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Abstract

Repeated abuse of methamphetamine (METH) can cause dependence, repeated

relapse of psychotic symptoms, compulsive drug-seeking behaviour, and various

neurological symptoms. These long-term biological changes may be associated

with epigenetic mechanisms; however, the association between METH use and

epigenetic mechanisms has been poorly investigated. Thus, we performed an

epigenome-wide association study of METH dependence using genomic DNA

extracted from the blood samples of 24 patients with METH dependence and

24 normal controls. All participants were of Japanese descent. We tested the

association between METH dependence and DNA methylation using linear regres-

sion analysis. We found epigenome-wide significant associations at four CpG sites,

one of which occurred in the CNOT1 gene and another in the PUM1 gene. We

especially noted the CNOT1 and PUM1 genes as well as several other genes that

indicated some degree of association with METH dependence. Among the rela-

tively enriched Gene Ontology terms, we were interested in terms of mRNA

metabolism, respirasome, and excitatory extracellular ligand-gated ion channel

activity. Among the relatively enriched Kyoto Encyclopedia of Genes and Genome

pathways, we noted pathways of several neurological diseases. Our results indi-

cate that genetic changes akin to those in other psychiatric or neurodegenerative

disorders may also occur via epigenetic mechanisms in patients with METH

dependence.

K E YWORD S

DNA methylation, EWAS, methamphetamine

1 | INTRODUCTION

Methamphetamine (METH) abuse is a worldwide problem. METH is a

powerful psychostimulant that facilitates the release of central and

peripheral monoamine neurotransmitters.1 It frequently causes not

only abuse but also dependence: nearly 34 million individuals use

METH or other amphetamine-type stimulants, making it the third most

widely used illegal drug worldwide.2 One reason for the high
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prevalence of METH abuse is thought to be due to its 12-h half-life,

which provides a longer lasting euphoric effect compared with other

psychoactive substances.3

A low dose of METH can induce euphoria, tachycardia, mydriasis,

and weight loss. This also causes an increase in arousal, elevates

mood, lowers social inhibition, and lowers sexual inhibition.4 High

doses or repeated abuse can cause excessive drug-taking, compulsive

drug-seeking behaviours, drug-taking behaviours, adverse social con-

sequences, adverse medical consequences, paranoid delusions, audi-

tory hallucinations, hyperactivity, repeated relapses of the psychotic

disease, and various neurological symptoms.5,6 These signs partially

overlap with those of other psychiatric or neurological disorders such

as schizophrenia, autism spectrum disorder, obsessive-compulsive dis-

order, mood disorder, and Parkinson's disease.7–9 For example, ele-

vated dopamine release is a common cause of the psychotic

symptoms of METH dependence and schizophrenia, including audi-

tory hallucinations and delusions.10 Given the characteristics of these

manifestations, METH dependence is characterized as a biological dis-

order thought to be the result of consequent molecular, cellular, and

bio-pathological neuroadaptations akin to those observed in other

psychiatric or neurodegenerative disorders.11 Transient excessive

monoamine neurotransmission alone is not sufficient to account for

the long-lasting transcriptional and behavioural alterations.12 Neuro-

transmission is related to DNA methylation differences and acts on

transcriptional programs that underlie structural and neurobiological

alterations.13,14

DNA methylation is an epigenetic mechanism that has recently

garnered considerable attention. DNA methylation occurs mainly at

cytosine-phosphate-guanine (CpG) sites. It causes the conversion of

cytosine to 5-methylcytosine by DNA methyltransferase.15 Although

in practice, this may be more complicated, in principle, DNA methyla-

tion suppresses gene expression by affecting the interaction of chro-

matin proteins and certain transcription factors with DNA, rendering

it integral to biological function.16 Changes in DNA methylation pat-

terns can maintain durable structural chromatin adaptations, leading

to long-term dysregulation of biological processes and various related

diseases.17

Many epigenetic studies have been performed in the fields of

psychiatric disorders.18,19 Several studies have also examined changes

in human DNA methylation in METH use disorders.20,21 For example,

studies have reported a significant decline in DNA methylation associ-

ated with brain-derived neurotrophic factor (BDNF) in drug (METH

and heroin) abusers than that in controls.22 However, few studies

have investigated the association between DNA methylation and

METH use disorder or dependence, even though epigenetic modifica-

tions may potentially play key roles in drug-induced gene expression

changes, given the long-term aspects of METH dependence.23 Based

on the symptom patterns of METH dependence, we postulated

overlaps of associations similar to those seen in other psychiatric or

neurological disorders such as schizophrenia, mood disorder,

obsessive-compulsive disorder, and Parkinson's disease.

