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Abstract

The metabolic roadmap of drugs (MRD) is a comprehensive atlas for understanding the stepwise and sequential metabolism of certain drug
in living organisms. It plays a vital role in lead optimization, personalized medication, and ADMET research. The MRD consists of three main
components: (i) the sequential catalyses of drug and its metabolites by different drug-metabolizing enzymes (DMEs), (ii) a comprehensive
collection of metabolic reactions along the entire MRD and (iii) a systematic description on efficacy & toxicity for all metabolites of a studied
drug. However, there is no database available for describing the comprehensive metabolic roadmaps of drugs. Therefore, in this study, a major
update of INTEDE was conducted, which provided the stepwise & sequential metabolic roadmaps for a total of 4701 drugs, and a total of 22 165
metabolic reactions containing 1088 DMEs and 18 882 drug metabolites. Additionally, the INTEDE 2.0 labeled the pharmacological properties
(pharmacological activity or toxicity) of metabolites and provided their structural information. Furthermore, 3717 drug metabolism relationships
were supplemented (from 7338 to 11 055). Allin all, INTEDE 2.0 is highly expected to attract broad interests from related research community and
serve as an essential supplement to existing pharmaceutical/biological/chemical databases. INTEDE 2.0 can now be accessible freely without
any login requirement at: http://idrblab.org/intede/
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Introduction tion in living organisms (1). It includes diverse metabolic re-

The metabolic roadmap of drugs (MRD) is a compre-  actions (MRs), drug metabolites (DMs) & drug-metabolizing
hensive atlas that illustrates the stepwise and sequential enzymes (DMEs) (2,3), and is critical for lead optimiza-
metabolism of certain drug from administration to elimina-  tion, personalized medication, ADMET research, etc. (4-6).
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Particularly, an MRD consists of three main components (i)
the sequential catalyses of drug and its metabolites by differ-
ent DMEs, which describes the dynamic and sequential influ-
ence of multiple DMEs on drug metabolism (7); (ii) a com-
prebensive collection of MRs along the entire MRD, which
illustrates the catalytic sites on both drug & its correspond-
ing DME and the variations in DMs’ physicochemical prop-
erties and structural conformations (8) and (iii) a systematic
description on efficacy & toxicity for all metabolites of a stud-
ied drug, which provides valuable information to the studies
of structure-activity relationship and adverse drug reaction
(9). In other words, these components jointly determine the
chemical fate of drugs, which are essential for clarifying the
mechanism underlying drug metabolism, resistance, toxicity,
and so on (10-13). Therefore, it is highly demanded to have
a database that offers systematic and valuable information of
MRD for diverse drugs of clinical importance.

So far, a variety of popular databases related to drug
metabolism has been constructed. Some of them provide
the general data of enzymatic classification, chemical struc-
ture or chromatographic analysis for various metabolites as
part of a broad collection of biological/chemical informa-
tion, such as: HMDB (14), VMH (15), BRENDA (16), Meta-
Cyc (17) and PubChem (18); some others describe diverse
metabolic pathways covering very limited amount (less than
70) of drugs, such as: KEGG (19), Reactome (20), WikiPath-
ways (21) and SMPDB (22); the remaining include two pop-
ular databases: DrugBank (23) and PhamGKB (24), which il-
lustrate the metabolic processes of about 500 FDA approved
drugs by largely ignoring clinical trial drugs and investigative
agents. The majority of the above databases are published on
NAR, and have attracted extensive research interests and ci-
tations from related research communities. However, none of
them systematically provides the MRD information for either
clinical trial drugs or investigative agents, and the MRD in-
formation for FDA approved drugs is far from comprehen-
sive in terms of the numbers of drugs, MRs, and DMEs. In
other words, there is no database available for describing the
comprehensive metabolic roadmap of drugs. Therefore, it is
urgently needed to construct database that provides system-
atic data of MRD for diverse drugs of clinical importance (not
only for FDA approved ones, but also for those in clinical trial
and experimental investigation).

Herein, a major update of INTEDE was therefore per-
formed to provide the stepwise & sequential metabolic
roadmap for a total of 4701 drugs (1698 approved, 1957
clinical trials, 360 preclinical & investigative drugs, 686 dis-
continued drugs), including 127 prodrugs activated by DMEs
or acidic environments. The constructed metabolic roadmaps
contain 22 165 MRs, composing of 1088 DMEs and 18 882
DMs, which are clearly illustrated and explicitly described in
the MRD of INTEDE 2.0 (illustrated in Figure 1). For those
18 882 DMs, their pharmacological activities against drugs’
original targets, experimentally/clinically-validated toxicities,
physicochemical characteristics and structural information
were manually collected, which resulted in 1212 annotations
of major DMs, 1277 annotations of active DMs, 332 annota-
tions of toxicity or side effects of DMs and 16 274 chemical
structures of DMs.

