-casein variants and milk coagulation prop-
erties should be investigated, with a focus on their practical 
applications in dairy production.

Which diseases can occur after consumption of A1 
or A2 bovine milk?

Most studies on the possible effects of milk containing A1 
and A2 β-casein on human health have been conducted 
without any systematic review strategy. Individual papers 
have reported the possible health effects following the con-
sumption of A1 milk. Previous publications have associ-
ated consumption of casein with an increase in the incidence 
of specific disorders, although contradictory results were 
obtained in some cases. Truswell (2005) reported that the 
consumption of A1 β-casein was negligibly related to T1D 
and CVD. In contrast, according to Kaminski et al. (2007), 
the consumption of A1 β-casein milk appeared to be related 
to CVD and T1D. Moreover, they suggested that increase 
in the levels of urinary BCM-7 was related to sudden infant 
death syndrome (SIDS) and neurological disorders such as 
autism and schizophrenia. Based on the available evidence, 
the European Food Safety Authority (EFSA) concluded that 
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orally consumed BCM-7 or similar peptides were not related 
to nonconductive diseases (De Noni et al., 2009).

Interestingly, Raikos and Dassios (2014) reported that 
BCM-7 was released from an infant formula after simulated 
gastrointestinal digestion; however, they could not explain 
how the released BCM-7 affected the human body. Chia 
et al. (2017) also reported evidence from animal experi-
ments. A1 β-casein and BCM-7 were the major causative 
agents of T1D for people with genetic risk factors. This 
claim is consistent with the findings of Kalra and Dhingra 
(2018) who reported higher incidence of T1D in patients 
exposed to A1/A1 β-casein. Kohil et al. (2021) concluded 
that specific food habits can directly cause T1D by inducing 
epigenetic mutations. Moreover, they proposed that BCM-7 
might methylate the genes responsible for T1D and thereby 
act as an epigenetic regulator.

In contrast, Aslam et al. (2020) recently reported the 
absence of any clear relationship between BCM-7 consump-
tion and disorders such as T1D, CVD, and neurological dis-
eases. In addition, the consumption of BCM-7 should not 
be linked to obesity or indigestion because of insufficient 
experimental evidence. They insisted that conclusions based 
on experimental data from epidemiological or animal studies 
should not be extrapolated to humans. A review of synthetic 
BCMs, with an emphasis on their effects on health, revealed 
that they affected lymphocyte proliferation, antibody pro-
duction, and modulation of leukemia cell production. The 
antileukemic properties of BCM-7 have been reported in a 
series of studies on prostate cancer, breast cancer T47 cells, 
and HL-60 cells (Ledesma-Martinez et al., 2019; Mori et al., 
2021).

It has been investigated whether BCM-7 can cross the 
intestinal barrier and exert immunological effects (Fukui, 
2016; Haq et al., 2014a). This may help address the relation-
ship between BCM-7 and other potential diseases, such as 
T1D, infant mental disorders, SIDS, and atopic syndrome. 
More recently, BCM-7 has been strongly associated with 
indigestion (Haq et al., 2014b). Indigestion occurs via the 
same mechanism as inflammation in rodents. It has been 
suggested that BCM-7 first activates the opioid receptors, 
followed by damage to the integral intestinal barrier and 
bile salt metabolism (Wada and Lonnerdal, 2014). During 
this process, the intestinal microbiota changes accordingly.

According to Woodford (2021), opioid receptors for vari-
ous peptides are ubiquitous in different organs, which may 
provide insights for understanding the functions of β-casein-
derived BCM-7 found in the organs of the human body. 
Many studies support this hypothesis. Interestingly, several 
studies have demonstrated the proinflammatory role of the 
A1 subvariant of casein and its impact on various aspects 
of health, including the gastrointestinal, endocrine, neuro-
logical, and cardiovascular systems. (Kay et al., 2021). A 
large body of experimental evidence shows that food-borne 

opioid molecules can delay gut passage time, affect intestinal 
permeability, and change the gut microbiota (Rueda-Ruzafa 
et al., 2020; Vaarala et al., 2008).

