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Addiction, a disorder of maladaptive brain plasticity, is associated with changes in numerous gene
expressions. Nowadays, high-throughput sequencing data on addictive substance-induced gene expres-
sion have become widely available. A resource for comprehensive annotation of genes that show differ-
ential expression in response to commonly abused substances is necessary. So, we developed AddictGene
by integrating gene expression, gene-gene interaction, gene-drug interaction and epigenetic regulatory
annotation for over 70,156 items of differentially expressed genes associated with 7 commonly abused
substances, including alcohol, nicotine, cocaine, morphine, heroin, methamphetamine, and ampheta-
mine, across three species (human, mouse, rat). We also collected 1,141 addiction-related experimentally
validated genes by techniques such as RT-PCR, northern blot and in situ hybridization. The easy-to-use
web interface of AddictGene (http://159.226.67.237/sun/addictgedb/) allows users to search and browse
multidimensional data on DEGs of their interest: 1) detailed gene-specific information extracted from the
original studies; 2) basic information about the specific gene extracted from NCBI; 3) SNP associated with
substance dependence and other psychiatry disorders; 4) expression alteration of specific gene in other
psychiatric disorders; 5) expression patterns of interested gene across 31 primary and 54 secondary
human tissues; 6) functional annotation of interested gene; 7) epigenetic regulators involved in the alter-
ation of specific genes, including histone modifications and DNA methylation; 8) protein–protein inter-
action for functional linkage with interested gene; 9) drug-gene interaction for potential druggability.
AddictGene offers a valuable repository for researchers to study the molecular mechanisms underlying
addiction, and might provide valuable insights into potential therapies for drug abuse and relapse.

� 2021 The Authors. Published by Elsevier B.V. on behalf of Research Network of Computational and
Structural Biotechnology. This is an open access article under the CC BY-NC-ND license (http://creative-

commons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Addiction, a chronic, relapsing brain disease, is characterized by
loss of control over harmful substances intake and compulsive sub-
stance consumption despite serious adverse consequences [1].
Alteration of gene expression has been linked to dependence, with-
drawal, and relapse of addictive substance-dependent individuals
in both animal and human studies [2–4]. Earlier studies revealed
numerous expression-altered genes related to addictive
substance-dependence including immediate-early genes, tran-
scription factors, and various neurotransmitter genes [5]. For
example, immediate-early genes include members of the Fos fam-
ily (Fos, FosB), the Jun family (c-Jun, JunB, and JunD) and Zif268
(Egr1) overexpressed transiently or permanently in response to a
wide range of addictive substances. Transcription factors (CREB,
NF-jb) could exert a crucial role in addiction development by
influencing the expression of numerous genes simultaneously
[2]. Additionally, receptors of dopamine and NMDA, neurotrophic
factors, and genes involved in the circadian rhythm were also
demonstrated to contribute to the development of addiction [5].
Therefore, identifying the genes responding to addictive substance
exposure and uncovering their regulators will not only improve the
understanding of the mechanisms underlying addiction, but will
also provide valuable insights into potential therapies for addiction
and relapse.

Following the development of high-throughput transcriptome
profiling technologies, gene expression data relating to changes
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induced by addictive substances have become widely available.
However, a resource for comprehensive deciphering and annota-
tion of genes that show differential expression in response to sev-
eral commonly abused dependence substances is still lacking. To
the best of our knowledge, one such database, ERGR database [6],
was built for depositing genes related to just one kind of addictive
substance, ethanol. It was developed nearly 10 years ago and hosts
ethanol-related genes curated from multiple public data sets
including linkage, association and microarray-based gene expres-
sion. During the preceding decade, gene expression data relating
to the use of addictive substances have accumulated rapidly. Thus,
there is a growing need to build a platform to collect and integrate
the current multi-omic data from multiple studies for convenient
retrieval by researchers and clinicians.