All in all, the comprehensive and sequential drug metabolic
roadmaps provided in INTEDE 2.0 are key for the researchers
working in the whole process of modern drug discovery
(from target identification, to drug design, to lead optimiza-
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tion, to ADME assessment, to toxicity evaluation, to preclin-
ical test, to clinical trials) (25,26). As such, INTEDE 2.0 is
highly expected to attract broad interests from related re-
search community and serve as an essential supplement to ex-
isting pharmaceutical/biological /chemical databases. The lat-
est version of INTEDE 2.0 can be freely assessed by all users
at: http://idrblab.org/intede/.

Factual content and data retrieval

Systematic collection of metabolic roadmap data
for drugs

The metabolic profiles of drugs i vivo are largely dependent
on the sequential metabolic reactions of drugs and the ex-
ogenous or endogenous factors influencing the expression or
biological activities of DMEs, which directly determines the
therapeutic effects or drives the clinical adverse reactions (27—
30). Thus, INTEDE 1.0 (31) was updated with the detailed
and sequential metabolic process of drugs in the organism as
the main update element. The MRDs mapped by the new ver-
sion would provide valuable information for drug develop-
ment and clinical medication guidance (6,32). To ensure the
quality, comprehensiveness, and timeliness of the data, mul-
tiple sources of drug molecular data were integrated, includ-
ing ~2600 approved drugs (the US Food and Drug Admin-
istration (US FDA) website (33), ~6300 drugs that were pre-
viously in clinical trials (the ClinicalTrial.gov website) (34),
and ~16 000 preclinical and investigational drugs (the exist-
ing databases, such as TTD (35) and DrugMAP (36). Based
on the drug molecular information collected above, a com-
prehensive and in-depth literature search was conducted on
PubMed (37) using ‘drug names and synonyms’ + ‘keyword’
combinations, including: ‘Drug Name’ + metabolism, ‘Drug
Name’ + metabolite, ‘Drug Name’ + biotransformation, ‘Drug
Name’ + pharmacokinetics, ‘Drug Name’ + metabolic path-
way, ‘Drug Name’ + reaction and so on. The identified litera-
ture was evaluated manually to extract any information about
the metabolic roadmap of drugs. The collected data included:
DME:s involved in the sequential metabolism of drugs; the full
name and species origin of the DMEs; the information on the
metabolic reactions involved (such as N-dehydroxylation, es-
terase hydrolysis, monohydroxylation, etc.); the detailed infor-
mation of DM, such as DM names (IUPAC name or ID code),
chemical structures, markers of ‘major’ & ‘pharmacologically
active’ and so on.

The construction of MRDs depended on reliable experi-
mental data. Therefore, the information related to the drug
metabolism obtained from in vitro and in vivo samples (e.g.
co-incubation solution, plasma, excreta, or tissue extracts,
etc.) detected by HPLC, MS and NMR should be focused
during the literature search process. Additionally, the well-
known metabolism prediction tool BioTransformer 3.0 (38)
was used to predict drugs without metabolic pathway data,
thereby providing certain reference value for drug metabolism
research and new drug development. Then, combined with
comprehensive literature organization and tool prediction, the
drug metabolism process was manually sorted out and the se-
quential metabolic pathways were mapped out as shown in
Figure 1.

All in all, a total of 4701 drugs with stepwise and orderly
drug metabolism information were sorted into MRDs, includ-
ing 1698 FDA-approved drugs, 1957 clinical stage drugs, 360
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4,701 drugs with MRDs, of which 2,
literature review and 1,946 were predicted via
BioTransformer 3.0.

Illustrating the stepwise and sequential
metabolism of drug from administration to
elimination in living organisms.

and 332 DMs with toxicity.

Enriching the resource of lead structures
for drug design based on SAR,
fe tor limiting

. Studied Drug

22,165 MRs between 4,701 drugs and
18,882 DMs, of which 16,274 DMs with
structures; 423 reaction types including
hydroxylation, glucuronidation, efc.

Revealing the sites of metabolism for
drugs and providing information on
structural changes and physical and
chemical properties of DMs.

@0 DMEs

. MRS

Figure 1. The metabolic roadmap of drugs (MRD) and corresponding statistics updated in INTEDE 2.0. (i) MRD and their corresponding drugs (blue), (i)
comprehensive collection of metabolic reactions along the entire MRD (gray); (i) DM: the systematic description on efficacy and toxicity for all the drug
metabolites in the MRD (green); (iv) DME data involved in the sequential catalyses of drugs (orange).

preclinical and research drugs, and 686 discontinued drugs.
The summarized MRDs were composed of 22 165 metabolic
reactions and 18 882 DMs and 1088 DMEs were localized
to specific reaction nodes. A schematic diagram of the drug
metabolic roadmap and detailed data information was shown
in Figure 1.