Four review papers published between 2017 and 2021 
reported that A1 β-casein milk was responsible for delay-
ing the intestinal passage time (Brooke-Taylor et al., 2017; 
Kaskous, 2020; Kay et al., 2021; Kullenberg de Gaudry 
et al., 2019). However, according to Kuellenberg de Gaudry 
et al. (2022), the experimental certainty of milk being the 
causative agent for other diseases, such as CVD, diabetes, 
and neurological disorders, is lacking. These results were 
confirmed by Daniloski et al. (2021) in an animal study.

In this context, a long-term study is required to confirm 
the physiological roles of specific β-casein genetic mutants 
and BCMs in the development of non-communicable dis-
eases. Toward this, different geographical locations, sex, and 
ages of the subjects should be carefully considered. In addi-
tion, the physicochemical and technological properties of A2 
β-casein should be investigated. However, most studies have 
not investigated the technological and qualitative aspects of 
A1/A2 milk, dairy products, or cheese processing.

T1D

The relationship between T1D and A1 milk is a subject of 
ongoing research and debate. T1D is an autoimmune disease 
that results from the destruction of insulin-producing cells in 
the pancreas, leading to insulin deficiency (Pozzilli, 1999). 
The incidence of T1D is increasing worldwide, and environ-
mental factors, including diet, play a significant role in its 
etiology (Rewers and Ludvigsson, 2016). The consumption 
of cow's milk, specifically A1 β-casein, is one of the dietary 
factors implicated in the development of T1D (Elliott et al., 
1999). A1 β-casein has been shown to be diabetogenic in 
animal studies (Chia et al., 2018), and epidemiological stud-
ies have suggested a correlation between A1 milk consump-
tion and the incidence of T1D (Laugesen and Elliott, 2003). 
Interestingly, geographical variations have been observed in 
the incidence of T1D, which may be related to differences 
in A1 milk consumption. For example, Iceland has lower 
incidence of T1D than Scandinavia, which may be due to the 
lower consumption of A1 β-casein in Iceland (Thorsdottir 
et al., 2000). This suggests that the type of cow's milk con-
sumed during infancy may influence the risk of developing 
T1D. In addition, recent research has shown that individu-
als with T1D have increased small intestinal permeability, 
also known as “leaky gut syndrome” (Vaarala, 2008). This 
condition, which is characterized by the passage of harm-
ful substances from the gut into the bloodstream, has been 
linked to autoimmune diseases, including T1D. It has been 
hypothesized that A1 β-casein may contribute to increased 
intestinal permeability, thereby promoting the develop-
ment of T1D (Chia et al., 2017). However, the relationship 
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between A1 milk and T1D is complex and may be influenced 
by other factors. For example, genetic predisposition plays 
a critical role in the development of T1D (Pociot and Lern-
mark, 2016). Additionally, other environmental triggers such 
as viral infections may interact with dietary factors and influ-
ence the risk of developing T1D (Lempainen et al., 2012).

In conclusion, despite evidence regarding a potential 
association between A1 milk consumption and T1D, further 
research is required to completely understand this relation-
ship and its implications in disease prevention. Considering 
the increasing incidence of T1D, particularly in children and 
adolescents, it is critical to identify modifiable risk factors 
such as diet that can be targeted in strategies to prevent this 
disease (Wu et al., 2016).