In the current study, we performed an epigenome-wide associa-

tion study (EWAS) for more than 850,000 CpG sites to investigate the

association between DNA methylation patterns and METH depen-

dence. We elucidated the epigenetic mechanisms in METH depen-

dence and explored epigenetic factors that resulted in similar

symptoms overlapped with those observed in other psychiatric or

neurodegenerative diseases.

2 | METHODS

2.1 | Study sample

We obtained peripheral blood samples from 24 patients with METH

dependence as the disease group. We also obtained samples from

24 age- and sex-matched control participants for comparison as the

control group. All participants were of Japanese descent. This study

was conducted in Kobe, Japan. Each patient was evaluated by at least

two psychiatrists based on the criteria mentioned in the Diagnostic

and Statistical Manual of Mental Disorders, Fourth Edition. The

healthy controls were also assessed by at least two psychiatrists and

screened for psychiatric disorders using unstructured interviews. The

lack of a present, past, or family history (first-degree relatives) of psy-

chiatric disorders or substance abuse (excluding nicotine dependence)

was also confirmed in the control group. Written informed consent

was obtained from all participants before study commencement, per

the Declaration of Helsinki. This study was approved by the Ethical

Committee for Genetic Studies of Kobe University Graduate School

of Medicine.

2.2 | Data curation

DNA methylation analysis was performed as previously described.24

We extracted genomic DNA from peripheral blood samples using the

QIAamp DNA Blood Midi Kit (Qiagen, Hilden, Germany). Genomic

DNA was bisulfite-converted, purified, and recovered using the EZ

DNA Methylation Kit (ZYMO RESEARCH, Murphy Avenue, Irvine,

CA, USA). A total of 250 ng of DNA was used for analysis. Bisulfite-

converted DNA was amplified, fragmented, purified, and remixed in

Buffer RA1 (Takara Bio, Shiga, Japan). The remixed DNA was hybrid-

ized with Infinium MethylationEPIC BeadChip (Illumina, San Diego,

CA, USA), and screened using iScan (Illumina, San Diego, CA, USA).

From the fluorescence image data, the normalization was per-

formed by Background Subtraction and Internal Controls, using Geno-

meStudio (ver. V2011.1)/Methylation Module (ver. 1.9.0). The degree

of methylation was estimated via the fluorescence intensity ratio as

any value between β = 0 (unmethylated) to 1 (fully methylated),

respectively. For normalization, each β value was corrected using the

BMIQ method supplied with the R package, ChAMP. For each β value,

the detection p value was computed from the background model

characterizing the chance that the target sequence signal was distin-

guishable from the negative controls with GenomeStudio.

Probes with detection p values >0.01 in one or more samples

were designated as invalid and eliminated. Furthermore, we eliminated
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probes located within five base pairs of single nucleotide polymor-

phisms (SNPs) with minor allele frequencies >0.05. Probes located on

sex chromosomes were also eliminated. We also removed cross-

reactive probes using the R package, maxprobes (ver. 0. 0. 2). We also

designated probes having missing β values for all samples in either

group as inappropriate. After filtering, 85 058 of 865 918 probes were

judged invalid, and the remaining 780 860 probes were analysed. We

got gene names relevant to each probe according to the complete

GENCODE annotation in the Illumina manifest file. Also, cell type pro-

portion was estimated using the Houseman method from the online

DNA Methylation Age Calculator (https://horvath.genetics.ucla.edu/

html/dnamage/, last accessed on 6 February 2023), using the House-

man et al. dataset background. Horvath calculator uses Houseman

method.25,26

2.3 | Investigation of the association between
DNA methylation and METH dependence

We tested the association between METH dependence and DNA

methylation in 780 860 valid probes via linear regression analysis for

phenotypes (disease group or control group), using the R package,

limma (ver. 3. 52. 4), in conjunction with the empirical Bayes method.