Annotation of drug metabolites

In order to trace the biological impacts of the DMs pro-
duced during the sequential metabolism of drugs on the or-
ganism, the pharmacological information of DMs was also
collected during the construction of MRDs and marked as
‘major metabolite’ and ‘pharmacologically active metabolite’
(39). In addition, data on the characteristics of toxicity or ad-
verse reactions that could be caused by DMs (40) were also
collated through searching the PubMed using the combina-
tions of ‘DMs names or synonyms’ and ‘keyword’, including;:
‘DMs name’ + toxic, ‘DMs name’ + side effects, ‘DMs name’
+ toxicity, ‘DMs name’ + adverse, ‘DMs name’ + reactive,
etc. The defined literature was assessed manually to extract
any information about the drug metabolites. The collected
data included: the general toxicological information of DMs
(such as cardiovascular toxicity, carcinogenicity, genotoxicity,
reproductive/developmental toxic, hepatotoxicity); the phys-
ical and chemical properties of DMs; and structural charac-
teristics of DMs.

In summary, INTEDE 2.0 collected 1212 annotations of
major DMs, 1277 annotations of active DMs, and 332 anno-
tations of toxicity or side effects of DMs (summarized in Table

1). For DMs without biological activity data, the well-known
molecular pharmacokinetic prediction tool ADMET Lab 2.0
(41) was used to evaluate the toxic properties of DMs. The
above integrated information could further profile the details
of drug metabolism, which was conducive to elaborating the
molecular mechanisms underlying therapeutic significance or
adverse reactions due to metabolism.

Metabolic roadmap data for drugs provided in
INTEDE 2.0

Sequential catalyses of drug and its metabolites by different
DME;s

The sequential catalyses of drug and its metabolites by differ-
ent DMEs in MRDs are crucial for elucidating the metabolic
profile of drug metabolism in the body (42). Just like dams
can regulate the flow rate of rivers and the amount of wa-
ter stored upstream and downstream, DMEs can directly de-
termine the metabolism rate of drugs in the body, changes
in plasma concentration, and the metabolic fate of drugs in
the body. The catalytic activities of DMEs are easily affected
by endogenous and exogenous factors, and the metabolic re-
sults of drugs in different bodies become complex and unpre-
dictable, resulting in individual differences in drug metabolism
(43,44).

Taking Adenosine’s metabolic roadmap as an example,
there were four metabolic pathways in the body for this
drug, and the enzymes catalyzing each biological process were
located at the corresponding reaction nodes (as shown in
Figure 2). According to Figure 2, the metabolic profiles of
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Table 1. Statistics of new features added to the 2024 update of INTEDE 2.0

a. Metabolism roadmaps of drugs

No. of DMEs in metabolism No. of drugs with metabolism

roadmaps roadmap (approved/in
clinical/other)
1088 4701 (1698 / 1957 / 1046)

b. Annotation of drug metabolites

No. of toxic drug No. of drug metabolites with
metabolites structures

332 16 274

c. Data supplementation compared to INTEDE 1.0

No. of metabolic interactions
between drugs and DMEs
11055

(7338)

INTEDE 2.0
(INTEDE 1.0)

No. of metabolic reactions No. of drug metabolites

22 165 18 882

No. of major drug No. of active drug metabolites

metabolites

1212 1277

No. of drugs with No. of DMEs
interactions

2466 1897

(1890) (1046)

The Metabolic Roadmap of This Drug (MRD)

{ Active DM

@ studicd Drug Major DM

@) Sside-effect-causing DM Toxic of Slight Possibility

ADK - AK1 NME1 ENTPD1 ENTPD1 — NTSE
> o > > - &5 >
._ Other reaction “-’J Other reaction Other reaction Other reaction Otherreaction ~ Other reaction .
AdenosineQ— vI0000T v ¢ DMO003051
Unclear - NT5E
> g J:' > w
Other reaction _“* Other reaction - .
IV 1016 DMO003951
! AK1 p ﬁ'& NTSE . - -
" o .‘!q_"_, : — . ® Metabolic Reaction
P d V100001 &b DM00304 i .3 .
( & e .
@ Drug Details y = 4 W thd el
. J" ) ® Drug Metabolite b P '3 ) },,u
vl . T o =— [
D} <ﬁﬁ poood: . T
ﬁl/\f,, j’"“j’"} MR ID: MR00071
W ]/ Reactant: i i
Drug ID: DR0046 DM ID: DM000018 Product:
Drug Name: Adenosine DM Name: Adenosine Phosphate DME:
L Indication:  Atrial fibrillation PubChem CID: 6083 ) L Reaction: ~ Dephosphorylation
o \

Figure 2. A typical page in INTEDE 2.0 offers the sequential position of DMEs involved in MRD. Taking the metabolic profiles of Adenosine as an
example, there were four metabolic pathways in the body for this drug, and the enzymes catalyzing each biological process were located at the

corresponding reaction nodes.

Adenosine in Pathway I was mainly determined by the drug
metabolizing enzyme (ADK, AK1, NME1, ENTPD1 and
NTSE) (45). When the expression of certain enzyme was af-
fected by endogenous or exogenous factors (for example, miR-
30a-5p inhibiting the expression of NTSE, Azacitidine up-
regulating the expression of NTSE) (46), the metabolism of
Adenosine on this pathway would also be affected accord-
ingly, that was, the drug metabolite adenosine phosphate (its
DM ID in INTEDE 2.0 is DM000018) would accumulate to
a certain extent (47). The information of sequential catalyses
of drug and its metabolites by different DMEs could be found
in the page of ‘Drug Metabolic Roadmap’ in the website of
INTEDE 2.0. Collectively, combining the sequential position-
ing information of DMEs in MRD with the influencing factors
of DME:s could help to further understand the mechanisms of

drug metabolism, explore the mechanisms of drug metabolism
differences, drug resistance, drug—drug interactions, and ad-
verse reactions among individuals, and more accurately guide
clinical medication (48-53).

