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Abstract

Purpose Recently, apprehension has been raised regard-

ing ‘‘A1/A2 hypothesis’’ suggesting relationship between

consumption of A1 ‘‘like’’ variants of cow b-casein and

various physiological disorders. The information available

is based on either the human epidemiological data of milk

consumption or in vitro trials on cell lines with b-caso-

morphin peptides. The direct scientific evidence estab-

lishing the link between consumption of A1/A2 ‘‘like’’

milk and health is scanty. Thus, under present investiga-

tion, in vivo trials in mice were undertaken to study the

effect of feeding three genetic variants (A1A1, A1A2 and

A2A2) of cow b-casein milk on gastrointestinal immune

system as it is the first and foremost site of immunological

interactions.

Methods Animals were divided into four groups for

feeding with basal diet (control) and b-casein isolated from

milk of genotyped (A1A1, A1A2 and A2A2) dairy animals,

respectively. Gut immune response was analyzed by

spectrophotometric assessment of MPO activity, quantita-

tive sandwich ELISA of inflammatory cytokines (MCP-1

and IL-4), antibodies (total IgE, IgG, sIgA, IgG1 and

IgG2a) and qRT-PCR of mRNA expression for toll-like

receptors (TLR-2 and TLR-4). Histological enumeration of

goblet cells, total leukocytes and IgA? cells was also car-

ried out.

Results It was observed that consumption of A1 ‘‘like’’

variants (A1A1 and A1A2) significantly increased

(p \ 0.01) the levels of MPO, MCP-1, IL-4, total IgE, IgG,

IgG1, IgG2a and leukocyte infiltration in intestine. TLR-2

and TLR-4 mRNA expression was also up-regulated

(p \ 0.01) on administration of A1 ‘‘like’’ variants. How-

ever, no changes in sIgA, IgA? and goblet cell numbers

were recorded on consumption of any of the b-casein

variants.

Conclusion It is reasonable to conclude that consumption

of A1 ‘‘like’’ variants of b-casein induced inflammatory

response in gut by activating Th2 pathway as compared to

A2A2 variants. The present study thus supports the pur-

ported deleterious impacts of consumption of A1 ‘‘like’’

variants of b-casein and suggests possible aggravation of

inflammatory response for etiology of various health

disorders.

Keywords b-Casein variants � b-Casomorphins �
Inflammation � Humoral response � Cytokines

Introduction

Casein is the major component of milk proteins that is

composed of a, b and j forms. Many reports show casein-

derived bioactive peptides with antioxidant, antimicrobial,

immunomodulatory, mineral binding, antithrombotic and

antihypertensive properties [1]. Among these caseins,

b-casein has 209 amino acids with at least 12 genetic

variants that differ at different amino acid positions [2].

As a result of a point mutation on exon VII of bovine

b-casein gene on 6th chromosome, a conversion from
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cytosine to adenine leads to replacement of proline (A2

allele, codon; CCT) by histidine (A1 allele, codon; CAT)

at position 67 [3]. Based on this variation, milk can be

divided into two groups, i.e., A1 and A2 ‘‘like’’ depending

on the presence of proline or histidine on 67th position of

b-casein protein. A1 ‘‘like’’ milk involves b-casein with

A1, B, C, F or G alleles having a common amino acid at

His67 (–Tyr60–Pro61–Phe62–Pro63–Gly64–Pro65–Ile66–

His67–), but variations at other positions of amino acids.