The β values were converted to M values for analysis [M = log2(β/

(1 � β))]. We used sex, age, and smoking history as covariates for the

first regression model. We used sex, age, smoking history, and each

cell type proportion as covariates for the second regression model.

Due to the small sample size of this study, we decided to use the

results of the first regression model for further analyses, considering

the number of appropriate confounding factors, but we further

examined the validity of the results by checking the Pearson's corre-

lation of regression coefficients for phenotypes in both models. The

p values were corrected using the Benjamini Hochberg (BH) method

to calculate the q values. We defined probes that met q values <0.05

as significant. Moreover, we selected the corresponding positions of

the probes meeting the unadjusted p value <1.0 � 10�5 criterion as

the differentially methylated positions (DMPs).

Further, we conducted a weighted gene co-methylation network

analysis (WGCNA), using the R package, WGCNA. We selected the

probes having variance of M values up to the top 50 000 among all.

To construct modules, the soft-thresholding power was set to 8 to

maximize a scale-free topology model fit as it plateaued above 0.8.

The module assignments were determined by using the blockwiseMo-

dules function with TOMType = “unsigned”, minClusterSize = 100,

reassignThreshold = 0, and mergeCutHeight = 0.25. For each partici-

pant, we calculated the value of module eigengene of each module.

We conducted Pearson's correlation analysis for each variable (disease

group or control group, age, sex, and smoking history) and each mod-

ule eigengene. We calculated correlation coefficients and Student

asymptotic p values for given correlations. The p values were adjusted

with BH method considering multiple testing to calculate q values.

We defined q < 0.05 as significant.

Furthermore, using the R package, DMRcate (ver. 2. 14. 1), we

identified the differentially methylated regions (DMRs) from CpG sites

meeting the false discovery rate (FDR) < 0.08, according to the

q value of the probe having unadjusted p value closest to 1.0 � 10�5.

We set λ = 1000 and C = 2. Bases more than λ apart cannot be in the

same region. The Gaussian kernel function is defined by k(x1, x2)

= exp(�σ[x1 � x2]
2), calculated as λ/C = σ. DMRcate calculates kernel

estimates using a Gaussian kernel function to identify DMRs.27

2.4 | Enrichment analysis

We performed Gene Ontology (GO) and Kyoto Encyclopedia of Genes

and Genomes (KEGG) pathway analyses for genes relevant to DMPs.

The BiomaRt R package (ver. 2. 52. 0) was used to convert gene

names to Entrez gene IDs for the analysis. GO analysis was conducted

with the R package, clusterProfiler (ver. 4. 4. 4). Background genes

were acquired from geneList included in the R package, DOSE (ver.

3. 22. 1). KEGG pathway analysis was conducted online on the DAVID

site (https://david.ncifcrf.gov/, last accessed on 9 April 2023). We

noted GO terms and KEGG pathways meeting the criterion for unad-

justed p < 0.01.

2.5 | Statistical analysis

Statistical analysis was conducted using R version 4.2.1 and EZR ver-

sion 1.55. Age, body mass index (BMI), and each cell type proportion

were compared using the Mann–Whitney U test. Fisher's exact test

was employed for comparing smoking history, and the χ2 test was

used for comparing sex differences between the METH and control

groups. As mentioned, linear regression analysis was performed for

each probe to investigate the association between METH dependence

and DNA methylation. Dummy variables were used as needed. For

the phenotype: controls = 0, patients = 1, for the sex: male = 0,

female = 1, for smoking history: never = 0, ever = 1, current = 2. In

the correlation analyses, we used Pearson's method. Statistical calcu-

lations in the GO analysis were performed using the clusterProfiler R

package, and the KEGG pathway analysis was performed using

DAVID.