Stepwise metabolic reactions during drug metabolism

INTEDE 2.0 collates drug MRs information in the ‘Metabolic
Reaction of Drug/Drug Metabolite’ interface, providing the
enzyme catalyzed reaction diagram of a drug or DM, show-
ing the chemical structural changes (as illustrated in Figure
3). The stepwise and orderly MRs in MRDs could help to
understand the structural changes during drug metabolism
at the molecular level, reveal the metabolic sites of drugs, il-
lustrate the metabolic characteristics of the drug molecular
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A General Information of This Metabolic Reaction (MR) (ID: MR000522)

Formula

Buspirone
Reactant

Reactant Info

Metabolic Enzyme Cytochrome P450 3A4 (CYP3A4)

Metabolic Type Oxidation - Hydroxylation

B other MR(s) Related to The Reactant of This MR

Hydroxylation

5-hydroxybuspirone

Product Info
DME Info

Product

Other MR(s) That Metabolize The Reactant of This MR

MR ID Reactant

[VIR{e[o5¥RY Buspirone

MRO000525 [ERETET{EIE
MRO000526 =TT
(VIR{e[05¥ZY  Buspirone

Product

1-Pyrimidinylpiperazine

3'-hydroxybuspircne

6'-hydroxybuspirone

Buspirone N-oxide

MR Type Related Drug REF
(1.
Oxidation - N-Dealkylation Buspirone 21,
[3]
Oxidation - Hydroxylation Buspirone 21
Oxidation - Hydroxylation Buspirone [[23]]
Oxidation - N-Oxidation Buspirone 2

C other MR(s) Related to The Product of This MR

Other MR(s) That Metabolize The Produtc of This MR

MR ID Reactant

(VIR V5”4l  5-hydroxybuspirone

Product

Hydroxy derivatives of Buspirone Unclear

MR Type Related Drug REF

Buspirone 4]

Figure 3. A typical page in INTEDE 2.0 presents the details of the metabolic reaction. Taking the 5-HT1A receptor agonist buspirone as an example: (A)
general information of metabolic reaction of this drug, including its reactant, product, metabolic enzyme and metabolic type; (B) other metabolic
reactions related to the reactant of this MR, including all reactions with the specific reactant as a metabolic substrate in INTEDE 2.0 and (C) other
metabolic reactions related to the product of this MR, including all reactions with the specific product as a metabolic substrate in INTEDE 2.0.

structure, which guiding the design of drugs with desired
metabolic properties (54,55).

Taking the 5-HT1A receptor agonist buspirone as an ex-
ample (56), this drug exerted anti-anxiety effects, but had
poor metabolic stability (short t1 ), resulting in increased fre-
quency of medication. By integrating the metabolic reaction
information of buspirone, INTEDE 2.0 revealed the metabolic
site information (5-position of the pyrimidine ring), further
revealed the pharmacokinetic properties of the drug, which
also provided guidance for the structural optimization of the
drug. Additionally, this interface also provided information on
other metabolic reactions in which the drug participated as a
reactant (as illustrated in Figure 3). The stepwise metabolic
reactions data could be retrieved through different types of
search strategies in the ‘Home’ page or the menu of ‘Metabolic
Reaction’ (Figure 3). Overall, stepwise metabolic reactions
during drug metabolism in INTEDE 2.0 may provide a data
base and inspirational guidance for drug development and
optimization.

DMs with diverse structure, pharmacological activity and tox-
icity

The drug metabolism process can produce metabolites with
diverse structures, some of which have ideal biological ac-
tivity or bioavailability, or even better than the original drug
(40,57). For example, nortriptyline (6), the active metabolite
of amitriptyline, was applied to treat mental disorders, includ-
ing depression and anxiety. INTEDE 2.0 marked the activity
characteristics of the included DMs and provided valuable re-
sources of lead structures for drug research and development.
Certainly, the reactive metabolites, which covalently adduct-
ing to DNA, CYP family enzymes, or susceptible proteins in
target tissue and so on, would lead to mutagenicity, liver in-
jury, and drug-drug adverse interactions, which was a nega-
tive feature in drug development (58—62). For example, trogli-
tazone could be metabolized by CYP2C8 and CYP3A4 en-
zymes to produce electrophilic quinone metabolite, which in
turn produced liver toxicity and limited clinical application
(63,64).
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A General Information of Drug Metabolite (DM) (ID: DM003051)

DM Name Adenosine

adenosine; 58-61-7; Adenocard; Adenoscan; Adenine riboside; beta-D-Adenosine; Nucleocardyl; Adenosin; Boniton; Sandesin;