A2 ‘‘like’’ milk (–Tyr60–Pro61–Phe62–Pro63–Gly64–

Pro65–Ile66–Pro67) consists of b-casein with A2, A3, D,

H1, H2 and I alleles having a common amino acid residue

at Pro67, but variations at other positions [4]. During the

last decade, some epidemiological data have been gener-

ated that correlate consumption of A1 b-casein with var-

ious adverse biological responses such as type 1 diabetes

mellitus, heart diseases and neurological disorders such as

autism and schizophrenia and sudden infant death syn-

drome [5]. It is thought that an opioid peptide b-caso-

morphin-7 (BCM-7) released from the A1 ‘‘like’’ variants

of b-casein may play a role in the development of these

diseases and is therefore considered a hypothetical risk

factor. But, on the other hand, controversial reports are

available that link consumption of BCM-7 with physio-

logical aspects that are beneficial to animals such as

protective effects against diabetes and oxidative stress and

modulation of intestinal mucus discharge and defense

against noxious agents [6]. However, all the information

available is based on either the epidemiological data taken

from humans or in vitro trials on cell lines. There are few

studies that reveal more release of BCM-7 on digestion

from A1A1 homozygous than A1A2 heterozygous and

A2A2 homozygous variants of b-casein [7]. In 2000, A2

Corporation Ltd. was established in New Zealand to

market A2 milk as a premium brand in New Zealand,

Australia, Asia and the USA. However, there is consid-

erable uncertainty about the benefits of such an approach

because of lack of an authentic validation and appropriate

mechanism. Keeping in view the foregoing discussion,

present study has been conducted on mice to evaluate the

impact of feeding b-casein variants on gut that is the first

target site of immune interactions after ingestion.

Materials and methods

Genotyping of animals and collection of milk samples

Previously, in our laboratory, we screened crossbred cattle

(Karan Fries) carrying A1A1, A1A2 and A2A2 geno-

types. The animals were maintained at Cattle Yard,

National Dairy Research Institute, India. The DNA was

isolated from the blood of animals by phenol–chloroform

extraction method, and genotyping was performed with

polymerase chain reaction–amplification created restric-

tion site (PCR–ACRS) [8]. Accordingly, whole milk was

procured from these genotyped dairy animals under

present investigation.

Fractionation of b-casein

Separation of total casein was carried out by isoelectric

precipitation method. The resultant precipitate was sepa-

rated by filtration through four layers of cheese cloth and

washed 3–4 times with distilled water, until the pH came to

7.0. Isoelectric casein was fractionated into a, b and j
caseins by differential solubility method in urea [9]. The

sugars and salts were removed from this preparation by

dialysis using 8 kDa cutoff cellulose membrane at 4 �C for

24 h. b-Casein in the extract was filtered, dried at room

temperature and stored at -20 �C until used for feeding of

mice.

SDS–PAGE of fractionated b-casein for purity analysis

The purity of b-casein fractionated from total cow casein as

shown in Fig. 1 was checked with SDS–PAGE using 15 %

resolving gel of polyacrylamide by the method of Laemmli

[10] after loading equal concentration of (20 lg/well)

fractionated b-casein in each well. The concentration of the

proteins was estimated by the method of Lowry et al. [11].

Animals

Male Swiss albino mice (20–25 g) were maintained in the

Small Animal House of the National Dairy Research

Institute (NDRI), India. The animals were kept in plastic

propylene cages and kept at room temperature in a steril-

ized condition. All procedures were approved by the

Institutional Animal Ethics Committee.

Fig. 1 SDS–PAGE of fractionated b-casein. Lane 1 cow total casein,

lanes 2 and 3 A1A1 variant, lanes 4 and 5 A1A2 variant, lane 6

A2A2 variant, M MW marker
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Experimental design and sample collection

Animals were divided into four groups of six mice each.

The negative control group was kept on basal diet (18.4 %

starch, 65 % Bengal gram, 2.55 % oil, 2.05 % mineral

mixture, 1 % vitamin mixture and 11 % cellulose). The

experimental groups were fed with basal diet and b-casein

variants (A1A1, A2A2 and A1A2) at a dose of 85 mg/

animal/day suspended in 200 ll phosphate-buffered saline

(PBS). This amount was calculated through dose-transla-

tion formula (human/mouse) using ratio of body weight

(kg) to body surface area (m2) [12]. Negative control group

mice were intubated orally with saline to avoid variations

due to handling stress. No anesthesia was used during

intubation procedure. All the variants of b-casein were

isolated from milk of Karan Fries cattle and were orally

intubated for 30 days. After 30 days of feeding, mice were

killed after overnight fasting and their intestines were

collected.

Collection of intestinal fluid

The tissue (ileum, 2 cm) was flushed with 2 ml of PBS

followed by teasing with sterile needles in the same med-

ium to separate the cells and then centrifuged at

2,0009g for 20 min at 4 �C. The resultant supernatant, i.e.,

intestinal fluid, was recovered and stored at -80 �C until

the use of measurement of biochemical parameters.