CVD

The relationship between A1 β-casein consumption and 
CVD has been extensively investigated for several decades. 
Compelling findings from various key research papers 
emphasize the necessity for comprehensively understand-
ing this association owing to its potential implications for 
public health, particularly in regions where A1 β-casein is 
predominant. Tailford et al. (2003) investigated the direct 
effect of consuming A1 β-casein versus A2 β-casein on 
atherosclerosis progression and observed that rabbits fed a 
diet containing A1 β-casein exhibited significantly elevated 
levels of serum cholesterol, low-density lipoprotein (LDL), 
high-density lipoprotein (HDL), and triglycerides compared 
to rabbits fed A2 β-casein or whey protein. Additionally, the 
consumption of A1 β-casein results in increase in the surface 
area of aorta covered with fatty streaks, an early indication 
of atherosclerosis, and thicker lesions in the aortic arch. In 
another investigation, Torreilles and Guerin (1995) discov-
ered that casein-derived peptides may promote the oxidation 
of human LDL cholesterol, a crucial process in atheroscle-
rotic plaque formation. This oxidation of LDL occurs via 
peroxidase-dependent and metal-independent processes, 
suggesting a distinct and direct pathway via which casein-
derived peptides, including those from A1 β-casein, con-
tribute to atherosclerosis. Moreover, Heinecke (1999) found 
that LDL oxidation in the human arterial wall leads to an 
increase in the production of specific oxidized amino acids 
in proteins. These findings suggested that oxidized LDL, 
which is potentially influenced by A1 β-casein consumption, 
contributes to the progression of atherosclerosis.

To broaden the research scope, De Noni et al. (2009) 
examined the potential health effects of BCM-7 peptides. 
Their research suggests that these peptides may affect car-
diovascular health by adding complexity to the relationship 
between A1 β-casein and CVD. In a broader epidemiological 
context, McLachlan (2001) presented substantial evidence 
linking A1 β-casein consumption to mortality associated 

with ischemic heart disease (IHD). This study revealed that 
the regions with higher A1 β-casein consumption had higher 
IHD mortality rates. Similarly, Laugesen and Elliott (2003) 
identified an association between A1 β-casein consumption 
and IHD. However, cautionary notes by Allison and Clarke 
(2006) and Elliott et al. (1999) emphasize the necessity 
for further research to completely comprehend this com-
plex relationship. In fact, Elliott et al. (1999) suggested a 
potentially common causative risk factor for T1D and CVD, 
adding another dimension to the health implications of A1 
β-casein consumption.

In summary, an emerging body of research on the associ-
ation between A1 β-casein and CVD has provided evidence 
that this milk protein variant may contribute to the develop-
ment of atherosclerosis and other forms of CVD. Consider-
ing the widespread consumption of dairy products across 
many populations, these findings raise concerns regarding 
its public health implications. Consequently, further research 
regarding the health implications of A1 β-casein is of critical 
importance.

Gastrointestinal disease

Gastrointestinal disorders, such as chronic constipation, anal 
fissures, and lactose intolerance, pose a significant burden on 
global health. Interest in elucidating the potential effects of 
A1 β-casein on gastrointestinal health is increasing. Several 
studies have suggested a possible association between A1 
β-casein consumption and the incidence of chronic consti-
pation in infants and children. In particular, Andiran et al. 
(2003) found higher intake of cow's milk, specifically A1 
β-casein, in children diagnosed with chronic constipation 
and anal fissures. Accordingly, shorter breastfeeding dura-
tion, coupled with an early transition to bottle feeding with 
cow's milk, was associated with the onset of constipation, 
suggesting a possible role for A1 β-casein in the etiology of 
constipation. Experimental research by Brooke-Taylor et al. 
(2017) showed that A1 β-casein may affect gastrointestinal 
transit time and function. Unlike A2 β-casein, A1 β-casein 
has been shown to prolong the gastrointestinal transit time 
and alter the gut microbiota composition in rat models. 
Results from human studies corroborate these findings, sug-
gesting that A1 β-casein intake correlates with prolonged 
intestinal transit and less firm stool consistency, which could 
lead to digestive discomfort. It has been reported that the 
A2 milk is easier to digest and better absorb than A1 or 
other types of milk (Park and Haenlein, 2021). Numerous 
studies have examined the interplay between A1 β-casein 
and opioid receptors in the gastrointestinal tract. BCMs, the 
metabolic by-products of A1 β-casein digestion, have been 
shown to bind to peripheral opiate receptors and thereby 
alter gastrointestinal motility in animal models (Defilippi 
et al., 1995). These interactions may explain the observed 
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effects on gastrointestinal transit and discomfort. In addition, 
Summer et al. (2020) found a possible correlation between 
A1 β-casein intake and gastrointestinal inflammation, sug-
gesting the involvement of A1 β-casein in inducing intesti-
nal inflammation. For certain lactose-intolerant individuals, 
consumption of A1 β-casein may exacerbate their symptoms. 
According to Ramakrishnan et al. (2020), milk containing 
only A2 β-casein induces fewer symptoms of lactose intoler-
ance than milk containing both A1 and A2 β-caseins. This 
highlights the possibility that A1 β-casein exacerbates lac-
tose intolerance symptoms, possibly via its interaction with 
gastrointestinal function and inflammation.