Synonyms Myocol; Adenine nucleoside; Adenocor; beta-Adenosine; 9-beta-D-Ribofuranosyladenine; 9-beta-D-Ribofuran: .S.h O'W M oré =
q_'
| ; o
O misee
(]
Structure N
Y
N Ay
L
3D MOL & 2D MOL &

B Toxicity Properties of This DM

Documented Toxicity Properties
Toxicity Class Side effect PMID: 11011069

Predicted Toxicity Properties

Physical and chemical LogP @ -2.028 TPSA@ 140.27
properties Pfizer Rule: Accepted @
ALARM NMR Rule @ 0 PAINS @ 0
Structural Characteristics BMS Rule @ 0 Chelator Rule @ 0
Genotoxic Carcinogenicity Rule @ 0 Non-genotoxic Carcinogenicity Rule @ 0
hERG Blockers @ 0.029(-) HHT@® 0.898 (++)
Toxicity Model Prediction DILI @ 0.98 (+++)  CAMES Toxicity @ 0.316 (-)
Carcinogencity @ 0.144 () Respiratory Toxicity @ 0.851 (++)

C Full List of Drug-Metabolizing Enzyme (DME) Related to This DM

Adenosine DRO0046 Approved Atrial fibrillation
@B Drug [ This DM Other DM

ADK AK1 NMET ENTPD1 ENTPD1 NTSE

Erreaeh;!j
= DMO003051

Adenosine

Unclear NT5E

ADA PNP XDH XDH

Figure 4. A typical page in INTEDE 2.0 offers the detailed information about the corresponding metabolite in the database. (A) general information of
drug metabolite, including its synonyms, structure, and pharmaceutical properties; (B) the toxicity properties of drug metabolite, including its physical
and chemical properties, structural characteristics and toxicity model prediction; (C) full list of drug(s) that produce this DM by metabolism, including all
MRDs that produce this DM.
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Through the comprehensive literature search, INTEDE 2.0
sorted out the toxicity information of DMs, which facilitated
the identification of new structural alerts. In addition, com-
bining the structural variations of metabolites and the toxicity
information of the corresponding metabolites in the metabolic
process could help improve the efficiency and reduce the cost
of drug research and development (65). In order to enhance
the user’s ability to discover and utilize the diverse struc-
ture, pharmacological activities and toxicity information of
DMs, INTEDE 2.0 delivered a wide range of available search
strategies on the ‘Home’ page or in the ‘Drug Metabolite’
menu. These available search strategies enable clinicians and
researchers to obtain the diverse information about the cor-
responding metabolite in the database, such as general infor-
mation (DM name, synonyms, structure), toxicity properties,
and metabolism-related details (as illustrated in Figure 4).

Data supplementation compared to INTEDE 1.0

Drug metabolism data was mainly addressed in the industrial
setting rather than in academia, with the consequence that the
detailed metabolic information wasn’t available to the scien-
tific community at large (2). Thus, in the process of construct-
ing the MRDs, the drug metabolism-related data also collected
the metabolic relationship between the drug and DME:s. In or-
der to make the data included in this updated version more
comprehensive and provide more valuable information for
drug metabolism research, the comprehensive literature search
on PubMed for the metabolic relationship was conducted by
using keyword combinations, such as ‘Drug Name + drug
metabolizing enzyme’, ‘Drug Name + metabolism’, ‘Drug
Name + enzyme’, ‘Drug Name + drug metabolism’ and ‘Drug
Name + metabolized’. Finally, 3717 drug metabolism relation-
ships were supplemented (increased from 7338 to 11 055),
of which 2031 metabolic relationships came from the newly
added 576 drugs and different DMEs, and 1686 metabolic re-
lationships were derived from updating the originally included
drug metabolism relationships (as shown in Table 1).

Statistics, data standardization, access and retrieval

To facilitate the users to access and use INTEDE 2.0 data, all
collected data were systematically cleaned and then standard-
ized, including: (i) the latest version of International Classifi-
cation of Diseases (ICD-11) (66) released by World Health
Organization was applied to standardized the diseases in-
cluded in the INTEDE 2.0; (ii) DME enzymatic families were
standardized according to the Enzyme Commission (EC) (16)
nomenclature; (iii) the structures of drugs and metabolites
were standardized into SDF format (2D and 3D); the extended
information of drugs, the corresponding DMs and involved
DMEs could be obtained via the crosslink to CAS Registry
Number (67), PubChem (18), UniProt (68), BRENDA (16),
TTD (35), DrugMAP (36), VARIDT (69) and Drugs@FDA
(70), etc. The latest version of INTEDE can now be accessed
free by all users at: http://idrblab.org/intede/

Conclusion and perspectives

The metabolic roadmap of drugs (MRD) plays a critical
role in understanding the stepwise and sequential metabolism
of drugs in living organisms (42). INTEDE 2.0, a major
update of the INTEDE database, provided a comprehen-
sive and organized resource for drug metabolism research.

