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Abstract

Background: Casein-free, gluten-free diets have been reported to mitigate some of the inflammatory gastrointestinal
and behavioral traits associated with autism, but the mechanism for this palliative effect has not been elucidated. We
recently showed that the opioid peptide beta-casomorphin-7, derived from bovine (bBCM7) milk, decreases cysteine
uptake, lowers levels of the antioxidant glutathione (GSH) and decreases the methyl donor S-adenosylmethionine
(SAM) in both Caco-2 human GI epithelial cells and SH-SY5Y human neuroblastoma cells. While human breast milk
can also release a similar peptide (hBCM-7), the bBCM7 and hBCM-7 vary greatly in potency; as the bBCM-7 is highly
potent and similar to morphine in it's effects. Since SAM is required for DNA methylation, we wanted to further
investigate the epigenetic effects of these food-derived opioid peptides. In the current study the main objective was
to characterize functional pathways and key genes responding to DNA methylation effects of food-derived opioid
peptides.

Methods: SH-SY5Y neuroblastoma cells were treated with 1 μM hBCM7 and bBCM7 and RNA and DNA were isolated
after 4 h with or without treatment. Transcriptional changes were assessed using a microarray approach and CpG
methylation status was analyzed at 450,000 CpG sites. Functional implications from both endpoints were evaluated via
Ingenuity Pathway Analysis 4.0 and KEGG pathway analysis was performed to identify biological interactions between
transcripts that were significantly altered at DNA methylation or transcriptional levels (p < 0.05, FDR <0.1).

Results: Here we show that hBCM7 and bBCM7, as well as morphine, cause epigenetic changes affecting gene
pathways related to gastrointestinal disease and inflammation. These epigenetic consequences exhibited the same
potency order as opiate inhibition of cysteine uptake insofar as hBCM7 was less potent than bBCM7, which was less
potent than morphine.

Conclusion: Our findings indicate that epigenetic effects of milk-derived opiate peptides may contribute to GI
dysfunction and inflammation in sensitive individuals. While the current study was performed using SH-SY5Y
neuronal cellular models, similar actions on other cells types might combine to cause symptoms of intolerance. These
actions may provide a potential contributing mechanism for the beneficial effects of a casein-free diet in alleviating
gastrointestinal symptoms in neurological conditions including autism and other conditions. Lastly, our study also
contributes to the evolving awareness of a “gut-brain connection”.
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Background
During early development, human breast milk and
bovine milk-based formulas are the best and frequently
the only source of infant nutrition. Casein, a class of
proteins that makes up roughly 80 % of the protein
found in milk, is broken down during digestion into a
number of smaller peptides. One of these breakdown
products is the opioid-like peptide beta-casomorphin-7
(BCM7) [1, 2], and a structurally similar opioid-like pep-
tide is released during digestion of wheat-derived gluten
[3, 4]. Canonically, food-derived opioid peptides are re-
ported to act on the μ-opioid receptor (μ-OR) and they
are able to reach the bloodstream [5] and cerebrospinal
fluid [6] with the potential to exert effects in the brain [7].
However, the downstream effects of this food-derived opi-
oid peptide exposure, especially in terms of gene expres-
sion and regulation, are still largely unknown. Beta-casein
variants are of two major sub-types; namely A1 and A2
type of beta-casein. It is noteworthy to mention that
BCM-7, the opioid peptide is only derived from A1-type
of beta-casein and not A2 upon digestion.
We recently showed that casein and gluten-derived

opioid peptides decrease excitatory amino acid trans-
porter 3 (EAAT3)-mediated cysteine uptake by human
GI epithelial cells and human neuronal cells in a dose-
dependent manner, resulting in redox and epigenetic
consequences via their capacity for μ-OR activation [8].
Epigenetic regulation of gene expression is of particular
importance during early development when changes in
DNA or histone methylation status can exert lifelong
and even transgenerational effects [9–11]. Thus milk-
derived opioid peptides may exert an important epigenetic
influence with extended consequences. It is noteworthy to
mention that the human form of BCM-7 was far less po-
tent as compared to the bovine form of BCM-7 in inhib-
ition of cysteine uptake, inducing oxidative stress as well
as decreased SAM levels.
With regard to neural development, epigenetic regula-

tion can influence neural stem cell differentiation as well
as neuronal plasticity and/or neuronal maturation, which
are particularly prominent during fetal and early postnatal
development [12]. We previously highlighted the critical
role of prenatal and postnatal epigenetic programming in
the redox-based linkage between GI, brain, and immune
systems, which could potentially contribute to the etiology
of autism and other disorders [10]. These redox-based
metabolic and epigenetic changes have not only been
identified in early developmental and neurological
diseases [13–15], but also characterized in diseases
arising across the lifespan, including immunological
[10, 16] and neurodegenerative disorders [17–19].
A gluten-free (GF) casein-free (CF) diet has been re-

ported to improve intestinal, autoimmune and neurological
symptoms in celiac disease [20, 21], autism [22] and

schizophrenia [23, 24]. However, the mechanism by which
a GF/CF diet improves these symptoms is not fully
understood, and in the absence of definitive evidence, the
potential benefit of these dietary interventions remains un-
explained or considered to be poor [25]. In the current
study we investigated the functional effects of milk-derived
opioid peptides using pathway analysis of genome wide
changes in global DNA methylation patterns, measured via
methyl-CpG binding domain (MBD) protein-enriched
genome sequencing (MBD-seq) in cultured human neuro-
blastoma cells, as well as changes in transcription status
using a genome-wide microarray expression assay. The ob-
served changes may contribute to adverse effects of milk-
derived opioid peptides in sensitive individuals.