Inflammatory molecules

Myeloperoxidase (MPO)

MPO activity was measured according to Bradley et al.

[13] with some modifications. Briefly, the intestinal tissues

were homogenized in nine volumes of ice-cold potassium

phosphate buffer (50 mM, pH 6.0) containing 0.5 % cetyl

trimethyl ammonium bromide (CTAB) followed by soni-

cation (10 s) and freeze–thaw (3 times). The suspension

was centrifuged at 35,0009g for 15 min, and the super-

natant was analyzed for MPO activity by mixing assay

buffer (50 mM potassium phosphate buffer, pH 6.0) con-

taining 0.5 mM o-dianisidine dihydrochloride and

0.0005 % H2O2 as substrates. The breakdown of H2O2 is

directly proportional to oxidation of o-dianisidine dihy-

drochloride that was measured at 460 nm (UV-visible

double-beam spectrophotometer, UVD-3500, Labomed

Inc., USA). The concentration of oxidized o-dianisidine

dihydrochloride was calculated from its molar extinction

coefficient (1.13 9 104/cmM). One unit of MPO activity

was defined as amount of enzyme that produces one mil-

limole of oxidized o-dianisidine dihydrochloride in the

presence of H2O2/min at 25 �C and expressed as units/mg

protein.

Monocyte chemotactic protein (MCP-1) and interleukin-4

(IL-4)

MCP-1 and IL-4 in the murine intestinal fluid were deter-

mined using quantitative sandwich ELISA kits (eBio-

science, San Diego, CA, USA). The procedures were

strictly adopted according to the manufacturer’s instruc-

tions. In brief, plates were coated with 100 ll of 19

capture antibody (goat anti-mouse MCP-1/goat anti-mouse

IL-4). The samples were diluted 16 times for MCP-1, while

undiluted samples were added in the experimental wells for

detection of IL-4, respectively, followed by the addition of

detection antibody and 100 ll of avidin-horseradish per-

oxidase (HRP). Plates were allowed to develop with the

TMB substrate (3,3,5,5-tetramethyl diamine benzidine

containing 0.03 % H2O2), and the reaction was finally

stopped with 50 ll of 2 M H2SO4. Plates were read at

450 nm.

Humoral response

Total IgE, IgG and IgA

Total IgE, IgG and IgA in intestinal fluid were determined

using quantitative sandwich ELISA kits (Koma Biotech,

Seoul, Korea). To detect these antibodies, plates were

coated with 1 lg/ml of goat anti-mouse IgE, IgG and IgA.

The samples were diluted eight (IgE), 300 (IgG) and 1,000

(IgA) times before adding in experimental wells followed

by the addition of 100 ll of HRP-conjugated goat anti-

mouse IgE, IgG and IgA, respectively. Plates were allowed

to develop with the TMB substrate, and reaction was finally

stopped with 100 ll of 2 M H2SO4. Plates were read at

450 nm.

IgG subtypes (IgG1 and IgG2a)

IgG1 and IgG2a in intestinal fluid were determined using

quantitative sandwich ELISA kits (eBioscience, San Diego,

CA, USA). In brief, plates were coated with 100 ll of 19

capture antibodies (goat anti-mouse IgG1 and IgG2a).

Samples were diluted 40 times (IgG1) and 16 times

(IgG2a), respectively, before adding in the experimental

wells followed by the addition of 50 ll HRP-conjugated

antibodies (detection antibodies). After 3 h of incubation at

room temperature, plates were allowed to develop with the

TMB substrate and reaction was finally stopped with 50 ll

of 2 M H2SO4. Plates were read at 450 nm.
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Histological parameters

Goblet cells and total leukocytes

Two centimeters of tissues from murine small intestine

(ileum) were used for histological slides for determination

of goblet cells and total leukocytes by the method of Ki-

ernan [14]. The 3-lm sections of the tissues were cut with

Senior Rotary Microtome (Radical, RMT-30, Ambala,

India). The slides were stained with hematoxylin and eosin

stain. The numbers of goblet cells and total leukocytes

were counted in seven fields (2009) and 10 fields (4009),

respectively, on an inverted light microscope (Olympus,

CKX41, Japan). The results were expressed as the number

of goblet cells per five intestinal villi and number of total

leukocytes per five fields of vision.