D1361

The update mainly focuses on three modules within INT-
EDE 2.0: the ‘Drug Metabolism Roadmap’, ‘Drug Metabo-
lites’ and ‘Metabolic Reactions of Drugs/Drug Metabolites’.
These modules offer comprehensive and valuable informa-
tion for drug metabolism research. The ‘Drug Metabolism
Roadmap’ module described the sequential catalyses of drugs
and their metabolites by different DMEs, highlighting the dy-
namic and sequential influence of multiple DMEs on drug
metabolism. The ‘Drug Metabolites’ module offered detailed
data on the pharmacological activities, validated toxicities,
structural conformations, and physicochemical characteristics
of drug metabolites. The ‘Metabolic Reactions of Drugs/Drug
Metabolites’ module encompassed a comprehensive collection
of metabolic reactions, including the catalytic sites on both
drugs and their corresponding DMEs, as well as variations in
the physicochemical properties and structural conformations
of drug metabolites.

The comprehensive and organized drug metabolism
roadmap provided by INTEDE 2.0 is crucial for researchers
involved in the process of modern drug discovery (71-73).
From target identification to drug design (74,75), lead opti-
mization to ADME evaluation (6,76), toxicity assessment to
preclinical and clinical trials (77), the MRD information of-
fered by INTEDE 2.0 guides researchers at multiple stages.
By serving as a supplement to existing drug databases, INT-
EDE 2.0 fills the gap by providing reliable data for con-
structing drug metabolism-related models, facilitating fur-
ther research in this field (78). In conclusion, INTEDE 2.0
is a valuable resource that enhances our understanding of
drug metabolism. Its comprehensive and organized approach
to presenting MRD information supports researchers in the
development of novel drugs and the improvement of drug
safety and efficacy. With its contributions to the field of drug
metabolism research, INTEDE 2.0 stands as an essential tool
for the scientific community and serves as a foundation for
future advancements in drug discovery and development.

Data availability

INTEDE 2.0 is accessible freely without any login requirement
at: http://idrblab.org/intede/.

Funding

National Natural Science Foundation of China [82373790,
22220102001,U1909208, 81872798]; Natural Science Foun-
dation of Zhejiang Province [LR21H300001]; National Key
R&D Program of China [2022YFC3400501]; Leading Tal-
ent of the “Ten Thousand Plan’ National High-Level Talents
Special Support Plan of China; The Double Top-Class Uni-
versities [181201%194232101]; Fundamental Research Funds
for Central Universities [2018QNA7023]; Key R&D Program
of Zhejiang Province [2020C03010]; Westlake Laboratory
(Westlake Laboratory of Life Science & Biomedicine); Alibaba
Cloud; Information Technology Center of Zhejiang Univer-
sity; Alibaba-Zhejiang University Joint Research Center of Fu-
ture Digital Healthcare; Key Project from Hebei Provincial
Department of Science and Technology [21372601D]; Nat-
ural Science Foundation of Hebei Province [H2021206448,
H2021206352]. Funding for the open access charge: Key
Project from Hebei Provincial Department of Science and
Technology [21372601D].

20z Aenuer 90 uo Jasn Ausianiun Buelloyz aoualog jo ab9)j0) Aq LG/GEE//SSELA/LA/ZS/a01Me/1eu/wod dnoolwapede//:sdjiy woly papeojumoq


http://idrblab.org/intede/
http://idrblab.org/intede/

D1362

Conflict of interest statement

None declared.

References

1.

10.

11.

12.

13.

14.

15.

16.

Wang,M.S., Gong,Y., Zhuo,L.S., Shi,X.X., Tian,Y.G., Huang,C.K.,
Huang,W. and Yang,G.F. (2022) Distribution- and
metabolism-based drug discovery: a potassium-competitive acid
blocker as a proof of concept. Research, 2022, 9852518.

. Kirchmair,J., Goller,A.H., Lang,D., Kunze,]., Testa,B., Wilson,I.D.,

Glen,R.C. and Schneider,G. (2015) Predicting drug metabolism:
experiment and/or computation?Nat. Rev. Drug Discov., 14,
387-404.

. Spanogiannopoulos,P., Kyaw,T.S., Guthrie,B.G.H., Bradley,P.H.,

Lee,].V., Melamed,]., Malig,Y.N.A., Lam,K.N., Gempis,D.,
Sandy,M., et al. (2022) Host and gut bacteria share metabolic
pathways for anti-cancer drug metabolism. Nat. Microbiol., 7,
1605-1620.

. Hitchings,R. and Kelly,L. (2019) Drug metabolism as a

community effort. Cell Metab., 30, 235-237.

. Jin,]. and Zhong,X.B. (2023) Epigenetic mechanisms contribute to

intraindividual variations of drug metabolism mediated by
cytochrome P450 enzymes. Drug Metab. Dispos., 51, 672-684.

. Zhang,Z. and Tang,W. (2018) Drug metabolism in drug discovery

and development. Acta Pharm. Sin. B, 8, 721-732.

. Stanke-Labesque,F., Gautier-Veyret,E., Chhun,S. and

Guilhaumou,R. (2020) Inflammation is a major regulator of drug
metabolizing enzymes and transporters: consequences for the
personalization of drug treatment. Pharmacol. Ther., 215, 107627.