Methods
Materials
Morphine was obtained from Sigma Chemicals (Catalog#
M8777, St. Louis, MO). Human and bovine forms of
BCM-7 were custom synthesized by Neopeptide
(Cambridge, MA).

Cell culture
SH-SY5Y human neuroblastoma cells were purchased
from ATCC® (Manassas, VA). Cells were grown as prolif-
erative monolayers in 10 cm standard tissue culture
dishes, containing 10 mL of alpha-modified Minimum
Essential Medium (α-MEM) from Mediatech (Manassas,
VA) supplemented with 1 % penicillin-streptomycin-
fungizone, also from Mediatech, and 10 % fetal bovine
serum (FBS) from HyClone (Logan, UT) at 37 °C with
5 % CO2. Cells (Passage # 4) treated for 4 h with 1 μM
hBCM7, bBCM7, morphine or left untreated as a control
prior to RNA or DNA extraction. This concentration
was chosen on the basis of previous dose–response stud-
ies indicating that 1 μM produced maximum inhibition
of EAAT3-mediated cysteine uptake.

DNA isolation
DNA from cell culture for the analysis of DNA methyla-
tion was isolated using the FitAmp™ Blood & Cultured
Cell DNA Extraction Kit from Epigentek (Farmingdale,
NY). Isolated DNA was quantified using a ND-1000
NanoDrop (Wilmington, DE) spectrophotometer.

RNA isolation
RNA from cell culture for the analysis of RNA transcription
was isolated using the RNAqueous®-4PCR kit from Ambion
(Austin, TX). Isolated RNA was treated with DNase,
followed by RNA quantification using a ND-1000
NanoDrop spectrophotometer.
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Site-specific CpG methylation: fragmentation and
MBD-capture
Genomic DNA was extracted from samples with the
Easy DNA kit (Invitrogen K1800-01; Grand Island,
NY) using the appropriate protocol for cell lines. DNA
methylation measurement was performed using the
MethylCap-Seq protocol, as described by De Meyer [26].
We used EdgeR, developed by Robinson et al. [27], for the
detection of regions with differential MBD coverage be-
tween conditions. The technical and biological variation
has to be estimated and modelled, while considering the
discrete nature of the count values. The EdgeR package
provides functions to estimate the biological variability
from low number of replicates and models the count data
using negative binomial distribution. We used a common
dispersion estimate to obtain Differential promoter
methylation test p-values. The region was called “differen-
tially methylated” if the FDR adjusted p-value (i.e. q-value)
was less than 0.10.

Microarray assays
For microarray hybridizations, 500 ng of total RNA
from each sample was labeled with fluorescent dye
(Cy3; Amersham Biosciences Corp, Piscataway, NJ)
using the Low RNA Input Linear Amplification Label-
ing kit (Agilent Technologies, Palo Alto, CA) following
the manufacturer’s protocol. The amount and quality
of the fluorescently labeled cRNA was assessed using a
NanoDrop ND-1000 spectrophotometer and an Agilent
Bioanalyzer. According to manufacturer’s specifications,
1.6 mg of Cy3-labeled cRNA was hybridized to the Agilent
Human Whole Genome Oligo Microarray (Agilent
Technologies, Inc., Palo Alto, CA) for 17 h, prior to
washing and scanning. Data was extracted from
scanned images using Feature Extraction Software
(Agilent Technologies, Inc., Palo Alto, CA).

Gene ontology and pathway analysis
Pairwise comparisons (e.g. hBCM-7 [4 h] vs bBCM-7
[4 h]) were carried out using Student’s t-test (at a fold
change ≥ 1.5, raw p ≤ 0.05; the N values in this pilot
study were small such that applying a Benjamini &
Hochberg FDR correction resulted in no DETs for the
hBCM-7 and bBCM-7 versus control comparisons) to
generate lists of differentially expressed genes. For each
comparison between treatments, individual lists of dif-
ferentially expressed (and differentially methylated)
genes were uploaded to the Ingenuity® Pathway Analysis
(IPA) program (http://www.ingenuity.com) for determin-
ation of biologically relevant functional categories (gene
ontologies) and canonical pathway involvement. The sig-
nificance value associated with Functional Analysis for a
dataset is a measure of the likelihood that the association
between a set of Functional Analysis molecules in these

data and a given process or pathway is due to random
chance. The p-value is calculated using the right-tailed
Fisher Exact Test. In general, p-values less than 0.05 indi-
cate a statistically significant, non-random association.