3 | RESULTS

3.1 | Demographic data

The demographic data of the two groups are listed in Table 1, and cell

type proportion data are displayed in Figure S1. There was no signifi-

cant difference for each cell type. We did not have BMI data for four

patients with METH dependence. The missing values were compen-

sated with the average of the remaining 20 patients with METH

dependence.
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3.2 | Investigation of the association between
DNA methylation and METH dependence

We tested the association between METH dependence and DNA

methylation by subjecting 780 860 probes to linear regression ana-

lyses. For the first model, four probes met the q < 0.05 criterion upon

correction of the p values using the BH method. The CNOT1

(cg22331182, p = 9.02 � 10�9, q = 7.04 � 10�3) and PUM1

(cg07335637, p = 4.06 � 10�8, q = 1.59 � 10�2) genes were

included in these significant positions. A total of 96 probes met the

unadjusted p < 1.0 � 10�5 criterion (76 hypomethylated and

20 hypermethylated), and we defined these corresponding positions

as DMPs. Though there was no significant difference, the ratio of

promoter regions was 36.1% in DMPs, compared with 30.8% in non-

DMPs (unadjusted p = 0.26 by Fisher's exact test). Ratios were calcu-

lated also for each gene regulatory region and compared between

DMPs and non-DMPs by Fisher's exact test, adjusting the p values by

BH method to calculate q values. No region met q < 0.05. (Figure S2).

The top 12 probes for hypomethylated positions and hypermethy-

lated positions in the first model are listed in Table 2. All probes that

met the unadjusted p < 1.0 � 10�5 condition are listed in Table S1.

These relevant genes included PSMA6 (cg18492497,

p = 3.80 � 10�7), NDUFS3 (cg15346359, p = 4.88 � 10�7), TTC19

(cg09595082, p = 9.27 � 10�7, cg17360273, p = 2.81 � 10�6),

GRIK2 (cg10769416, p = 2.43 � 10�6), EIF4ENIF1 (cg01168649,

p = 3.77 � 10�6), NDUFS6 (cg21638645, p = 4.25 � 10�6), CHRNA2

(cg07054263, p = 5.41 � 10�6), BDNF-AS1 (cg03552992,

p = 5.76 � 10�6), P2RX5 (cg07991565, p = 5.76 � 10�6), MAPK8

(cg02480970, p = 6.14 � 10�6), and TUBA8 (cg16193078,

p = 9.96 � 10�6). The Manhattan plot for the p values of 780 860

probes is shown in Figure 1, and the volcano plot is displayed in

Figure S3. For the second model, only one probe, associated with

CNOT1, was found to be significant (cg22331182, p = 2.84 � 10�8,

q = 2.22 � 10�2). The top 12 probes for hypomethylated positions

and hypermethylated positions in the second model are listed in

Table S2. The regression coefficients for the phenotype of each

probe in both models were significantly correlated (correlation

coefficient = 0.92, p < 2.2 � 10�16) (Figure S4). The subsequent

downstream analysis was performed on the results of the first

model.

3.3 | WGCNA

Using the M values of probes having variance in the top 50 000

among all, we performed WGCNA. A total of 50 modules were cre-

ated from these 50 000 probes. The eigengene of each module in

each participant was calculated, and we conducted Pearson's correla-

tion analysis for each variable (disease group or control group, age,

sex, and smoking history) and each module eigengene. The details of

each module eigengene are listed in Table S3. After adjustment with

the BH method, there were no modules meeting q < 0.05 for the

association with METH dependence, except MEgrey (q = 0.022),

which is the eigengene of a set of CpGs that do not belong to any

module suggesting co-methylation. The correlation heatmap for each

module and each variable is displayed in Figure S5.

3.4 | DMRs analysis

The CpG site having unadjusted p value closest to 1.0 � 10�5 had

q value with 8.00 � 10�2. Using R package DMRcate, we identified

13 DMRs from CpG sites meeting the FDR < 0.08. (Table S4). Four

regions were hypomethylated and nine regions were hypermethy-

lated. Hypomethylated regions included genes of CNOT1, SNORA50,

GRP133, RP11-76C10.2, and VARS. Hypermethylated regions include

genes of ELK3, BHLHE40-AS1, EFNA4, EFNA3, ITFG2, NRIP2, NOL12,

TRIOBP, CCNG1, RP11-541P9.3, DHX38, TXNL4B, AKAP8L, and KLLN.