To fulfill this need, here, we have developed AddictGene (http://
159.226.67.237/sun/addictgedb/), which integrated gene expres-
sion, gene-gene interaction, gene-drug interaction and regulatory
annotation for over 33,821 items of differentially expressed genes
associated with 7 commonly abused substances across three spe-
cies (human, mouse, rat) from 205 publications. The database pre-
sents an easy-to-use web interface that allows users to search,
visualize and account for addiction-related genes. In addition, it
provides researchers and clinicians substantial convenience to
explore the underlying regulatory mechanism for alteration of
specific addiction-related genes and drug-gene interaction for
potential druggability.
2. Methods and analysis:

2.1. Data collection and curation

To create a list of DEGs (differentially expressed genes) relevant
to addiction, a comprehensive search was performed for drug-
related expression studies. We searched the PubMed database

(http://www.ncbi.nih.gov/pubmed) with the following query
terms: addiction [Title/Abstract] AND the name of a specific addic-
tive substances such as heroin [Title/Abstract] OR Psychoactive
substances[Title/Abstract] OR Drug[Title/Abstract] AND (addiction
[Title/Abstract] OR dependence[Title/Abstract] OR abuse[title/
Abstract] OR use[Title/Abstract]) AND gene [Title/Abstract] OR
gene expression [Title/Abstract] OR PCR [Title/Abstract] OR RNA-
seq [Title/Abstract] OR microarray [Title/Abstract] AND (associate*
[Title/Abstract]). Consequently, more than 500 publications dating
from 2000 to 2020 were obtained. Abstracts of these publications
were manually screened on the basis of the following inclusion cri-
teria: 1) original manuscript written in English; 2) gene expression
studies conducted in humans or animal model related addiction; 3)
DEGs identified by PCR, northern blot, in situ hybridization,
microarray or RNA-seq; 4) unambiguous phenotype (e.g. addiction
or dependence, craving, drug-seeking, withdrawal etc.) assessed on
specific scales by trained interviewers, psychologists or researchers
and drug usage is not limited to one kind of drug used concur-
rently; 5) results satisfying the significance threshold of p-
value < 0.05.

The full text of each eligible article was read carefully, and
detailed information pertaining to each gene investigated in the
study was extracted manually. For each gene described in a study,
more detailed information was extracted regarding its fold change,
p-value and/or adjusted p-value, tissue type, the experimental
method employed, the drug administered, the model organism,
the phenotype, and the publication. Consequently, the AddictGene
database contains 70,156 items of dependence substances-
associated DEGs corresponding to seven kinds of substances from
three species and 341 eligible publications. From the literature,
we collected 1,141 addiction-related genes, whose alterations were
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validated by techniques such as RT-PCR (Reverse transcription
PCR), northern blot and in situ hybridization.
2.2. Gene annotation and analysis

To provide an informative ‘gene card’ for each DEG relevant to
addiction, its annotation was designed to include basic informa-
tion, gene-related disease, tissue expression patterns, functional
and regulatory annotation, protein–protein interaction and drug-
gene interaction. We downloaded the gene annotation files from
the NCBI’s reference sequence (RefSeq) database (ftp://ftp.ncbi.nl
m.nih.gov/refseq/) and extracted the annotation information for
our database. For each gene, we retrieved basic information such
as gene symbol, its aliases, and full name. Similarly, we extracted
gene ontology (GO) and pathway annotations from the gene2go

files downloaded from the GO website (http://www.geneontol-

ogy.org/) and BioSystems (https://www.ncbi.nlm.nih.gov/biosys-

tems), respectively.
To facilitate a comprehensive understanding of identified DEGs,

we downloaded gene expression data of other psychiatric disor-

ders from Gene Expression Omnibus of NCBI (https://www.ncbi.