Hierarchical clustering
Clustering of samples was performed using the Euclidean
metric and data where each variable has been normalized
to mean = 0 and variance = 1, using linkage criteria set to
‘average linkage’. The resulting heat maps display the top
50 differentially-expressed transcripts compared to pooled
RNA from control cells (p ≤ 0.001). The list of probes is
found in Additional file 1: Table S1.

Statistical analysis
Statistical analyses were carried out using Graph Pad
Prism® version 5.01. Student’s t-test for independent
means was used to test for significant differences be-
tween untreated control and experimental groups. Data
were expressed as mean ± standard error of the mean
(SEM). Comparisons between multiple groups of data
were conducted using one-way analysis of variance
(ANOVA) followed by Tukey’s post-hoc test was used to
determine the differences between individual groups.

Results
Our previous results reported global DNA methylation
changes under the influence of opioid peptides. However,
the hBCM-7 was far less potent as compared to the bo-
vine form of BCM-7 in altering the global DNA methyla-
tion status as well as changes in GSH and SAM levels [9].
In the current study, we investigated the genome-wide
epigenetic changes under the influence of these opioid
peptides. To investigate functional pathway and gene net-
work changes induced by hBCM7, bBCM7 and morphine,
the DNA methylation MBD-seq and DNA microarray
data were collected. For this purpose, control SH-SY5Y
neuroblastoma cells and cells treated for 4 h with 1 μM
hBCM7, bBCM7 or morphine were used, the latter serv-
ing as a positive opioid effect control. The dose and time-
points were selected based on our previous studies [8].
Whole genome DNA MBD-seq revealed differentially
methylated promoter transcripts (DMTs), as defined by
FDR < 0.1 and microarray data revealed differentially
expressed transcripts (DETs), defined by fold change ≥ 1.5
and raw p-value ≤ 0.05, which included differentially meth-
ylated/ transcribed genes from both genic and non-coding
regions.
Treatment with the prototypical opiod morphine

(positive control) resulted in 4950 DETs, while bBCM7
treatment yielded 1467 and hBCM7 treatment resulted
in 581; hence the rank order in gene expression changes
was morphine > bBCM7 > hBCM7 (Fig. 1). Morphine
treatment resulted in a distinct bias towards gene up-
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regulation, with 4785/4950 DETs (96.7 %) reflecting in-
creased expression, while for bBCM7 1259/1467 (85.8 %) of
DETs were associated with increased expression. By con-
trast, only 209/581 DETs (36.0 %) for hBCM7 treatment
reflected up-regulation.
Next, about 501 DETs were shared by both morphine

and bBCM7, 178 overlapped between morphine and
hBCM7, 76 overlapped between hBCM7 and bBCM7,
while 33 overlapped between all three treatments.
Morphine and bBCM7 shared a higher number of DETs,
as compared to morphine and hBCM7 (Fig. 1). Hierarchical
clustering for top 50 DETs showed that changes in gene ex-
pression for hBCM7 and bBCM7 are more related to each
other than to morphine (Fig. 2).
Morphine treatment resulted in 3673 promoter region

DMTs (defined as transcription start site ± 500 bp),
bBCM7~ 197 and hBCM7~ 346 DMTs; with the rank for
differential promoter region methylation as morphine >
hBCM7 > bBCM7. Of these DMTs, morphine and bBCM7
shared 159, morphine and hBCM7 had 25 common and
only 1 DMTs overlapped between all three treatments
(Fig. 1).
Next, promoter region methylation of all 53,561 genes

was evaluated at their transcription start sites (TSS) and
relative DNA methylation was calculated for 1000 bp in
either direction, normalized to the level at the control at
TSS. A fluctuating methylation density was observed in

the TSS region in untreated control cells, featuring a
peak of increased methylation at +65 to +80, flanked by
two valleys of decreased methylation at −200 to −300
and +600 to +800 bp (Fig. 3). While the overall pattern
of TSS DNA methylation was unchanged, a 4 h opioid
treatment increased genome-wide TSS methylation.
Morphine caused a 22 % increase in DNA methylation
above the control level at the + 65 to +80 peak, followed
by bBCM7 (17 %) and hBCM7 (11 %); (Inset in Fig. 3).
The relative efficacy of these opioids to alter DNA
promoter methylation mirrors their efficacy in their in-
hibition of cysteine uptake as previously reported by this
lab, which also had an efficacy order of morphine >
bBCM7 > hBCM7 [28]. Thus bBCM7 exhibits a higher
efficacy for increasing TSS methylation than hBCM7
(p < 0.05).
Using ingenuity pathway analysis (IPA), we examined

the biological interactions between genes and noncoding
mRNAs, which changed in either their promoter region
methylation status or their transcription levels upon ex-
posure to hBCM7, bBCM7 or morphine. The functional
biological pathways most significantly populated with el-
ements from these lists were identified (Additional file 1:
Table S2). Among the diseases and disorders that were
found to be significantly associated with the observed
DETs and DMTs, three diseases or disorders of particular
interest were identified: gastrointestinal disease,