The concept of the microbiota-gut-brain axis has emerged 
as a compelling area of research in gastrointestinal stud-
ies. Cieslinska et al. (2017) suggested that a diet free of 
gluten and casein, and thus free of A1 β-casein, could pro-
vide potential benefits to individuals with autism spectrum 
disorder (ASD). This highlights a potential link between 
A1 β-casein consumption and gut-brain interactions and 
underscores the need to further investigate this phenom-
enon. Taken together, the scientific literature reviewed here 
provides invaluable insights regarding the potential impact 
of A1 β-casein on gastrointestinal health. Cumulative evi-
dence suggests that A1 β-casein ingestion may be associated 
with chronic constipation, altered gastrointestinal transit, 
increased inflammatory response, and exacerbation of lac-
tose intolerance symptoms. The intricate interplay between 
A1 β-casein and opioid receptors, as well as their potential 
influence on the microbiota-gut-brain axis, remains fertile 
ground for future research.

Autism and neurological disorders

ASD is a multifaceted neurodevelopmental disorder charac-
terized by diverse etiologies and pathophysiologies. Numer-
ous studies have highlighted a significant role of BCM-7 in 
the pathogenesis of ASD and other neurological disorders. 
Dohan (1980) was one of the first to propose a correlation 
between autism and food-derived opioids. They postulated 
that schizophrenia and autism could be associated with the 
absorption of exorphins, such as BCMs, from gluten and 
casein. This hypothesis was supported by Cade et al. (2000), 
who discovered elevated levels of IgG antibodies against gli-
adin (a gluten component) and bovine casein in patients with 
autism and schizophrenia compared to in control subjects. 
Their study also revealed improvements in schizophrenia and 
autism symptoms following a gluten- and casein-free dietary 
regimen. Cieslinska et al. (2015) investigated the impact of 
polymorphisms in the dipeptidyl peptidase IV (DPPIV) and-
opioid receptor (MOR) genes, which play crucial roles in the 
modulation of BCM-7 activity. Although they did not find 
any connection between specific single-nucleotide polymor-
phisms in these genes and heightened incidence of autism, 

they did discern differences in the expression of DPPIV and 
MOR when exposed to BCM-7 between healthy children and 
those with ASD, implying an interaction between BCM-7 
and these genes. Further research bolstered the proposed 
role of BCMs in autism. Jarmolowska et al. (2019) observed 
higher serum concentrations of BCM-7 and DPPIV in chil-
dren with ASD than in healthy controls. Similarly, Sokolov 
et al. (2014) identified a correlation between the severity 
of autism symptoms and urinary concentrations of BCM-7.

BCMs have also been implicated in other neurological 
and behavioral disorders. Lindstrom et al. (1984) detected 
elevated levels of BCM-7-like opioid peptides in the cere-
brospinal fluid (CSF) and plasma of women with postpartum 
psychosis. Kost et al. (2009) reported higher levels of bovine 
BCM-7 in formula-fed infants, who exhibited delayed psy-
chomotor development and increased muscle tone. Moreo-
ver, a study by Osman et al. (2021) revealed that the intake 
of A1 β-casein milk, a significant source of BCM-7, beyond 
the weaning age resulted in depressive-like behavior in rats 
and alterations in brain-opioid and oxytocin receptors. This 
suggests a potential effect of A1 β-casein (and hence BCM-
7) on mood, potentially via the gut-brain axis.