The circos plot showing the relative positioning of DMRs on the chro-

mosomes is displayed in Figure 2.

TABLE 1 Demographic data for the disease group and control group, respectively.

Disease Control p value

Sample 24 24

Age (years), median (IQR) 40.5 (31, 50) 40 (29.5, 48.25) 0.869a

Age of first drug abuse, median (IQR) 22 (18, 26)

Total duration of drug abuse (months), median (IQR) 126 (57, 219)

BMI (IQR) 24.182 (21.826, 25.753) 22.472 (20.316, 24.419) 0.056a

Smoking history (never/ever/current) 2/0/22 15/4/5 <0.001b

Sex (male/female) 19/5 19/5 1c

Note: For smoking history, “never” refers to individuals who have never smoked a cigarette, “ever” refers to individuals who used to smoke cigarettes in

the past but stopped during blood sampling, and “current” refers to individuals who retained the smoking habit during blood sampling.

Abbreviations: BMI, body mass index; IQR, interquartile range.
aWe assessed the p value using the Mann–Whitney U test.
bWe assessed the p value using Fisher's exact test.
cWe assessed the p value the using χ2 test.
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3.5 | Enrichment analysis

We performed GO and KEGG pathway analyses for the genes

relevant to DMPs. GO analysis revealed 14 terms that met the unad-

justed p < 0.01 criterion (Table S5), including several terms relevant

to mRNA metabolism (containing CNOT1, PUM1, and EIF4ENIF1

genes), respirasome (containing NDUFS3, NDUFS6, and TTC19 genes),

and terms of excitatory extracellular ligand-gated ion channel activity

(containing CHRNA2, GRIK2, and P2RX5 genes). The R package

clusterProfiler was used to create a barplot (Figure 3A), dot plot

(Figure 3B), and cnetplot (Figure 4) for these terms. In the KEGG

pathway analysis, five pathways met the unadjusted p < 0.01

(Table S6), including several pathways relevant to neurological

diseases (containing TUBA8, PSMA6, MAPK8, NDUFS3, and NDUFS6

genes).

4 | DISCUSSION

We performed an EWAS to investigate the association between DNA

methylation and METH dependence using peripheral blood samples.

Although a few probes showed significant associations, we investi-

gated CNOT1, PUM1, NDUFS6, GRIK2, and BDNF-AS1, which were

parts of genes relevant to DMPs, by searching the relevant literature

discussing the relationships with psychiatric or neurological disorders.

We were also interested in the pertinent GO terms (mRNA metabo-

lism, respirasome, and excitatory extracellular ligand-gated ion chan-

nel activity) and KEGG pathways (several neurological disorders)

evinced throughout our analysis. In WGCNA, MEgrey was signifi-

cantly associated with METH dependence, but MEgrey is the eigen-

gene of a set of CpGs that do not belong to any of the modules that

indicate co-methylation. We conducted literature research focusing

TABLE 2 Hypomethylated/hypermethylated positions with top 12 p values in the linear regression model with age, sex, and smoking history
as covariates (the first model).

