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ABSTRACT

The efficacy and safety of drugs are widely known
to be determined by their interactions with multi-
ple molecules of pharmacological importance, and
it is therefore essential to systematically depict the
molecular atlas and pharma-information of studied
drugs. However, our understanding of such infor-
mation is neither comprehensive nor precise, which
necessitates the construction of a new database
providing a network containing a large number
of drugs and their interacting molecules. Here, a
new database describing the molecular atlas and
pharma-information of drugs (DrugMAP) was there-
fore constructed. It provides a comprehensive list
of interacting molecules for >30 000 drugs/drug
candidates, gives the differential expression pat-
terns for >5000 interacting molecules among dif-
ferent disease sites, ADME (absorption, distribu-
tion, metabolism and excretion)-relevant organs and
physiological tissues, and weaves a comprehensive
and precise network containing >200 000 interac-
tions among drugs and molecules. With the great
efforts made to clarify the complex mechanism un-
derlying drug pharmacokinetics and pharmacody-
namics and rapidly emerging interests in artificial
intelligence (Al)-based network analyses, DrugMAP
is expected to become an indispensable supple-
ment to existing databases to facilitate drug discov-

ery. It is now fully and freely accessible at: https:
/lidrblab.org/drugmap/
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INTRODUCTION

The ef cacy and safety of drugs are widely known to be
determined by their interactions with some molecules of
pharmacological importance (1-3). For example, a drug’s
therapeutic effect and resistance pro le are largely shaped
by its interactions with its target (4-6); the absorption, dis-
position and elimination of drugs are extensively affected
by their interactions with channels/transporters (7-9); drug
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metabolism and prodrug synthesis are substantially regu-
lated by speci ¢ enzymatic interactions (10-13); and so on.
In other words, the ef cacy and safety of a drug derive
from the collective regulation by many molecules of an ex-
tremely sophisticated mechanism (14,15). Thus, it is essen-
tial to systematically depict the molecular atlas of regula-
tion mechanisms for each drug, which is expected to facili-
tate the design/repurposing of drugs (16,17), the prediction
of drug-drug interactions (3,18,19), the reversion of mul-
tidrug resistances (20), and so on.

However, our understanding of such a molecular atlas of
each drug is neither comprehensive nor precise (21-23). On
the one hand, available pharmaceutical studies tend to focus
on speci ¢ types of interacting molecules (24,25), and thus
lack comprehensive descriptions of all molecules of phar-
macological importance (26,27). On the other hand, these
molecules are found to be differentially expressed among
disease sites, ADME (absorption, distribution, metabolism
and excretion)-related organs and other physiological sites
(15,28), and the differentially expressed pattern of these
molecules is not precisely illustrated (3,29). Thus, a large
number of studies have been conducted to discover the com-
prehensive set of drug-centered molecular interactions (30—
32) and illustrate the expression pattern of those interact-
ing molecules among various organs/tissues (33-36). With
the wide application of arti cial intelligence (Al) techniques
in current drug discovery, it is crucial to construct a com-
prehensive and precise ‘network’ (based on the ndings of
previous publications) to describe a large number of drugs
and their interacting molecules of pharmacological impor-
tance (30,37,38). In other words, it is key to have a database
that provides such valuable network data for facilitating the
discovery of ef cacious combination therapy (39), the un-
derstanding of off-target mechanisms and undesirable side
effects (40-42), etc.

So far, avariety of reputable databases related to the topic
above have been constructed (43-53). Some of them pro-
vide complex networks to describe the interactions among
drugs and molecules [such as STITCH (43), DGIdb (44),
BindingDB (45) and ChEMBL (46)]. Such networks usually
have a huge number of interactions, but the vast majority of
them have little reported relation to a drug’s pharmacologi-
cal effect (54-56). Some others describe the relationship be-
tween the interacting molecule and a drug’s pharmacolog-
ical effect [such as DrugBank (47), TTD (48), UCSF-FDA
(49), VARIDT (50), BRENDA (51) and KinaseMD (52)],
but these databases only focus on providing speci c types of
interacting molecules (e.g. targets, channels/transporters or
enzymes). In other words, none of them provides a compre-
hensive and precise ‘network’ containing a large number of
drugs and their interacting molecules of pharmacological
importance.

In this study, a newly constructed database named
‘Molecular Atlas and Pharma-information of drugs
(DrugMAP)" was therefore introduced. First, a compre-
hensive literature review on 2500 approved drugs, 8900
drugs ever tested in clinical trials, 6000 patented/pre-
clinical drugs and 16 000 investigative agents was
conducted. Second, interacting molecules of pharmacolog-
ical importance to the above drugs were collected, and a
total of 5067 pharmacologically important molecules were
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identi ed as interacting with 32 487 drugs/drug candidates.
Third, the expression patterns of 1539 molecules among 108
disease sites of 21 781 patients, 1323 molecules among four
typical ADME-related organs (small intestine, liver, colon
and kidney) of 236 healthy individuals and 1286 molecules
among 32 physiological/life-essential sites/organs (such
as prostate, breast, etc.) of 109 samples, were collected.
Finally, a comprehensive and precise ‘network’ containing
50 180 drug-molecule interactions was constructed. The
subnetwork for each drug and the entire network for all
drugs are freely accessible in DrugMAP. All in all, since
such a comprehensive and precise ‘network’ is essential
for the understanding of the molecular atlas of drugs, this
database is expected to have great implications and impact
on modern drug discovery.