In conclusion, although the precise mechanisms remain 
to be completely elucidated and require additional investiga-
tion, the current body of evidence supports the hypothesis 
that BCMs, specifically BCM-7, contribute to the pathogen-
esis of autism, as well as other neurological and behavioral 
disorders.

SIDS

SIDS, commonly known as cognitive death, is a major cause 
of infant mortality worldwide. Despite extensive research, 
the exact causes of SIDS remain unclear. However, recent 
studies have begun to investigate a possible link between 
SIDS and A1 milk consumption. A key finding in this area 
of research is the potential effect of BCM-7 on the imma-
ture central nervous system of infants. In a comprehen-
sive review, Sun et al. (2003) proposed that BCM-7 could 
potentially inhibit the respiratory center in the brainstem of 
infants, leading to apnea (temporary cessation of breathing) 
and ultimately death. This hypothesis is supported by empir-
ical evidence from a study conducted by Wasilewska et al. 
(2011) on an association between elevated levels of bovine 
BCM-7, infant apnea, and cow milk consumption. Research-
ers have found that infants who experienced an apneic event 
had higher serum levels of BCM-7 than healthy infants. In 
addition, decreased activity of DPPIV, an enzyme responsi-
ble for degrading BCMs, was observed in all infants after an 
apneic event. These findings suggest that the consumption of 
A1 milk may contribute to apneic events in infants, which is 
a known risk factor for SIDS.
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In addition, Kost et al. (2009) conducted a study show-
ing that breastfed infants had higher levels of human 
β-casomorphin-7 (irHCM), while formula-fed infants 
consuming cow's milk-based formula had higher levels of 
bovine β-casomorphin-7 (irBCM). Furthermore, elevated 
irBCM levels were associated with delayed psychomotor 
development and increased muscle tone in formula-fed 
infants. This suggests that the consumption of A1 milk 
may contribute to developmental delays in infants, further 
supporting the potential link between A1 milk and SIDS.

Allergy

The potential impact of BCM-7 on human health and its 
role in triggering allergic reactions have been studied 
extensively. BCM-7, an opioid peptide, has the ability to 
cross the intestinal-blood barrier and influence various 
functions in humans. Fiedorowicz et al. (2011) investi-
gated the effects of BCM-7 on proliferation and cytokine 
secretion by human peripheral blood mononuclear cells 
(PBMCs). The results suggested that BCM-7 may induce 
changes in PBMC proliferation and cytokine secretion, 
thereby shedding light on the immunomodulatory effects 
of food-derived opioid peptides. These findings have 
significant implications, particularly in the context of 
allergic diseases in newborns. Fiedorowicz et al. (2014) 
investigated the effects of BCM-7 in children diagnosed 
with severe atopic dermatitis (AD). Their results showed 
that incubation of PBMCs with peptide extracts from 
cow milk resulted in the upregulation of opioid receptor 
(MOR) gene expression and concomitant downregulation 
of DPPIV expression. This study advances our understand-
ing regarding the role of BCM-7 in the pathogenesis of 
AD and provides a valuable diagnostic tool. The effects 
of BCM-7 are not limited to allergies. According to Fie-
dorowicz et al. (2016), the presence of BCM-7 in human 
milk and infant formula leads to changes in intestinal epi-
thelial proliferation and increased interleukin-8 secretion. 
These findings improve our understanding regarding the 
pathogenesis of inflammation and food allergy in infants. 
In another study, Trivedi et al. (2015) found that BCM-7 
reduced cysteine uptake, decreased the levels of the anti-
oxidant glutathione (GSH), and decreased the levels of the 
methyl donor S-adenosylmethionine (SAM) in SH-SY5Y 
human neuroblastoma cells. The epigenetic effects of milk-
derived opioid peptides may contribute to gastrointestinal 
dysfunction and inflammation in susceptible individuals. 
In conclusion, milk-derived opioid peptides, particularly 
BCM-7, influence inflammation and allergies, possibly 
via their effects on PBMC proliferation, cytokine secre-
tion, and gene expression. Further studies are required to 

completely understand the mechanisms underlying these 
effects and their clinical significance.