Target ID CHR MAPINFO GENE NAME Beta dif p value q value

Hypomethylated positions

cg22331182 16 58593647 CNOT1 �0.016999016 9.02 � 10�9 7.04 � 10�3

cg14785914 15 45725895 RP11-519G16.5 �0.015635916 4.06 � 10�8 1.59 � 10�2

cg07335637 1 31453133 PUM1 �0.066458256 1.09 � 10�7 2.83 � 10�2

cg22657302 2 123412924 �0.053388966 1.78 � 10�7 3.48 � 10�2

cg18492497 14 35746932 PSMA6, KIAA0391 �0.017696554 3.80 � 10�7 5.11 � 10�2

cg16219773 5 151812935 NMUR2 �0.074640462 3.94 � 10�7 5.11 � 10�2

cg15346359 11 47606064 NDUFS3 �0.01001938 4.88 � 10�7 5.11 � 10�2

cg06417215 16 3281522 �0.054594863 5.52 � 10�7 5.11 � 10�2

cg14575983 5 99922152 FAM174A �0.051868782 6.34 � 10�7 5.11 � 10�2

cg09759578 19 1913405 SCAMP4, ADAT3 �0.023120599 7.52 � 10�7 5.11 � 10�2

cg23151747 3 18372447 TBC1D5 �0.018136141 8.11 � 10�7 5.11 � 10�2

cg16537749 17 59668583 AC002994.1, NACA2 �0.014797917 8.94 � 10�7 5.11 � 10�2

Hypermethylated positions

cg07835814 20 32077669 CBFA2T2 0.008384167 6.79 � 10�7 5.11 � 10�2

cg05267543 1 155036802 0.00437187 1.57 � 10�6 6.18 � 10�2

cg18559739 6 4775132 RP3-430A16.1, CDYL 0.011602421 1.81 � 10�6 6.18 � 10�2

cg09665311 1 33429393 0.006894712 1.82 � 10�6 6.18 � 10�2

cg04302752 2 32264493 DPY30 0.002882227 2.70 � 10�6 6.65 � 10�2

cg21613631 7 82201725 0.003020239 2.74 � 10�6 6.65 � 10�2

cg01368133 4 89513561 HERC3 0.004923814 3.06 � 10�6 6.65 � 10�2

cg07147063 16 67260764 TMEM208, LRRC29 0.005689221 3.58 � 10�6 6.65 � 10�2

cg01168649 22 31892074 EIF4ENIF1, SFI1, DRG1 0.002111429 3.77 � 10�6 6.65 � 10�2

cg25158678 12 51785362 GALNT6, SLC4A8 0.004032259 3.96 � 10�6 6.65 � 10�2

cg21638645 5 1800072 MRPL36, NDUFS6 0.006066793 4.25 � 10�6 6.65 � 10�2

cg16338822 20 30326883 TPX2 0.001550931 4.32 � 10�6 6.65 � 10�2

Note: “CHR” represents the chromosome number and “MAPINFO” represents the chromosome coordinates. Gene names are written according to the

complete GENCODE annotation. The term “beta dif” represents the difference between the means of the β values for each group (disease group � control

group). The p values, which are unadjusted, indicate the degree of association between methamphetamine dependence and DNA methylation, calculated

by linear regression analysis, and q values are the results of p values subjected to Benjamini Hochberg correction. The probes without relevant genes are

blank for the GENE NAME column.
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on genes associated with probes having significant findings, genes for

interesting GO terms and KEGG pathways, and genes closely related

to those noted in previous METH studies.

4.1 | CNOT1 and PUM1

The CNOT1 gene was relevant to the probe with a significant change

in DNA methylation in the disease group compared with the control

group in the current study (q = 7.04 � 10�3, p = 9.02 � 10�9). This

position was hypomethylated in the disease group. This position also

indicated significant finding in the second model, and CNOT1 was

also included in one DMR. This gene codes for CCR4-NOT transcrip-

tion complex subunit 1 (CNOT1), involved in mRNA metabolism.28

We noted gene silencing by microRNA (miRNA) in particular. MiRNAs

play a major role in mRNA metabolism. Psychiatric disorders such as

schizophrenia and bipolar disorder have been linked to miRNA dysre-

gulation and dysfunction.29

CNOT1 is a large scaffolding subunit in the CCR4-NOT com-

plex.30 CNOT1 plays an important role in the enzymatic activity of the

CCR4-NOT complex and is critical to the control of mRNA deadenyla-

tion and mRNA exonucleolytic decay. Degradation of mRNA is initi-

ated by the shortening of the poly (A) tail by the CCR4-NOT

deadenylase complex. MiRNAs bind to miRNA-induced silencing

F IGURE 1 Manhattan plot of p values calculated by linear regression analyses. The horizontal axis represents the corresponding chromosome
and chromosome coordinates, and the vertical axis represents �log10(p). This figure was created using the R package, manhattanly (ver. 0. 3. 0).
The red line parallel to the horizontal axis indicates significance after Benjamini Hochberg adjustment. The plots of the probes of interest have
been highlighted
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complexes to repress the translation of their target mRNAs and pro-

mote mRNA decay. CNOT1 was shown to be involved in gene silenc-

ing by miRNAs through interactions with DEAD Box Protein 6.31 The

hypomethylation in the CNOT1 gene observed in the current study

suggests that the alterations in mRNA metabolism in patients with

METH dependence may be similar to those suggested in schizophre-

nia and bipolar disorder, resulting in common symptoms such as

psychosis.