nlm.nih.gov/geo/), and tissue expression pattern of each gene from
Genotype-Tissue Expression (GTEx) (http://www.gtexportal.org/).
In addition, we extracted information about potential drug targets
to gene of interest and their protein–protein interaction network
from DGIdb (http://www.dgidb.org/) and InBio Map (https://
www.intomics.com/inbio/map.html), respectively. To provide
insight into the relationship between certain gene and genetic vul-
nerability to other psychiatric and neurodegenerative disease, we
integrated genome-wide association study (GWAS) data of other
psychiatric disorders and neurodegenerative disease.
2.3. Analysis of epigenomic regulation

To identify the potential epigenetic regulators involved in the
expression of DEGs, we integrated epigenomic regulatory informa-
tion into our current database. Literature-based methylation alter-
ations of specific genes associated with drug dependent were

retrieved from PubMed database (http://www.ncbi.nih.gov/pub-

med), and methylation levels of specific gene’s promoter were also

retrieved from MethBank (http://bigd.big.ac.cn/methbank). In
addition, raw data of 180 embryonic chromatin immunoprecipita-
tion sequencing (ChIP-seq) (Supplementary Table S1) datasets
were downloaded from GEO of NCBI. After removing sequencing
adapters and low-quality sequences, all ChIP-seq data were
mapped to the hg38 genome for humans or mm10 genome for
mouse using SpeedSeq (v0.1.2) [7]. Then, the bigwig files for
JBrowse visualization were generated from BAM files using
‘bamCoverage’ from deepTools [8] with parameters ‘–ignoreDupli
cates–normalizeUsingRPKM –skipNonCoveredRegions –binSize 25
–ignoreForNormalization chrX chrM’.
2.4. Database construction and content organization

AddictGene was developed to have a user-friendly web inter-
face supporting versatile browsing and search functionalities. All
data were stored and managed in the MySQL relational database.
The users may access the data or perform advanced search freely

through the web interface (http://159.226.67.237/sun/ad-

dictgedb/). The flow charts detailing the search, screening andmin-
ing of eligible studies have been summarized in Fig. 1. After
searching the literature comprehensively and careful screening,
we obtained 205 eligible papers for further data extraction.
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Fig. 1. The process of data collection and data analysis in AddictGene.
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2.5. Database usage and access

AddictGene provides two approaches for searching the data.
First, there is a quick search box on the homepage for conducting
a search by entering gene symbols or the names of addictive sub-
stances. Second, AddictGene provides an advanced search page, on
which users may combine different search terms (e.g. gene symbol,
addictive substance, species, techniques, expression fold change
and adjusted p-value) for a 5. more defined search. The search
results page includes detailed information (e.g. addictive sub-
stance, species, techniques, treatment details, tissue/cell type,
expression fold change, p-values) extracted from the original stud-
ies (Fig. 2).

In addition, AddictGene provides researchers with a powerful
search engine and a user-friendly interface to access different data
types and links (Fig. 2). The search results consists of 9 categories:
1) detailed gene-specific information extracted from the original
studies; 2) basic information about the specific gene extracted
from NCBI; 3) SNP associated with substance dependence and
other psychiatry disorders; 4) expression alteration of specific gene
in other psychiatric disorders; 5) expression patterns of interested
gene across 31 primary and 54 secondary human tissues; 6) func-
tional annotation of interested gene; 7) two kinds of potential epi-
genetic regulators involved in the alteration of specific genes,
including histone modifications and DNA methylation; 8) pro-
tein–protein interaction for functional linkage with interested
gene; 9) drug-gene interaction for potential druggability. Thus,
AddictGene provides a range of data query tools that users can
employ to investigate the detailed annotation of the identified
DEGs.
3. Results