IgA? cells

The unstained histological slides were prepared for direct

immunofluorescence assay of IgA? cells as described

above. After deparaffinization using xylene and rehydra-

tion in a decreasing gradient of ethanol, sections were

blocked in 2 % bovine serum albumin (BSA) for 1 h. The

slides were washed 2–3 times with PBS, sections were

incubated with a 1:100 dilution of a-chain mono-specific

antibody conjugated with fluorescein isothiocyanate

(FITC) (Cayman Chemical, Michigan, USA) for 1 h and

observed with a fluorescent light microscope (Olympus,

CKX41, Japan). The number of fluorescent cells was

counted in 30 fields at 2009 magnification. The results

were expressed as the number of positive fluorescent cells

per five fields of vision.

Expression of toll-like receptors (TLRs) by real-time

RT-PCR

RNA isolation and cDNA preparation

The tissue from murine intestine was teased with needle in

PBS and centrifuged at 2,0009g for 20 min at 4 �C. The

sediment (cells) was washed three times with PBS before

being used for RNA extraction.

Total RNA content was extracted by Tri Reagent

(Sigma, St Louis, MO, USA) according to the manufac-

turer’s instructions. RNA concentration was quantified by

NanoQuant (Tecan, Germany), and RNA integrity was

checked on 1.4 % agarose. RNA concentrations were

adjusted to 500 ng/ll for the synthesis of cDNA. Two

micrograms of total RNA was reverse transcribed by ini-

tiation at 65 �C for 5 min followed by incubation at 42 �C

for 1 h in a 25 ll mixture consisting 200 U RevertAid

M-MuLV reverse transcriptase, 20 U RiboLock RNase

inhibitor, 0.5 lg oligo (dT)18, 4 ll 59 reaction buffer and

0.8 mM dNTP mixture. The reaction was terminated at

70 �C for 5 min.

Amplification of TLR-2 and TLR-4 fragments

PCR was performed to amplify target gene TLR-2, TLR-4

and reference gene GAPDH of 199, 201 and 200 bp length

fragments, respectively, on Real Time Thermocycler

(Biorad CFX96TM, C1000TM) with Maxima SYBER

Green/Fluorescein qPCR master mix (Thermo Scientific,

Lithuania) using forward and reverse primers specific for

GAPDH, 50 TCAAGAAGGTGGTGAAGCAG30 and

50AAAGATGGAAGCTAAGACCC30; TLR-2, 50 AAGAG

GAAGCCCAAGAAAGC30 and 50CGATGGAATCGAT

GATGTTG30; and TLR-4, 50ACCTGGCTGGTTTACAC

GTC30 and 50CTGCCAGAGACATTGCAGAA30. One

microliter of cDNA was used for PCR in a final volume of

20 ll, containing 10 ll 29 SYBER Green master mix,

0.2 lM of each forward and reverse primers and 8 ll

nuclease free water. The PCR amplification was carried out

using one cycle of initial denaturation at 94 �C for 5 min,

35 cycles of denaturation (94 �C for 30 s), annealing

(53 �C for 30 s) and extension (72 �C for 45 s), and a final

extension cycle at 72 �C for 4 min. After amplification,

threshold (Ct) values of both control and experimental

groups with reference genes were taken for calculating fold

change in target-gene expression.

Statistical analysis

Data were analyzed using the GraphPad Prism (version

5.01). Experimental results are mean ± SEM (standard

error mean). Data were subjected to analysis of variance

(ANOVA), and the Tukey test was used to separate the

means (p \ 0.05) that were considered statistically

significant.

Results

Inflammatory molecules

Myeloperoxidase is released from stimulated polymor-

phonuclear neutrophils (PMNs) that produce the powerful

oxidant hypochlorous acid that has microbicidal activity in

addition to tissue damage such as acute or chronic

inflammation. Therefore, it serves as a marker of inflam-

mation. In the present study, it was found that feeding of

A1A1 and A1A2 b-casein variants increased MPO activity

in murine intestine (p \ 0.01) by 204.20 and 43.54 %,

respectively, compared to control group mice. This

increase in activity was also found to be significant
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(p \ 0.01) on feeding either of the b-casein variants

(179.06 and 31.68 %) as compared to A2A2. Moreover,

above results clearly depict much higher increase

(111.92 %) in MPO activity on feeding A1A1 variant

compared to A1A2 variant. However, no changes in MPO

activity were observed in the mice group fed with A2A2

variant of b-casein compared to control group mice

(Fig. 2A).