Fig. 1 Venn diagrams representing overlap in DETs and DMTs between treatment conditions. SH-SY5Y human neuroblastoma cells were treated with
1 μM morphine, bBCM7 or hBCM7 for 4 h (n= 5). Gene expression was analyzed by genome-wide microarray to generate lists of differentially expressed
transcripts (DETs; Panel a and DNA methylation was analyzed by MBD-seq to yield lists of differentially methylated transcripts (DMTs; Panel b DMTs and
DETs were plotted to illustrate overlapping transcript changes caused by one or more of the treatment groups compared with non-treated control. For
DETs, N= 3; fold change≥ 1.5; raw p≤ 0.05. For DMTs, N= 5, FDR < 0.1
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inflammatory disease and inflammatory response (Table 1).
Morphine-induced DMTs were associated with
gastrointestinal disease and inflammatory response, while
morphine induced DETs were associated with inflamma-
tory disease and response. hBCM7-induced DMTs were
associated with gastrointestinal disease, and bBCM7
DMTs were associated with inflammatory disease.
Lastly, we investigated if there were any underlying

opioid-mediated changes in the epigenetic status of
enzymes and proteins involved in the transulfuration and

glutathione synthesis pathway. We observed differences in
DNA methylation levels of several genes from the transsul-
furation pathway and the methionine cycle (Fig. 4). Both
genic and intragenic methylation changes were observed.
More importantly these changes observed in the epigenetic
patterns were also correlated the gene expression changes
we reported in our previous studies. For example, mor-
phine and bBCM7 both induced elevated levels in the
DNA methylation patterns in the promoter region of the
gene coding for the excitatory amino acid transporter

Fig. 2 Differential gene expression in SH-SY5Y human neuroblastoma cells treated with morphine, bBCM7 or hBCM7. Gene expression data were
obtained using Agilent Human Whole Genome Oligo Microarray. The heat map represents the top 50 differentially expressed probes compared
to control (p < 0.001). Each column represents a single treatment and each row represents a single gene. At the top of the diagram is a dendogram
that displays the relatedness of the individual samples
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(EAAT3). This corresponded with our previous results
wherein we reported that morphine and bBCM7 treatment
was associated with decreased levels of EAAT3 transporter
as measured using qPCR [8]. Similar association between
changes in mRNA levels and the DNA methylation levels
were also observed with other enzymes and proteins in-
volved in the transulfuration pathway [8]. Thus, morphine,
hBCM7 and bBCM7 produce changes in DNA

methylation, which may affect metabolic pathways regulat-
ing GSH and SAM levels.

Discussion
Epigenetic regulation not only allows a pluripotent cell
to differentiate into alternative cell types containing the
same genetic information, but it also provides a mechan-
ism for plastic and adaptive responses to changes in the

Fig. 3 Methylation profiles in control and treated cells. SH-SY5Y human neuroblastoma cells were treated with 1 μM morphine, bBCM7 or hBCM7
for 4 h (n = 5) and DNA methylation was analyzed by MBD-seq. 53,561 genes were aligned at their transcription start site (TSS) and average
methylation between -3000 bp and +3000 bp was computed and normalized to values at -3000 bp

Table 1 SH-SY5Y human neuroblastoma cells were treated with 1 μM morphine, bBCM7 or hBCM7 for 4 h (n = 5). DNA methylation
was measured by MBD-seq, while mRNA transcription was measured with whole genome microarray. IPA functional analysis was
performed with DETs and DMTs for the treatments vs. control. P values were generated by IPA for gene ontology categories associ-
ated with gastrointestinal disease, inflammatory disease or inflammatory response for each treatment vs. control. P-values are dis-
played as a range based on the number of genes from the experimental list that appears in a particular ontology [sub-group] within
a Disease or Disorder category

Disease or disorder P-value ranges for DMTs

Morphine hBCM7 bBCM7

Gastrointestinal disease 9.34E-08 – 1.07E-02 1.09E-12 – 7.32E-03

Inflammatory disease 3.96E-03 – 4.51E-02

Inflammatory response 5.46E-05 – 1.07E-02

P-value ranges for DETs

Morphine hBCM7 bBCM7

Gastrointestinal disease

Inflammatory disease 1.33E-12 – 1.35E-03

Inflammatory response 4.06E-08 – 1.33E-03
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cellular environment arising from physiological
substances, xenobiotics, or food, representing a form of
genetic metadata. We previously outlined a possible
metabolic link between redox and methylation, and a
potential mechanism by which changes in redox status
translate into epigenetic outcomes [14, 19] and lastly, the
potential for nutritional factors to affect prenatal and

postnatal epigenetic programming [10]. Redox and
epigenetic changes have been implicated in early devel-
opmental and neurological diseases [13–15], as well as
immunological [10, 16] and neurodegenerative disorders
[17–19]. Recently, we showed that redox effects of food-
derived peptides with opioid activity exert powerful
control over DNA methylation [8]; however, a synthetic