FACTUAL CONTENT AND DATA RETRIEVAL

Systematic collection of pharma-information for a compre-
hensive set of drugs

A comprehensive set of drugs was collected from multiple
sources. A total of 2500 approved drugs were collected
from the of cial website of the US Food and Drug Adminis-
tration (US FDA), 8900 drugs ever tested in clinical trials
were collected from the of cial site of ClinicalTrial.gov and

6000 patented/pre-clinical drugs together with 16 000
investigative drugs were collected by literature review or
from existing databases [such as TTD (57)]. In DrugMAP,
atotal of 33000 drug entities of clinical importance were
stored, and their general information (name, synonymes, in-
dications, therapeutic classes, etc.) was extracted. Approx-
imately 700 diseases corresponding to the indication of
drugs were manually checked and mapped to the Interna-
tional Classi cation of Diseases (ICD-11) (58). Moreover,
2D and 3D structures of 26 000 drugs ( 81.0%) were
made visualizable and fully downloadable (in an SDF le)
from the online database.

Moreover, additional pharma-information of drugs was
also collected and provided in DrugMAP. In particular,
chemical identi ers (canonical SMILES, formula, InChl,
INChlIKey, etc.) and RO5 violations of drugs were collected
and con rmed from PubChem and the ChEMBL database
(46,59), and ADMET properties (volume of distribution,
bioavailability, metabolism, clearance, elimination, half-life,
etc.) of each drug were collected by additional literature re-
view. Moreover, to cross-reference DrugMAP with exter-
nal databases, the cross-matching IDs of drugs to other
databases (PubChem, ChEBI, CAS, TTD, etc.) was pro-
vided. The detailed statistics and description of the general
and pharma-information of the drugs in this database are
illustrated in Figure 1.

The interaction pattern of the collected drugs with diverse
types of molecules

As reported, the pharmacokinetic and pharmacodynamic
characteristics of a drug are determined by its interac-
tions with various molecules of pharmacological impor-
tance (1-3). The interactions between drugs and these
molecules can be grouped into two different types: drug
ef cacy-related interactions that are dominating in a
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Figure 1. The primary data components and the corresponding statistics of DrugMAP. The basic pharma-information of drugs (blue), the interactions
between drugs and three types of molecules of pharmacological importance, i.e. drug therapeutic target (DTT, orange), drug transporter (DTP, red) and
drug-metabolizing enzyme (DME, green), the drug-drug interaction information (purple) and the data of drug inactive ingredients (brown).

drug’s therapeutic effects and resistant pro les (4-6) and
drug ADME-related interactions that are key for drug
absorption/disposition/elimination/metabolism and pro-
drug biosynthesis (7-13). These two types of drug-centric
molecular interactions jointly formed the interaction pat-
tern of a drug with its corresponding interacting molecules.
In particular, drug ef cacy-related interactions are largely
shaped by the drug’s target, and the ADME-related interac-
tions are greatly affected by channel/transporter/enzyme.
Moreover, with the extensive applications of drug combi-
nations (60) and the growing concerns about the safety of
drug formulation (61), drug—drug interactions (DDIs) and
the biological activities of drug inactive ingredients (DIGSs)
have gained signi cantly increased attention due to their es-
sential roles in pharmacovigilance and therapeutic manage-
ment (62—66). In other words, the information of DDIs and
DIGs for drugs is valuable when assessing the risk of ad-
verse DDIs and the safety of new drug formulations (67).

Collection of the interaction data for all drugs in DrugMAP.
First, the drug-centric molecular interactions were collected
by a comprehensive literature review. The corresponding
literature was retrieved by searching PubMed using key-
word combinations, including: ‘Drug Name’ + therapeu-
tics, ‘Drug Name’ + targets, ‘Drug Name’ + absorption,

‘Drug Name’ + distribution, ‘Drug Name’ + metabolism,
‘Drug Name’ + transporters, ‘Drug Name’ + metabolizing
enzymes, ‘Drug Name’ + ADME and ‘Drug Name’ + in-
teracting molecules.

Second, the newly identi ed literature was systematically
validated, and reliable interactions were identi ed. For a
drug’s interactions with its targets, only the primary inter-
actions were considered in DrugMAP as a drug’s thera-
peutic target (DTT) by following a strict ‘target validation
procedure’ well established by a previous publication (56).
That ‘validation procedure’ stated that the primary target(s)
should have (i) experimentally determined drug potencies
(such as ICsgp), (ii) observed effects of drugs against dis-
ease models (cell lines, ex vivo and in vivo) linked to the
primary target(s) and (iii) observed effects of knockout,
knockdown, trans-genetics, RNA interference, antibody or
antisense-treated in vivo models for primary targets. For a
drug’s interactions with its metabolizing enzymes, a pro-
tein was considered as a drug-metabolizing enzyme (DME)
in DrugMAP only if its metabolized drug was experimen-
tally con rmed by cellular/biochemical assays (68), and
the DME(s) which mainly metabolize that drug was re-
trieved from the of cial site of the FDA (Drugs@FDA,
https://www.accessdata.fda.gov/scripts/cder/daf/) and un-
derlined as the ‘main DME’ in DrugMAP. Taking the
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