MCP-1 is a potent chemoattractant released from

monocytes that regulates migration and infiltration of

basophils, monocytes and macrophages in response to

inflammation. The present study revealed an increase

(p \ 0.01) in the levels of MCP-1 in murine intestine after

feeding of all the three variants of b-casein irrespective of

their genetic variants. However, this increase was more

pronounced after consumption of A1A1 (95.83 %) fol-

lowed by A1A2 (79.16 %) and A2A2 (43.05 %) b-casein

variants compared to control group mice. On comparing

A1A1 to A2A2 response, the increase in MCP-1 level was

higher (p \ 0.01) by 36.89 % (Fig. 2B).

CD4 T cells secrete IL-4 that differentiates Th0–Th2

cells and induces class-switching recombination to IgG and

IgE isotopes. The current study revealed an increase

(p \ 0.01) in IL-4 levels in murine intestinal fluid on

consumption of A1A1 and A1A2 b-casein variants by

266.12 and 277.41 % compared to control group mice.

Further, these results also indicated an increase (p \ 0.01)

in IL-4 levels on feeding A1A1 and A1A2 b-casein vari-

ants by 272.13 and 282.29 %, respectively, compared to

A2A2 consumption. However, no changes were observed

on feeding A2A2 b-casein variant compared to control

group mice (Fig. 2C).

Humoral response

IgE production occurs in type I hypersensitivity that

manifests various allergic diseases including food allergy,

therefore, plays a critical role in allergic reactions. Current

study revealed a considerable increase (p \ 0.001) in total

IgE levels in the intestinal fluid of mice fed with A1A1 and

A1A2 b-casein variants by 50.67 and 46.75 %, respec-

tively, compared to control group mice. Also, it was found

that feeding A1A1 and A1A2 b-casein variants remarkably

increased (p \ 0.001) total IgE levels by 50.38 and

46.46 %, respectively, compared to A2A2 consumption.

However, insignificant changes in IgE levels were

observed in mice that consumed A2A2 b-casein variant

compared to control (Fig. 3A).

IgG antibodies are found in all body fluids and con-

sidered the most important antibodies for fighting various

infections, and this class of antibodies against food anti-

gens are suggested to cause low-grade inflammation in

gut mucosa. Present investigation depicted an increase

(p \ 0.05) in total IgG levels in the intestinal fluid of

mice fed with A1A1 and A1A2 b-casein by 77.56 and

24.09 %, respectively, compared to control group mice. It

was also found that IgG levels increased in the intestinal

fluid on consumption of A1A1 and A1A2 b-casein by

91.08 % (p \ 0.001) and 33.54 % (p \ 0.01), respec-

tively, compared to A2A2 consumption. Further, it was

observed that feeding of A1A1 variant increased

(p \ 0.01) total IgG levels by 43.08 % compared to

A1A2 consumption. However, insignificant changes were

observed after A2A2 consumption compared to control

(Fig. 3B).
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Further analysis of IgG subtypes (IgG1 and IgG2a) has

also shown similar results to total IgG. Consumption of

A1A1 and A1A2 b-casein variants increased (p \ 0.01)

IgG1 levels (145.65 and 82.60 %) and IgG2a levels

(81.07 and 66.23 %), respectively, as compared to con-

trol. This increase in the two subtypes of IgG were also

found statistically significant (p \ 0.01) (IgG1 98.24 and

47.36 %) and (IgG2a 68.96 and 55.11 %) in A1A1 and

A1A2-fed groups, respectively, as compared to A2A2

(Fig. 3C, D). Thus, the ratio of IgG1/IgG2a also increased

significantly (p \ 0.05) in A1A1 group as compared to

control group. However, no such changes were observed

in A1A2 and A2A2 groups with respect to control

(Fig. 3E).