Fig. 4 DNA-methylation distribution of genes involved in transsulfuration pathway. Gene-specific graphical representation of distribution of
methylation peaks for the genes involved in the transsulfuration pathway. The Refseq genes are shown in orange / blue color. The CpG density
for the specific region of the gene is also indicated. Reference genome is from the H2G2 genome browser which uses the hg19 version of the
human genome
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peptide constituted with a scrambled sequence of the
BCM7, did not show any effect on the global DNA
methylation (Additional file 2: Figure S3), acting as a
negative control, not activating the mu opioid receptor
and inducing downstream epigenetic changes. Thus, the
current results are an extension and insightful investiga-
tion of our previous work, clarifying the epigenetic ef-
fects of food-derived opioids, especially milk-derived
opioids.
Using SH-SY5Y human neuroblastoma cells, we found

that bBCM7 and hBCM7, as well as the prototypical
opiate agonist morphine, caused epigenetic as well as tran-
scriptional changes that could be linked to pathways con-
tributing to gastrointestinal disease and inflammation in
the GI tract. Although, it is noteworthy to mention that
the bBCM-7 released from A1-type of beta casein was far
more potent in inducing these epigenetic changes as com-
pared to the hBCM-7. It should be noted that the primary
endpoint for the current study was not to model GI dis-
eases in SH-SY5Y cells, but it is highly intriguing that the
pathway analysis identified GI function and diseases to be
the most highly affected. This result may not be surprising
since we have previously showed that EAAT3 is present at
high levels in human intestinal epithelial cells (Caco2
cells), and food-derived opioid peptides can inhibit
EAAT3-mediated cysteine uptake in these cells, resulting
in altered redox and methylation capacity [8]. Thus, these
molecular effects of opiates on antioxidant levels and
methylation status can occur in different cell types and
can result in overlapping epigenetic consequences.
Several previous studies have indicated the use of SH-

SY5Y cells as models for neuronal cells for research
related to central nervous system [8] as well as enteric
nervous system [29]. Furthermore, oxidative stress has
recently been recognized as a significant factor in the
pathogenesis of gastrointestinal complications [30], and
treatment with GSH or the GSH released from glial cells
resulted in alleviation of oxidative stress in neuronal
cells [29] as well as gastrointestinal symptoms. Mu-
opioid receptors are highly expressed in the gastro-
intestinal tract including in neurons of the enteric ner-
vous system. Hence, although we did not use SH-SY5Y as
a model for induction of gastrointestinal diseases, we ob-
served that induction of oxidative stress resulted in epi-
genetic changes which corresponded to gastrointestinal
diseases. These results provide a potential explanation for
the observed high prevalence of GI dysfunction co-
morbidity in patients with neurological disorders includ-
ing autism spectrum disorders.
Both wheat- and milk-derived opiate peptides inhibit

the uptake of cysteine, resulting in a decrease in GSH
synthesis [8]. This decrease in antioxidant capacity leads
to inhibition of the redox sensitive enzyme methionine
synthase and a decrease in the availability of the methyl

donor S-adenosylmethionine (SAM). Oxidative stress
and decreased levels of SAM and GSH have been associ-
ated with autism by multiple studies [31–41]. The
decrease in SAM translates into effects on global DNA
methylation, with epigenetic consequences, which can
contribute to neurological and neurodevelopmental dis-
orders such as autism [42–47].
The changes in DNA methylation and gene expression

we observed were associated with inflammation and
gastrointestinal disease-related metabolic pathways. One
way to interpret this result is a dysfunctional positive
feed-back loop in which food-derived opiate peptides
decrease cysteine uptake from the GI tract, causing in-
flammation and gastrointestinal disease which further
limits the ability to take up cysteine and other important
nutrients. Avoiding milk-derived BCM-7 might be bene-
ficial to prevent this inflammation in sensitive individ-
uals; however, supporting clinical evidence is not yet
reported and hence any clinical extrapolation of these in
vitro studies should be done with caution. In some, but
not all studies, dietary intervention with a gluten-free
casein-free diet has been shown to improve symptom
presentation in autistic subjects [22, 48, 49]. BCM7 has
been linked to delayed psychomotor development in in-
fants [50]. Interestingly, a genetic variant in dipeptidyl-
peptidase IV (DPP-IV), the enzyme responsible for
hydrolysis of BCM7, was found to be significantly over-
represented in autistic male subjects [51], and autoanti-
bodies against DPP-IV are found in autistic subjects
[52]. Thus diminished activity of DPP-IV may contribute
to increased activity of BCM7 in autism. Our findings
also highlight a difference in the efficacy of human vs.
bovine-derived BCM7 in altering DNA promoter methyla-
tion and mRNA transcription inflammation. The ability of
BCM7 to alter gene expression has been previously re-
ported [12]. Here we show that bBCM7 acts more like
morphine than hBCM7, in the both magnitude of DNA
promoter methylation changes, a similar bias toward
mRNA up-regulation and in the extent of overlapping
discrete DMTs and DETs. Thus the epigenetic effects of
bBCM7 may be quantitatively and qualitatively different
from those of hBCM7, which could potentially also provide
a molecular rationale for the recommendation of breast-
feeding vs. formula feeding during early development.