. Futatsugi,K., Cabral,S., Kung,D.W., Huard K., Lee,E., Boehm,M.,

Bauman,]., Clark,R.W., Coffey,S.B., Crowley,C., et al. (2022)
Discovery of ervogastat (PF-06865571): a potent and selective
inhibitor of diacylglycerol acyltransferase 2 for the treatment of
non-alcoholic steatohepatitis. J. Med. Chem., 65, 15000-15013.

. Beebe,]., Josephraj,S., Wang,C.]., Danielson,]., Cui,Q., Huang,C.,

Barlow,L., Zhang,R.H., Zhang,T., Nakshatri,H., et al. (2022)
Therapeutic activity of the lansoprazole metabolite 5-hydroxy
lansoprazole sulfide in triple-negative breast cancer by inhibiting
the enoyl reductase of fatty acid synthase. J. Med. Chem., 65,
13681-13691.

Zeng,Z.., Zheng,W. and Hou,P. (2022) The role of
drug-metabolizing enzymes in synthetic lethality of cancer.
Pharmacol. Ther., 240, 108219.

Fukami,T., Yokoi,T. and Nakajima,M. (2022) Non-P450
drug-metabolizing enzymes: contribution to drug disposition,
toxicity, and development. Annu. Rev. Pharmacol. Toxicol., 62,
405-425.

Zanos,P., Moaddel,R., Morris,P.J., Riggs,L.M., Highland,].N.,
Georgiou,P., Pereira,E.ER., Albuquerque,E.X., Thomas,C.]J.,
Zarate,C.A., et al.2018) Ketamine and ketamine metabolite
pharmacology: insights into therapeutic mechanisms. Pharmacol.
Rev., 70, 621-660.

Ma,]., Li,M.,, Li,N., Chan,W.Y. and Lin,G. (2021) Pyrrolizidine
alkaloid-induced hepatotoxicity associated with the formation of
reactive metabolite-derived pyrrole-protein adducts. Toxins
(Basel), 13, 723.

Wishart,D.S., Guo,A., Oler,E., Wang,F., Anjum,A., Peters,H.,
Dizon,R., Sayeeda,Z., Tian,S., Lee,B.L., ef al. (2022) HMDB 5.0:
the human metabolome database for 2022. Nucleic Acids Res., 50,
D622-D631.

Noronha,A., Modamio,]., Jarosz,Y., Guerard,E., Sompairac,N.,
Preciat,G., Danielsdottir,A.D., Krecke,M., Merten,D.,
Haraldsdottir,H.S., et al. (2019) The virtual metabolic human
database: integrating human and gut microbiome metabolism with
nutrition and disease. Nucleic Acids Res., 47, D614-D624.
Chang,A., Jeske,L., Ulbrich,S., Hofmann,]., Koblitz,]J.,
Schomburg,l., Neumann-Schaal,M., Jahn,D. and Schomburg,D.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Nucleic Acids Research, 2024, Vol. 52, Database issue

(2021) BRENDA, the ELIXIR core data resource in 2021: new
developments and updates. Nucleic Acids Res., 49, D498-D508.
Caspi,R., Billington,R., Keseler,I.M., Kothari,A.,
Krummenacker,M., Midford,P.E., Ong,W.K., Paley,S., Subhraveti,P.
and Karp,P.D. (2020) The MetaCyc database of metabolic
pathways and enzymes - a 2019 update. Nucleic Acids Res., 48,
D445-D453.

Kim,S., Chen,J., Cheng,T., Gindulyte,A., He,J., He,S., Li,Q.,
Shoemaker,B.A., Thiessen,P.A., Yu,B., et al. (2023) PubChem 2023
update. Nucleic Acids Res., 51, D1373-D1380.

Kanehisa,M., Furumichi,M., Sato,Y., Kawashima,M. and
Ishiguro-Watanabe,M. (2023) KEGG for taxonomy-based analysis
of pathways and genomes. Nucleic Acids Res., 51, D587-D592.
Gillespie,M., Jassal,B., Stephan,R., Milacic,M., Rothfels,K.,
Senff-Ribeiro,A., Griss,]., Sevilla,C., Matthews,L., Gong,C., et al.
(2022) The reactome pathway knowledgebase 2022. Nucleic
Acids Res., 50, D687-D692.

Martens,M., Ammar,A., Riutta,A., Waagmeester,A., Slenter,D.N.,
Hanspers,K., A Miller,R., Digles,D., Lopes,E.N., Ehrhart,E, ez al.
(2021) WikiPathways: connecting communities. Nucleic Acids
Res., 49, D613-D621.

Jewison,T., Su,Y., Disfany,EM., Liang,Y., Knox,C., Maciejewski,A.,
Poelzer,]., Huynh,J., Zhou,Y., Arndt,D., ez al. (2014) SMPDB 2.0:
big improvements to the small molecule pathway database.
Nucleic Acids Res., 42, D478-D484.