On the other hand, IgA is the most abundant antibody

produced in gut mucosal system. It has a pivotal role in

gut mucosal immunity against ingested pathogens and

causes an inhibitory effect on inflammatory reactions due

to other immunoglobulins. Results of this study showed

no changes (p [ 0.05) in IgA levels in the intestinal fluid

of mice fed with A1A1, A1A2 and A2A2 b-casein vari-

ants (Fig. 3F).

Histological parameters

The gastrointestinal tract (GIT) is shielded with mucus gel

formed predominantly of mucins that are secreted by

goblet cells. Alterations in goblet cell functions and mucin

release are related to various GIT dysfunctions with change

in normal microbiota as well as food allergy. Under present

investigation, it was observed that feeding of all the three

variants of b-casein (A1A1, A2A2 and A1A2) did not alter

(p [ 0.05) the number of goblet cells in the murine intes-

tine (Fig. 4A, B). On the other hand, consumption of

A1A1and A1A2 b-casein variants remarkably increased

(p \ 0.001) the number of total leukocytes by 178.51 and

159.50 %, respectively, compared to control. Also a con-

siderable increase (p \ 0.001) was observed on feeding

A1A1 and A1A2 b-casein variants by 153 and 135.73 %,

respectively, compared to A2A2 consumption. However,

no change was depicted on A2A2 consumption compared

to control (Fig. 4C, D).

In mice gut, IgA? plasma cells have repertoire protec-

tive functions, largely being the secretion of IgA antibod-

ies as well as synthesis of antimicrobial mediators.
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Localization of IgA? in murine intestinal tissue was done

with direct immunofluorescence assay as depicted in

Fig. 4E. In this work, we could not observe any change

(p [ 0.05) in the number of IgA? cells in murine intestine

after feeding all the three variants b-casein (A1A1, A2A2

and A1A2) as shown in Fig. 4F.

Toll-like receptor (TLR) mRNA expression

The functional response of TLR-4 and TLR-2 in murine

intestine on consumption of different b-casein variants is

shown in Fig. 5A, B, respectively. Results indicated that

consumption of A1A1 and A1A2 b-casein remarkably

increased (p \ 0.001) the TLR-4 expression by 414 and

408 %, respectively, compared to control. Also a consid-

erable increase (p \ 0.001) in TLR-4 expression was

observed on feeding A1A1 and A1A2 variants by 176.34

and 173.11 %, respectively, compared to A2A2 consump-

tion. Similarly, A1A1 b-casein consumption remarkably

increased (p \ 0.001) TLR-2 expression by 141.39, 220.71

and 349 % compared to A1A2, A2A2 and control group

mice, respectively. However, no change was observed on

consumption of A2A2 and A1A2 b-casein compared with

control group mice.
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Fig. 4 Histology of mice

intestine after feeding b-casein

variants. A Optical microscopy

(2009) of intestinal villi from

a control, b A2A2, c A1A2 and

d A1A1; B no. of goblet cells in

intestinal villi; C optical

microscopy (4009) of intestinal

villi depicting total leukocytes;

D number of total leukocytes in

intestine; E florescent

microscopy (2009) of intestinal

villi with FITC-labeled rabbit

anti-mouse IgA for IgA? cells;

F number of IgA? cells in

intestine. The values are

expressed as mean ± SEM

(n = 6 animals). Different

letters indicate significant

differences (p \ 0.05)
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Discussion

Bovine milk and other dairy products have long been main

ingredients of the human diet to fulfill nutritional as well as

physiological roles. It is the first food for newborn mam-

mals, and caseins, and the major proteins in milk have

been considered principal agents that regulate human

health positively. Despite its health benefits, the con-

sumption of cow’s milk has been under scrutiny for its

reported links to the risk of chronic diseases. These neg-

ative correlations do not always prove causality and

require further investigation. Initially, these risks were

labeled with pasteurization and homogenization that sub-

sequently were tagged to bovine growth hormone and

antibiotics in commercial dairy products. However, more

recently, the major milk proteins, i.e., caseins have been

associated with chronic diseases [15]. Initially, cow milk

proteins were thought to be diabetogenic agents [16], but

later, a possible link was speculated between type 1 dia-

betes and release of a hexapeptide from b-casein rather

than the whole protein [17]. On the one hand, Wong et al.