Conclusion
Results from the current study indicate that epigenetic
effects of milk-derived opiate, especially bovine BCM-7
peptides may possibly contribute to GI dysfunction and to
development of inflammation. Thus eliminating these opi-
oid peptides from the diet may reverse these effects in sen-
sitive individuals, although future clinical studies will be
required to further investigate this mechanism. While
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preliminary, our findings indicate a “gut-brain” epigenetic
relationship.
The data set supporting the results of this article are

included as additional files for supplementary Figure S1,
S2 and Additional file 2: Figure S3 on the journal
website.

Additional files
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from heat maps used in figure 2. (PDF 66.6 kb)

Additional file 2: Table S2. Diseases and disorders generated by IPA
analysis of DMTs and DETs corresponding to treatment. The p-value
range listed represents the range of significant (P < 0.05) pathways
associated with the listed disease or disorder. The number of probes
indicates the number of differentially methylated or transcribed
transcripts associated with the disease or disorder. (PDF 60.5 kb)

Abbreviations
bBCM7: bovine isoform of BCM7; DETs: differentially expressed transcripts.;
DMTs: differentially methylated transcripts.; EAAT3: excitatory amino acid
transporter type 3; GF/CF: gluten free/ casein free; GI: gastrointestinal;
GSH: glutathione; hBCM7: human isoform of BCM7; SAM: S-adneosylmethionine.

Competing interests
The authors declare that they have no competing interests.

Authors’ contributions
MT and RD designed research; MT and GT conducted research; NH, MT, GT,
SW and RD analyzed data; NH, MT and RD wrote the paper. NH and MT had
primary responsibility for final content. All authors read and approved the
final manuscript.

Acknowledgements
This work was supported by research grants from the Autism Research
Institute, The a2 Milk Company, and the National Institute for Drug Abuse
(R21DA030225).

Author details
1Department of Pharmaceutical Sciences, Nova Southeastern University, Rm #
3103, HPD building, Fort Lauderdale, FL, USA. 2Department of Molecular and
Cellular Biology, Harvard Medical School, Boston, MA, USA. 3Wake Forest
Institute for Regenerative Medicine, Wake Forest University Health Sciences,
Winston Salem, NC, USA. 4Department of Mathematical Modelling, Statistics
and Bioinformatics, University of Ghent, Ghent, Belgium.

Received: 13 September 2015 Accepted: 3 December 2015

References
1. Kamiński S, Cieslińska A, Kostyra E. Polymorphism of bovine beta-casein and

its potential effect on human health. J Appl Genet. 2007;48:189–98.
2. Brantl V, Teschemacher H, Henschen A, Lottspeich F. Novel opioid peptides

derived from Casein(β -Casomorphins). I. Isolation from bovine casein
peptone. Hoppe-Seyler’s Z Für Physiol Chem. 1979;b360:1211–24.

3. Huebner FR, Lieberman KW, Rubino RP, Wall JS. Demonstration of high
opioid-like activity in isolated peptides from wheat gluten hydrolysates.
Peptides. 1984;5:1139–47.

4. Fukudome S, Jinsmaa Y, Matsukawa T, Sasaki R, Yoshikawa M. Release of
opioid peptides, gluten exorphins by the action of pancreatic elastase. FEBS
Lett. 1997;412:475–9.

5. Singh M, Rosen CL, Chang KJ, Haddad GG. Plasma beta-casomorphin-7
immunoreactive peptide increases after milk intake in newborn but not in
adult dogs. Pediatr Res. 1989;26:34–8.

6. Nyberg F, Lieberman H, Lindström LH, Lyrenäs S, Koch G, Terenius L.
Immunoreactive beta-casomorphin-8 in cerebrospinal fluid from pregnant

and lactating women: correlation with plasma levels. J Clin Endocrinol
Metab. 1989;68:283–9.

7. Sun Z, Zhang Z, Wang X, Cade R, Elmir Z, Fregly M. Relation of beta-
casomorphin to apnea in sudden infant death syndrome. Peptides.
2003;24:937–43.

8. Trivedi MS, Shah JS, Al-Mughairy S, Hodgson NW, Simms B, Trooskens GA,
et al. Food-derived opioid peptides inhibit cysteine uptake with redox and
epigenetic consequences. J Nutr Biochem. 2014;25:1011–8.

9. Bird A. DNA methylation patterns and epigenetic memory. Genes Dev.
2002;16:6–21.

10. Waly MI, Hornig M, Trivedi M, Hodgson N, Kini R, Ohta A, et al. Prenatal and
postnatal epigenetic programming: implications for GI, immune, and
neuronal function in autism. Autism Res Treat. 2012;2012:190930.

11. Bird A. Perceptions of epigenetics. Nature. 2007;447:396–8.
12. LaSalle JM. A genomic point-of-view on environmental factors influencing

the human brain methylome. Epigenetics Off J DNA Methylation Soc. 2011;
6:862–9.

13. Schanen NC. Epigenetics of autism spectrum disorders. Hum Mol Genet.
2006;15 Spec No 2:R138–50.

14. Deth R, Muratore C, Benzecry J, Power-Charnitsky V-A, Waly M. How
environmental and genetic factors combine to cause autism: a redox/
methylation hypothesis. Neurotoxicology. 2008;29:190–201.