Glutathione production

The pivotal role of β-casein variants, particularly A1 and 
A2, in modulating the biosynthesis of glutathione, a vital 
antioxidant in the human physiological context, has been 
highlighted in recent scientific literature. Glutathione has 
been implicated in several neurological and psychiatric dis-
orders. For example, a significant decrease in glutathione 
levels in the CSF and prefrontal cortex has been reported in 
patients with schizophrenia. This deficit may contribute to 
degenerative processes in the brain and to the symptoms of 
schizophrenia (Cascella et al., 2011). In addition, individuals 
with schizophrenia have higher levels of antibodies associ-
ated with celiac disease and gluten sensitivity, which may 
be related to glutathione (Do et al., 2000). In the context 
of ASD, a decrease in the optimal ratio of glutathione/oxi-
dized glutathione (GSH/GSSG) leads to increased oxidative 
stress (Frustaci et al., 2012). This stress can trigger chronic 
inflammation, increase hydrogen peroxide production in 
the mitochondria, and cause oxidative damage to proteins 
and DNA. In addition, cells from patients with autism have 
reduced glutathione capacity, which impairs their defense 
against oxidative stress (Melnyk et al., 2012). A meticu-
lously designed double-blind randomized controlled crosso-
ver study was conducted by Deth et al. (2016) to investigate 
plasma glutathione concentrations in healthy subjects after 
consumption of milk containing different subtypes of casein.

Empirical evidence suggests a significant increase in 
plasma glutathione concentration following the consump-
tion of milk containing only A2 β-casein, contrary to that 
observed after the consumption of milk containing a combi-
nation of A1 and A2 β-casein types. This indicates a poten-
tial advantage of A2 β-casein-specific milk in promoting the 
production of antioxidant glutathione in humans. Simulta-
neously, a randomized trial was conducted by Sheng et al. 
(2019) on Chinese preschool children diagnosed with mild 
to moderate milk intolerance. They postulated that replacing 
conventional milk, characterized by the presence of both 
A1 and A2 β-casein proteins, with milk containing only A2 
β-casein would lead to reduction in gastrointestinal symp-
toms and improvement in cognitive performance. Interest-
ingly, their findings also indicated a decrease in glutathione 
levels following the consumption of conventional milk, as 
opposed to the consumption of milk containing only A2 
β-casein. To further expand the scope of this research area, 
Trivedi et al. (2014) investigated the effects of food-derived 
opioid peptides on cysteine uptake, a critical determinant 
of glutathione production. Their investigation revealed that 
peptides derived from the hydrolytic digestion of casein and 
gliadin exerted a modulatory effect on cysteine uptake in 
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human neuronal and gastrointestinal cells. This modulation 
was associated with changes in the levels of glutathione and 
SAM. These findings underscore the profound influence 
of β-casein variants in milk on glutathione biosynthesis in 
humans.

The A2 milk market

The global A2 milk market has experienced steady growth 
in recent years, driven primarily by increased consumer 
interest in health and wellness. A2 milk has emerged as a 
preferred alternative, particularly in fast-growing markets 
such as Asia, where dairy consumption is on the rise. Key 
regions such as Europe and North America are also experi-
encing strong market growth. A key player in this market is 
The A2 Milk Company Ltd. in New Zealand, which special-
izes in the production and distribution of A2 milk products. 
In addition, well-known dairy companies such as Nestlé, 
Danone and Provilac have ventured into the A2 milk market, 
strengthening their positions through rigorous research and 
strategic marketing initiatives.