[18] reported inhibitory effects of bovine b-casein on ovine

neutrophil chemotaxis associated with increased superox-

ide production in culture, but there was no consideration of

genetic variants responsible for release of opioids during

digestion. On the other, whole casein has been regarded as

a chemoattractant for human neutrophils and monocytes

[19]. In the present investigation, an increase (p \ 0.01) in

MPO activity and MCP-1 levels in intestinal cells/fluid

along with leukocyte infiltration in villi on feeding A1

‘‘like’’ b-casein variants was observed. These elevations in

inflammatory molecules may be attributed to the release of

BCMs from A1 ‘‘like’’ b-casein variants, as both A1A1

and A1A2 are potent releasers of BCMs [20]. It has been

reported that incubation of peripheral blood mononuclear

cells (PBMCs) with bovine BCM-7 in nano- and pico-

molar concentrations resulted in secretion of interleukin-8

[21]. IL-8 is a strong chemoattractant for neutrophils that

stimulates the activation of G-proteins and several down-

stream serine or threonine kinases, responsible for che-

motaxis, degranulation and production of superoxide

anions during phagocytosis [22]. These previous observa-

tions clearly support our present results. To the best of our

knowledge, there have been only two in vivo studies to

explore association between consumption of A1/A2

b-casein variants and their physiological effects. All other

findings are a result of either powdered acid caseins

(irrespective of their genetic variants) or in vitro trials with

chemically synthesized BCMs. The first animal (rabbit)

trial to consider genetic variants of b-casein provided

strong evidence that in the absence of dietary cholesterol,

A1 b-casein consumption produced significantly higher

serum cholesterol, LDL, HDL, triglyceride, percent surface

area of aorta covered by fatty streaks and the thickness of

the fatty streak lesions in the aortic arch than those fed

with A2 variant of b-casein [23]. A positive correlation

was thus observed between consumption of A1/A2

b-casein and progression of arterial lesions suggesting

clinically important implications of A1 b-casein con-

sumption on cardiovascular disorders. However, Kaminski

et al. [24] reported that supplementation of concentrate

feed with A1 and A2 milk to sibling gilts resulted in non-

significant changes in the morphology of blood cells, lipid

profile (triglyceride, LDL and HDL), liver enzymes (ala-

nine transaminase and aspartate aminotransferase), creati-

nine and urea due to increased activity of dipeptidyl

peptidase IV. Hence, the in vivo effects of A1/A2 ‘‘like’’

variants of b-casein remain controversial and warrant

further validation. Earlier, it has been established that

bovine BCM-7 at higher concentrations (above femtomo-

lar) reduces interferon-c (IFN-c) secretion but induces IL-4

expression from PBMCs [21]. The increase (p \ 0.01) in

IL-4 levels on feeding A1 ‘‘like’’ variants of b-casein in

the current study also confirms previous findings and

suggests a mechanism that may lead to differentiation of

naive helper T cells to Th2 cells for induction of humoral

immune response toward increased production of immu-

noglobulins with class-switching activity [25]. Indeed, a

significant increase (p \ 0.01) in IgE, IgG, IgG1 and

IgG2a levels were observed in intestinal fluid on feeding

A1 ‘‘like’’ b-casein variants associated with release of

BCMs compared to A2 ‘‘like’’ variants. The increased ratio
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of IgG1/IgG2a as revealed in present study further