15. Frustaci A, Neri M, Cesario A, Adams JB, Domenici E, Dalla Bernardina B,
et al. Oxidative stress-related biomarkers in autism: systematic review and
meta-analyses. Free Radic Biol Med. 2012;52:2128–41.

16. Nestor CE, Barrenäs F, Wang H, Lentini A, Zhang H, Bruhn S, et al. DNA
methylation changes separate allergic patients from healthy controls
and may reflect altered CD4(+) T-cell population structure. PLoS Genet.
2014;10, e1004059.

17. Flight MH. Epigenetics: methylation and schizophrenia. Nat Rev Neurosci.
2007;8:910–1.

18. Niedzwiecki MM, Hall MN, Liu X, Oka J, Harper KN, Slavkovich V, et al. Blood
glutathione redox status and global methylation of peripheral blood
mononuclear cell DNA in Bangladeshi adults. Epigenetics. 2013;8:730–8.

19. Hodgson N, Trivedi M, Muratore C, Li S, Deth R. Soluble oligomers of
amyloid-β cause changes in redox state, DNA methylation, and gene
transcription by inhibiting EAAT3 mediated cysteine uptake. J Alzheimers
Dis JAD. 2013;36:197–209.

20. Murray JA, Watson T, Clearman B, Mitros F. Effect of a gluten-free diet on
gastrointestinal symptoms in celiac disease. Am J Clin Nutr. 2004;79:669–73.

21. Benson GD, Kowlessar OD, Sleisenger MH. Adult Celiac diases with
emphasis upon response to the gluten-free diet. Medicine (Baltimore). 1964;
43:1–40.

22. Whiteley P, Haracopos D, Knivsberg A-M, Reichelt KL, Parlar S, Jacobsen J,
et al. The ScanBrit randomised, controlled, single-blind study of a gluten-
and casein-free dietary intervention for children with autism spectrum
disorders. Nutr Neurosci. 2010;13:87–100.

23. Singh MM, Kay SR. Wheat gluten as a pathogenic factor in schizophrenia.
Science. 1976;191:401–2.

24. Okusaga O, Yolken RH, Langenberg P, Sleemi A, Kelly DL, Vaswani D, et al.
Elevated gliadin antibody levels in individuals with schizophrenia. World J
Biol Psychiatry Off J World Fed Soc Biol Psychiatry. 2013;14:509–15.

25. Millward C, Ferriter M, Calver S, Connell-Jones G. Gluten- and casein-free
diets for autistic spectrum disorder. Cochrane Database Syst Rev Online
2004; CD003498.

26. De Meyer T, Mampaey E, Vlemmix M, Denil S, Trooskens G, Renard J-P, et al.
Quality evaluation of methyl binding domain based kits for enrichment
DNA-methylation sequencing. PLoS ONE. 2013;8, e59068.

27. Robinson MD, McCarthy DJ, Smyth GK. edgeR: a Bioconductor package for
differential expression analysis of digital gene expression data. Bioinforma
Oxf Engl. 2010;26:139–40.

28. Trivedi M, Shah J, Hodgson N, Byun H-M, Deth R. Morphine induces redox-
based changes in global DNA methylation and retrotransposon
transcription by inhibition of excitatory amino acid transporter type 3-
mediated cysteine uptake. Mol Pharmacol. 2014;85:747–57.

29. Abdo H, Derkinderen P, Gomes P, Chevalier J, Aubert P, Masson D, et al.
Enteric glial cells protect neurons from oxidative stress in part via reduced
glutathione. FASEB J Off Publ Fed Am Soc Exp Biol. 2010;24:1082–94.

30. Kashyap P, Farrugia G. Oxidative stress: key player in gastrointestinal
complications of diabetes. Neurogastroenterol Motil Off J Eur Gastrointest
Motil Soc. 2011;23:111–4.

Trivedi et al. Nutrition & Metabolism  (2015) 12:54 Page 9 of 10

dx.doi.org/10.1186/s12986-015-0050-1
dx.doi.org/10.1186/s12986-015-0050-1


31. Adams JB, Audhya T, McDonough-Means S, Rubin RA, Quig D, Geis E, et al.
Nutritional and metabolic status of children with autism vs. neurotypical
children, and the association with autism severity. Nutr Metab. 2011;8:1–34.

32. Adams JB, Baral M, Geis E, Mitchell J, Ingram J, Hensley A, et al. The severity
of autism is associated with toxic metal body burden and red blood cell
glutathione levels. J Toxicol. 2009;2009:1–7.

33. Pastural E, Ritchie S, Lu Y, Jin W, Kavianpour A, Khine Su-Myat K, et al. Novel
plasma phospholipid biomarkers of autism: mitochondrial dysfunction as a
putative causative mechanism. Prostaglandins Leukot Essent Fatty Acids.
2009;81:253–64.

34. Al-Gadani Y, El-Ansary A, Attas O, Al-Ayadhi L. Metabolic biomarkers related
to oxidative stress and antioxidant status in Saudi autistic children. Clin
Biochem. 2009;42:1032–40.

35. Paşca SP, Dronca E, Kaucsár T, Craciun EC, Endreffy E, Ferencz BK, et al. One
carbon metabolism disturbances and the C677T MTHFR gene
polymorphism in children with autism spectrum disorders. J Cell Mol Med.
2009;13:4229–38.