3.1. Data integration and analyses

It is suggested that common biological mechanisms underlie
addiction to many harmful substances since they all cause certain
2418
shared effects upon acute or chronic exposure. In the current study,
based on our curated data, we defined the orthologous DEGs of the
three species shared by multiple dependence substances as ‘‘com-
mon genes”. Upon analyzing data from chronic substance treat-
ment and recovery programs or person with substance use
disorder, we found that 61 DEGs were shared by at least four kinds
of substances (Fig. 3A). On analyzing data of acute drug treatment,
we found that 32 DEGs were shared by at least two kinds of drugs.
On analyzing drug withdrawal data, we found that 46 DEGs were
shared by at least two kinds of drugs. Pathway analysis of DEGs
responding to different drug treatment was performed and top10
was as listed (Table 1). DEG responding to chronic drug treatment
were enriched in harmful substances addiction related pathways,
cAMP, MAPK, neurotrophin, oxytocin, and GnRH signaling path-
ways. DEGs responding to acute drug treatment were enriched in
amphetamine addiction and immune related pathways such as
TNF and IL-17 signaling pathway. And DEGs responding to drug
withdrawal were enriched in Estrogen, Ras, Toll-like receptor,
JAK-STAT, ErbB signaling pathway, and Nervous system pathways
such as Huntington disease, Cholinergic synapse, Long-term poten-
tiation and et al. Besides we did pathway enrichment analyses of
DEGs shared by multiple drugs. The top ten enriched pathways
mainly are Substance dependence pathways and Nervous system
pathways (Fig. 3B). Protein-protein interaction networks of com-
mon genes revealed several well-recognized addiction-associated
genes including FOS, JUN, EGR1 and BDNF play crucial role in
addiction-related behaviors (Fig. 3C).
3.2. Examples of implication

Although different addictive substance has distinct chemical
structures and elicit different pharmacological effects, they may
share common neural and molecular pathways. Searching for such
common mechanisms could provide insights into the development
of generalized treatment for drug addiction [9]. This is especially
important since persons with substance use disorder frequently
take more than one kind of drug concurrently. Alcohol abuse is



Fig. 2. An overview of the connections of function modules for data access and upload in AddictGene.
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especially co-morbid with the abuse of many other drugs [10].
Thus, the discovery of common mechanisms will benefit drug abu-
sers who take multiple addictive substances. Based on our curated
data including addicts take one or more than one kind of drug sam-
ples, we found that a few DEGs occur frequently among data relat-
ing to chronic abuse, acute abuse, or drug withdrawal. These
common genes included the ones that have been studied well in
drug addiction such as immediate-early genes (FOS, ARC, JUN, FOSB,
EGR1, EGR2) [11–16], CARTPT [17–20], PDYN [21–23], TH [24–28],
BDNF [29–34] and NPY [35–39]. Among these common genes,
CARTPT is the most noteworthy since it expresses differentially
upon the chronic abuse of nicotine, morphine, alcohol, metham-
phetamine, heroin, or cocaine. GWAS result revealed the significant
contribution of CARTPT to suicide attempts in bipolar disorder
(Fig. 3D) [40], and amphetamine was reported to be an agonist of
CARTPT retrieved from the drug-gene interaction of DGIdb
(Fig. 3E) [41]. Histone H3K4me3 modification activities, a defining
mark of gene activation [42,43], were observed around CARTPT
during embryonic development process, which provides a poten-
tial epigenetic regulator involved in the alteration of specific gene
during the development of addiction. In addition, the differential
expression of PDYN, TH, BDNF, and NTRK2 was induced by chronic
abuse of five different kinds of drugs. Also, the differential expres-
sion of FOS, EGR1, EGR2, NPY and CREB was induced by withdrawal
of three different kinds of substance. The differential expression of
FOS, EGR2, EGR4, SGK1, PLIN4, ARROC2 and CDKN1A was induced by
acute treatment of three or four different kinds of substance.
Numerous genetic evidences showed DRD2 and COMT, another
2419
two common gene we identified, were associated with various
additive substances [44–50]. However, the underlying mechanisms
have not been studied well. Furthermore, although gene expres-
sion changes may depend on the length of exposure or withdrawal
from the addictive substances [51], we found that a few genes
including FOS, ARC, EGR1 and FOSB differentially expressed irre-
spective of the stages of addiction. Thus, these common genes
might underlie a unitary basis for neurobiological dysfunction of
addiction.
3.3. Future plan