strengthens the Th2-biased immune response on con-

sumption of A1A1 b-casein and validates the elevated

levels of IgE, as the latter is also involved in induction of

Th2 immune response-mediated food allergic reactions

[26]. However, we could not detect any significant

changes in intestinal sIgA levels that were further cor-

roborated by lack of variation in IgA? cells in the

intestine. This could be attributed to the fact that the

majority of class switching taking place toward IgG,

IgG1, IgG2a and IgE that are directly associated with

non-desirous inflammatory responses. Together, these

findings demonstrate an enhanced Th2 response mediated

by increased levels of IL-4 and immunoglobulin produc-

tion. Activation of the Th2 pathway on feeding b-casein

variants may also be related to the observations of

Rungkat-Zakaria et al. [27] who found that feeding of

total casein (100 mg/day) to mice increased histamine

release from peritoneal mastocytes as a result of casein-

derived peptides. Histamine is a pharmacologically active

inflammatory molecule that favors Th2 cytokines to pro-

duce antibodies [28]. Kurek et al. [29] also observed a

concentration-dependent histamine release from peripheral

blood leukocytes with BCM-7 that was later confirmed by

wheal and flare reactions in the skin of healthy children

[30]. Also, in our laboratory, it was established that

incubation of BCM-5 with bone marrow-derived mast

cells caused histamine release [31]. All these studies point

toward histamine-mediated Th2 skewness as a result of

BCM-7 released from A1 ‘‘like’’ variants of b-casein. In

various inflammatory diseases such as atherosclerosis,

diabetes and cancer, MCP-1 has a vital role to play as a

chemokine secreted from monocytes, T cells and endo-

thelial cells that causes initiation of inflammation through

recruitment of monocytes [32–34]. Epidemiologically,

these diseases have also been correlated with the con-

sumption of A1 ‘‘like’’ variants of b-casein that further

verify our data. As already reported, MCP-1 is induced in

a variety of cell types in vitro by cytokines, TNF-a,

IL-1and IL-4 [35–38]. The increase in IL-4 and MCP-1

levels in the present study points toward the Th2 pathway-

mediated gut inflammation on consumption of A1 ‘‘like’’

variants of b-casein than A2A2 variants. The GIT con-

tains goblet cells that produce secretory and membrane-

bound mucins with different physiological or pathological

implications [39]. In most intestinal infections, the acute

phase of inflammation results in induction of goblet cells,

whereas the chronic phase causes depletion of goblet cells

[40]. However, the present investigation showed that none

of the three variants of b-casein resulted in major changes

in goblet cell numbers. Studies demonstrating secretion of

rMuc2 and rMuc3 in rat DHE, MUC5AC in human

HT29-MTX cell lines and mucus discharge from isolated

perfused rat jejunum with BCM-7 do exist [41, 42].

However, there are no reports establishing a correlation

between goblet cell numbers, different genetic variants of

b-casein and chemically synthesized BCMs. Therefore,

initiation of the inflammatory response has been proposed

with A1 ‘‘like’’ variants of b-casein through mucus dis-

charge but independently of goblet cell number. On the

other hand, weak mRNA expression of TLR-2 and TLR-4

was reported in healthy intestinal epithelial cells (IECs)

and lamina propria mononuclear cells (LPMNCs) in vivo

but in inflammatory responses, these receptors are

unregulated [43]. Both in vivo and in vitro studies have

demonstrated that histamine is released from peritoneal

mastocytes, mast cells and peripheral blood leukocytes

after incubation with BCM-7, BCM-5 and total casein

[27–30]. Previous studies established that in vitro culture

of human gingival fibroblasts (HGFs)and human umbilical

vein endothelial cells (HUVEC) with 100 and 10 lM

histamine, respectively, resulted in the increase of TLR-2

and TLR-4 expression and further stimulation of HGFs

with lipoteichoic acid or lipopolysaccharide showed an

increased expression of cyclo-oxygenase-2 and prosta-

glandin E2 [44, 45]. Moreover, morphine (an agonist of

BCM) has been reported to have a role in glial cell (major

immune inflammatory cells of central nervous system)

activation and inflammation through TLR-2 and TLR-4

[46, 47]. The above observations further support the

present findings where consumption of A1 ‘‘like’’ variants

increased (p \ 0.01) the expression of TLR-2 and TLR-4.

In conclusion, data presented in this paper clearly

establish that feeding of A1 ‘‘like’’ variants (A1A1 and

A1A2) of b-casein as compared to A2A2 induce

inflammatory immune responses in the murine gut, most

likely through Th2 pathway. This was confirmed by up-

regulation of inflammation-associated molecules (MPO,

MCP-1 and IL-4), humoral immune response (IgE, IgG,

IgG1, IgG2a and IgG1/IgG2a), infiltration of leukocytes

in intestinal villi and expression of toll-like receptors

(TLR-2 and TLR-4). However, further studies are

required to delineate the molecular mechanisms involved

in interactions between intestinal opioid receptors and

b-casein peptides that generate signaling cascade of

inflammatory responses. If the cellular data of the future

support a role of A1 ‘‘like’’ milk in inducing inflam-

matory disorders, then it will be imperative to minimize

its risk globally by reducing its production through

sound-breeding policies.
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