36. Geier DA, Kern JK, Garver CR, Adams JB, Audhya T, Nataf R, et al. Biomarkers of
environmental toxicity and susceptibility in autism. J Neurol Sci. 2009;280:101–8.

37. Geier DA, Kern JK, Garver CR, Adams JB, Audhya T, Geier MR. A prospective
study of transsulfuration biomarkers in autistic disorders. Neurochem Res.
2009;34:386–93.

38. James SJ, Melnyk S, Jernigan S, Hubanks A, Rose S, Gaylor DW. Abnormal
transmethylation/transsulfuration metabolism and DNA hypomethylation
among parents of children with autism. J Autism Dev Disord. 2008;38:1976.

39. James SJ, Melnyk S, Jernigan S, Cleves MA, Halsted CH, Wong DH, et al.
Metabolic endophenotype and related genotypes are associated with
oxidative stress in children with autism. Am J Med Genet Part B
Neuropsychiatr Genet Off Publ Int Soc Psychiatr Genet. 2006;141B:947–56.

40. James SJ, Cutler P, Melnyk S, Jernigan S, Janak L, Gaylor DW, et al. Metabolic
biomarkers of increased oxidative stress and impaired methylation capacity
in children with autism. Am J Clin Nutr. 2004;80:1611–7.

41. Melnyk S, Fuchs GJ, Schulz E, Lopez M, Kahler SG, Fussell JJ, et al. Metabolic
imbalance associated with methylation dysregulation and oxidative damage
in children with autism. J Autism Dev Disord. 2012;42:367–77.

42. Samaco RC, Hogart A, LaSalle JM. Epigenetic overlap in autism-spectrum
neurodevelopmental disorders: MECP2 deficiency causes reduced
expression of UBE3A and GABRB3. Hum Mol Genet. 2005;14:483–92.

43. Shulha HP, Cheung I, Whittle C, Wang J, Virgil D, Lin CL, et al. Epigenetic
signatures of autism: trimethylated H3K4 landscapes in prefrontal neurons.
Arch Gen Psychiatry. 2012;69:314–24.

44. Miyake K, Hirasawa T, Koide T, Kubota T. Epigenetics in autism and other
neurodevelopmental diseases. Adv Exp Med Biol. 2012;724:91–8.

45. Persico AM, Bourgeron T. Searching for ways out of the autism maze: genetic,
epigenetic and environmental clues. Trends Neurosci. 2006;29:349–58.

46. Ginsberg MR, Rubin RA, Falcone T, Ting AH, Natowicz MR. Brain transcriptional
and epigenetic associations with autism. PLoS One. 2012;7, e44736.

47. Ladd-Acosta C, Hansen KD, Briem E, Fallin MD, Kaufmann WE, Feinberg AP.
Common DNA methylation alterations in multiple brain regions in autism.
Mol Psychiatry. 2014;19:862–71.

48. Whiteley P, Shattock P, Knivsberg A-M, Seim A, Reichelt KL, Todd L, et al.
Gluten- and casein-free dietary intervention for autism spectrum conditions.
Front Hum Neurosci. 2012;6:344.

49. Pennesi CM, Klein LC. Effectiveness of the gluten-free, casein-free diet for
children diagnosed with autism spectrum disorder: based on parental
report. Nutr Neurosci. 2012;15:85–91.

50. Kost NV, Sokolov OY, Kurasova OB, Dmitriev AD, Tarakanova JN, Gabaeva
MV, et al. Beta-casomorphins-7 in infants on different type of feeding and
different levels of psychomotor development. Peptides. 2009;30:1854–60.

51. Čupić B, Hranilovic D, Jernej B, Gabrilovac J. Association study of genes
regulating opioid system in autism. Psychiatry Res. 2012;198:169–70.

52. Vojdani A, Pangborn JB, Vojdani E, Cooper EL. Infections, toxic chemicals
and dietary peptides binding to lymphocyte receptors and tissue enzymes
are major instigators of autoimmunity in autism. Int J Immunopathol
Pharmacol. 2003;16:189–99.

•  We accept pre-submission inquiries 

•  Our selector tool helps you to find the most relevant journal

•  We provide round the clock customer support 

•  Convenient online submission

•  Thorough peer review

•  Inclusion in PubMed and all major indexing services 

•  Maximum visibility for your research

Submit your manuscript at
www.biomedcentral.com/submit

Submit your next manuscript to BioMed Central 
and we will help you at every step:

Trivedi et al. Nutrition & Metabolism  (2015) 12:54 Page 10 of 10


	Abstract
	Background
	Methods
	Results
	Conclusion

	Background
	Methods
	Materials
	Cell culture
	DNA isolation
	RNA isolation
	Site-specific CpG methylation: fragmentation and �MBD-capture
	Microarray assays
	Gene ontology and pathway analysis
	Hierarchical clustering
	Statistical analysis

	Results
	Discussion
	Conclusion
	Additional files
	Abbreviations
	Competing interests
	Authors’ contributions
	Acknowledgements
	Author details
	References