We will continuously update and improve AddictGene in the
next few years. DEG and histone modification data will be
increased items by searching from PubMed every year. Other data
will be extended when the public database we used is updated. In
addition, to better understand the linkage between addiction and
other psychiatric disorders, we will collect more information
including gene expression, epigenetic regulation data of depres-
sion, bipolar disorder, and schizophrenia. This will allow Addict-
Gene as a hub for the users to integrate the genes.
4. Discussion

In the past few years, ERGR provided gene information for sci-
entists to understand pathogenesis of drug addiction. Differentially
expressed genes and the associated pathways are important to



Fig. 3. Pathway enrichment and overlapping gene analysis. (A) Number of overlapping genes responding to different harmful substances. (B) Top 10 enriched pathways of
’common’ differentially expressed genes. (C) Protein-protein interaction network of ’common’ differentially expressed genes. Disease (D) and drug (E) information related to
gene CARTPT. (F) Histone H3K4me3 modification sites around CARTPT during embryonic development process.

Table 1
Top 10 pathways of DEGs responding to different drug treatment.

Type of drug
treatment

Pathway

Acute drug
treatment

Amphetamine addiction, Apoptosis, MAPK signaling
pathway, FoxO signaling pathway, IL-17 signaling
pathway, TNF signaling pathway, cAMP signaling
pathway, Cocaine addiction, Protein processing in
endoplasmic reticulum, Leishmaniasis

Chronic drug
treatment

Relaxin signaling pathway, Calcium signaling pathway,
Dopaminergic synapse, Neurotrophin signaling pathway,
Amphetamine addiction, Oxytocin signaling pathway,
Cholinergic synapse, cAMP signaling pathway, Cocaine
addiction, GnRH signaling pathway

Drug
withdrawal

Nicotine addiction, MAPK signaling pathway, Long-term
depression, Huntington disease, Estrogen signaling
pathway, Ras signaling pathway, Toll-like receptor
signaling pathway, JAK-STAT signaling pathway, ErbB
signaling pathway, Cholinergic synapse
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know their molecular mechanism and function linked to the phys-
iological and behavioral changes. AddictGene we developed
offered genetic and transcriptomic functional information on
addiction-related DEGs. Users can also discover potential drugga-
bility targets to the genes of interest and observe their normal
expression profiles in primary tissues. Considering the co-
morbidity between addiction and other psychiatric disorders /
neurodegenerative disease, multiple psychiatric disorders / neu-
rodegenerative disease-related GWAS and transcriptomic data
were also integrated into AddictGene. To further provide insight
into the potential epigenetic regulators involved in the expression
of specific DEGs, we integrated epigenomic regulatory information
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including histone modifications and DNAmethylation into our cur-
rent database.

It was proposed that different drugs of abuse share similar
addictive actions and rewarding [52]. In current study, common
pathways of Substance dependence pathways and Nervous system
pathways and common differentially expressed genes of FOS, ARC,
EGR1 and FOSB shared by multiple drugs were identified irrespec-
tive of the stages of addiction. FOS, FOSB and ARC are all located in
Amphetamine addiction pathway. Thereinto, FOSB was reported to
initiate a multitude of molecular pathways via the formation of
AP-1 complexes by interaction with JUN and FOS gene [53]. But
molecular roles of FOSB of the functional purpose acting on DNA
and histones is still unclear. Elucidation of mechanisms of common
genes and associated molecular pathways underlying shared
rewarding and addictive actions may help the development of
effective treatments for a wide range of addictive disorders, espe-
cially persons with substance use disorder take more than one kind
of drug concurrently.

As a useful repository, AddictGene will help researchers to
study the molecular mechanisms underlying addiction, and pro-
vide valuable insights into potential therapies for drug harmful
use and relapse.
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