PUM1 showed overlap with significantly hypomethylated posi-

tions in the current study (q = 2.83 � 10�2, p = 1.09 � 10�7). This

gene codes for PUmilio1 (PUM1), which also participates in mRNA

metabolism.32 Further, in the current GO analysis, several terms for

mRNA metabolism exhibited p values <0.01. These terms included

CNOT1, PUM1, and EIF4ENIF1.

4.2 | Relevance to several neurological disorders

Many previous studies have demonstrated that METH dependence

causes neuropathy and substantia nigra deficits, which are also

observed in Parkinson's disease.7,33 Memory impairment and changes

in hippocampal volume induced by METH administration are reminis-

cent of Alzheimer's disease.34,35 The results of the current KEGG

pathway analysis included pathways relevant to several neurological

disorders, including Parkinson's disease, prion disease, Huntington's

disease, and Alzheimer's disease. These pathways included TUBA8,

PSMA6, MAPK8, NDUFS3, and NDUFS6. DNA methylation at site

cg21638645 (p = 4.25 � 10�6 in this study), a probe associated with

the NDUFS6 gene, has been shown to correlate with prenatal expo-

sure to perfluorononanoic acid (PFNA) in a previous study by Environ

et al. Prenatal exposure to perfluoroalkyl substances (PFAS) and their

congeners, including PFNA, have neuropsychiatric effects such as

cognitive decline and late onset of puberty.36

In this GO analysis, the GO term for respirasomes showed relative

enrichment. This term included NDUFS3, NDUFS6, and TTC19.

Respirasome is a large molecular device that performs cellular respira-

tion.37 Mitochondrial respiratory chain supercomplexes (RCS) have

been suggested to facilitate electron transport, reduce the production

of reactive oxygen species (ROS), and maintain the structural integrity

of individual electron transport chain complexes. Respirasome is a

representative of the RCS. Disassembly of the RCS has been observed

in neurodegenerative diseases, aging, cardiovascular diseases, and dia-

betes.38 The levels of mitochondrial respiratory protein complexes I–

V are reduced in the brain mitochondria in Parkinson's disease, imply-

ing a generalized defect in respirasome assembly.39 Many neurode-

generative diseases (e.g., stroke) are caused by oxidative stress

induced by impaired mitochondrial function and increased ROS or

reactive nitrogen species.40

These results suggest that METH dependence causes changes in

epigenetics mechanisms that could potentially provide neurological

dysfunctions, corroborating the results of previous studies.

4.3 | Excitatory extracellular ligand-gated ion
channel activity

The GO terms of excitatory extracellular ligand-gated ion channel activ-

ity were relatively enriched. These terms included CHRNA2, GRIK2, and

P2RX5. A representative excitatory neurotransmitter in the brain is glu-

tamate. There are three families of ionotropic receptors with intrinsic

cation permeable channels. These are N-methyl-D-aspartate (NMDA),

alpha-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA),

and kainate receptors.41–43 Glutamatergic system is a potential thera-

peutic target for amnesia, anxiety, hyperalgesia, and psychosis, includ-

ing schizophrenia.44–47 The symptoms of these diseases have several

common features with METH dependence; therefore, similar mecha-

nisms may be caused by DNA methylation in METH dependence.

Among genes of these terms, GRIK2 (p = 2.43 � 10�6), has been iden-

tified as a risk gene for obsessive-compulsive disorder.48 This gene may

be also associated with compulsive drug-seeking and intake behaviour

in patients with METH dependence.