Significantly, reports from Grand View Research, Fortune 
Business Insights, and IMARC Group have provided insight 
into the market's potential. These reports estimate the global 
A2 milk market size at $2.44 billion in 2021, $1.84 billion in 
2022, and an impressive $11.4 billion in 2022 (Fortune Busi-
ness Insights, 2022; Grand View Research, 2023, IMARC 
Group, 2023). The projected compound annual growth rates 
further underscore the market's expansive potential in the 
coming years. Driving this market expansion is the versa-
tility of A2 milk in products ranging from baked goods to 
beverages. Its ability to improve the quality and nutritional 
value of these products has increased demand. In addition, 
the digestibility of A2 milk, especially for people with lac-
tose intolerance, has popularized it as a dairy alternative. 
More recently, A2 milk has become increasingly important 
in infant formula production. Its perceived health benefits 
have made it a top choice among parents. In addition, online 
food delivery platforms have played a key role in promoting 
A2 milk-based products by making them more accessible. 
Although the A2 milk market faced challenges during the 
COVID-19 pandemic, it demonstrated resilience and con-
tinued growth, underscoring its importance in the broader 
food and beverage industry (Fortune Business Insights, 
2022; Grand View Research, 2023, IMARC Group, 2023). 
Its health benefits, particularly in aiding digestion and for 
those with lactose intolerance, have been key to its market 
growth.

In conclusion, the global A2 milk market is expected to 
witness remarkable growth in coming years. The key mar-
ket players have established strong positions via effective 
marketing strategies, robust production capabilities, and 
extensive distribution networks. The ongoing research and 

development efforts will continue to drive industry growth 
and innovation to meet the evolving consumer demand for 
healthier and more easily digestible dairy alternatives. The 
A2 milk market is a testament to the growing consumer 
focus on health and wellness that has driven the adoption of 
A2 milk as the preferred choice worldwide.

Bovine milk contains four caseins, αs1, αs2, β, and 
κ-casein, and two major whey proteins, β-lactoglobulin and 
lactalbumin. Currently, bovine milk is known to contain 
13 genetic variants of β-casein, with A1 and A2 being the 
most common among them. The A1 and A2 variants differ 
in the  67th amino acid in the β-casein polypeptide chain. The 
A1 type contains His, whereas the A2 type contains Pro at 
this position. It is well documented that  His67 in casein can 
be digested in the human gastrointestinal tract by digestive 
and microbial enzymes, resulting in the possible release of 
BCM-7 during digestion, as well as during the ripening of 
cheese.

BCM-7 is a heptapeptide dietary molecule derived from 
the digestion of β-casein in dairy products, particularly A1 
milk. It is an opioid peptide that can cross the intestinal-
blood barrier and can influence various functions in the 
human body. BCM-7 has been extensively studied to under-
stand its potential effects on the human body. Although some 
claims are inconclusive and require further research, cer-
tain studies have reported correlations between BCM-7 and 
human health conditions, such as CVD, autism, and T1D.

Furthermore, A2 milk β-casein is mostly found in some 
breeds of cows and other mammals (such as goat, sheep, 
and buffalo). Despite insufficient scientific evidence, A2 
milk protein is believed to be easily digestible and to pos-
sess various health benefits compared with A1 milk protein. 
Human breast milk also contains β-casein that is mostly of 
the A2 type. Some researchers believe that A2 milk can be 
easily digested by the human body as it does not contain A1 
β-casein. The A1 β-casein protein is associated with BCM-
7, which may cause inflammation and discomfort upon 
consumption.

In 2016, a double-blind randomized controlled crossover 
study was conducted to investigate the plasma glutathione 
concentrations in healthy subjects. The results revealed a 
significant increase in plasma glutathione concentrations 
following the consumption of milk containing only A2 
β-casein, contrary to that observed after the consumption 
of milk containing a combination of A1 and A2 β-casein 
types. This observation suggests a potential advantage of 
the A2 β-casein milk in promoting the production of the 
antioxidant, glutathione, in humans.

The global A2 milk market has grown steadily in recent 
years, especially in the fast-growing Asian market where 
dairy consumption is on the rise. Consumer awareness 
regarding the health benefits associated with A2 milk con-
sumption was a key driver of market growth. The use of 
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A2 milk in various products such as baked goods and baby 
formulas has become a successful trend, thanks to promo-
tions and online shipping. The key market players have 
established strong positions via effective marketing strate-
gies, robust production capabilities, and extensive distribu-
tion networks. Further research on A1 and A2 β-casein is 
required to drive industry growth and innovation, which will 
lead to the satisfaction of the evolving consumer demand for 
healthier and easily digestible dairy alternatives.
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