4.4 | BDNF-AS1

In the current study, the BDNF-AS1 gene overlapped a DMP

(p = 5.76 � 10�6). While BDNF plays an important role in the survival

F IGURE 2 The circos plot displaying the relative positioning of
13 DMRs on the chromosomes. This plot was created by the R
package BioCircos. Numbers (1–22) and alphabets (X and Y) outside
the circle indicate chromosome numbers. Chromosome coordinates
increase along the clockwise direction. Blue bars indicate the relative
positions of the DMRs on the chromosomes, and the genes contained
in each DMR are pointed out. DMR: differentially methylated region
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and differentiation of neurons, BDNF-AS1 is known to repress the

expression of the BDNF sense transcript.49,50 Considering the various

psychiatric symptoms in patients with METH dependence, it would

be logical to assume that hypomethylation and overexpression of

BDNF-AS1 would decrease BDNF expression, leading to worsening

of neuronal function. However, some other studies reported that

BDNF levels were elevated in the hippocampus of rats that self-

administered METH and in the plasma of human METH users.51,52

Xu et al. utilized bisulfite pyrosequencing to reveal DNA hypomethy-

lation at a position relevant to BDNF.22 Some studies have suggested

a positive correlation between BDNF-AS and BDNF expression.53,54

Thus, we hypothesized that there may be a complex feedback mech-

anism, including an antisense mechanism and DNA methylation,

between the two genes. Further, the relationship between changes

in DNA methylation and changes in gene expression is proving to be

more complex than previously thought.55 BDNF is also associated

with various psychiatric and neurological disorders, not only

METH dependence.56,57 At the very least, the current study suggests

that the association between symptoms in patients with METH

dependence, BDNF and BDNF-AS1 cannot be ignored, similar to pre-

vious studies.

4.5 | Limitation

The current study has several limitations. We focused solely on DNA

methylation in the blood samples and did not examine mRNA or pro-

tein expression, nor did we use other samples such as brain tissue.

The relationship between changes in DNA methylation and in gene

expression is more complex than previously thought.55 Few genes

showed significant DNA methylation changes, necessitating future

studies with a larger sample size. Moreover, we did not use strict con-

ditions in the enrichment analyses. All samples analysed in this study

were obtained from individuals of Japanese descent. The frequency of

patients with a history of smoking was significantly higher in the dis-

ease group. Because smoking affects DNA methylation, a history of

smoking was included as a confounding factor in the analysis; how-

ever, it may not fully account for the close interaction between smok-

ing and METH use.58 We could not obtain information on other

confounding factors such as education, adverse childhood experi-

ences, physical activity, diet, and medication use. Cell type proportion

was not included as a confounding factor for the main model, as there

was no significant difference in each cell type between the two

groups (Figure S1) and the sample size was small. Larger sample sizes

F IGURE 3 (A) Bar plot of the terms that met the criterion of unadjusted p < 0.01 in the GO analysis. The horizontal axis represents the
number of overlapping genes in each term, and the colour of the bar varies according to the p value. The bar plots were created using the R
package, clusterProfiler. (B) The dot plot of the terms with unadjusted p < 0.01 in the GO analysis. The data were further sorted by the gene ratio.
The horizontal axis indicates the ratio of overlapping genes in each term, the size of the circle varies according to the number of overlapping
genes in each term, and the colour of the circle changes according to the p value. The dot plot was created using R package, clusterProfiler. GO:
Gene Ontology
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may further reveal DMPs, DMRs, and modules suggesting co-

methylation that show significant associations with METH depen-

dence. Despite the above-mentioned limitations, the results helped

corroborate the findings of previous studies and revealed the rele-

vance of genes that have rarely been mentioned in association with

METH use. We hope that these findings will expand the range of

genes that will be the focal points of future research and analysis.

5 | CONCLUSION

In the current EWAS, we examined the association between DNA

methylation and METH dependence. METH dependence induces

symptoms such as hallucinations, delusions, compulsive drug-seeking

behaviour, compulsive drug-taking behaviour, and neurological symp-

toms, which share commonalities with a variety of other psychiatric

disorders or neurodegenerative diseases. We identified several candi-

date genes (especially CNOT1 and PUM1) and processes that may be

responsible for these symptoms. We consider the possibility that

these genes and processes are involved in the development of METH

dependence symptoms. These warrant further investigation.
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