Wishart,D.S., Feunang,Y.D., Guo,A.C., Lo,E.]., Marcu,A.,
Grant,].R., Sajed,T., Johnson,D., Li,C., Sayeeda,Z., et al. (2018)
DrugBank 5.0: a major update to the DrugBank database for
2018. Nucleic Acids Res., 46,D1074-D1082.

Huddart,R., Whirl-Carrillo,M., Altman,R.B. and Klein,T.E. (2021)
PharmGKB tutorial for pharmacogenomics of drugs potentially
used in the context of COVID-19. Clin. Pharmacol. Ther., 109,
116-122.

Weersma,R.K., Zhernakova,A. and Fu,J. (2020) Interaction
between drugs and the gut microbiome. Gut, 69, 1510-1519.
Lai,Y., Chu,X., Di,L., Gao,W., Guo,Y., Liu,X., Lu,C., Mao,].,
Shen,H., Tang,H., et al. (2022) Recent advances in the translation
of drug metabolism and pharmacokinetics science for drug
discovery and development. Acta Pharm Sin B, 12,2751-2777.
Veerman,G.D.M., Hussaarts,K., Jansman,E.G.A., Koolen,S.W.L.,
van Leeuwen,R.W.E. and Mathijssen,R.H.]J. (2020) Clinical
implications of food-drug interactions with small-molecule kinase
inhibitors. Lancet Oncol., 21, e265-e279.

van Hasselt,].G.C. and Iyengar,R. (2019) Systems pharmacology:
defining the interactions of drug combinations. Annu. Rev.
Pharmacol. Toxicol., 59, 21-40.

Sharifi,S., Caracciolo,G., Pozzi,D., Digiacomo,L., Swann,].,
Daldrup-Link,H.E. and Mahmoudi,M. (2021) The role of sex as a
biological variable in the efficacy and toxicity of therapeutic
nanomedicine. Adv. Drug. Deliv. Rev., 174, 337-347.

Sager,].E., Tripathy,S., Price,L.S., Nath,A., Chang,]J.,
Stephenson-Famy,A. and Isoherranen,N. (2017) In vitro to in vivo
extrapolation of the complex drug-drug interaction of bupropion
and its metabolites with CYP2D6; simultaneous reversible
inhibition and CYP2Dé6 downregulation. Biochem. Pharmacol.,
123, 85-96.

Yin,J., Li,E, Zhou,Y., Mou,M., Lu,Y., Chen,K., Xue,]., Luo,Y., Fu,].,
He,X., et al. (2021) INTEDE: interactome of drug-metabolizing
enzymes. Nucleic Acids Res., 49, D1233-D1243.

Bissig,K.D., Han,W., Barzi,M., Kovalchuk,N., Ding,L., Fan,X.,
Pankowicz,EP., Zhang,Q.Y. and Ding,X. (2018) P450-humanized
and human liver chimeric mouse models for studying xenobiotic
metabolism and toxicity. Drug Metab. Dispos., 46, 1734-1744.
Wunnava,S., Miller,T.A., Narang,C., Nathan,M. and Bourgeois,E.T.
(2022) US Food and Drug Administration approval of high-risk
cardiovascular devices for use in children and adolescents,
1977-2021. JAMA, 328, 580-582.

Nelson,].T., Tse,T., Puplampu-Dove,Y., Golfinopoulos,E. and
Zarin,D.A. (2023) Comparison of availability of trial results in

20z Aenuer 90 uo Jasn Ausianiun Buelloyz aoualog jo ab9)j0) Aq LG/GEE//SSELA/LA/ZS/a01Me/1eu/wod dnoolwapede//:sdjiy woly papeojumoq



Nucleic Acids Research, 2024, Vol. 52, Database issue

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

S1.

52.

ClinicalTrials.gov and PubMed by data source and funder type.
JAMA, 329, 1404-1406.

Zhou,Y., Zhang,Y., Lian,X., Li,E, Wang,C., Zhu,E, Qiu,Y. and
Chen,Y. (2022) Therapeutic target database update 2022:
facilitating drug discovery with enriched comparative data of
targeted agents. Nucleic Acids Res., 50, D1398-D1407.

LiE, Yin,J., Lu,M., Mou,M., Li,Z., Zeng,Z., Tan,Y., Wang,S.,
Chu,X., Dai,H., ez al. (2023) DrugMAP: molecular atlas and
pharma-information of all drugs. Nucleic Acids Res., 51,
D1288-D1299.

Sayers,E.W., Beck,]., Bolton,E.E., Bourexis,D., Brister,].R.,
Canese,K., Comeau,D.C., Funk,K., Kim,S., Klimke,W., et al. (2021)
Database resources of the national center for biotechnology
information. Nucleic Acids Res., 49, D10-D17.

Wishart,D.S., Tian,S., Allen,D., Oler,E., Peters,H., Lui,V.W.,
Gautam,V., Djoumbou-Feunang,Y., Greiner,R. and Metz,T.O.
(2022) BioTransformer 3.0-a web server for accurately predicting
metabolic transformation products. Nucleic Acids Res., 50,
W115-W123.

Obach,R.S. (2013) Pharmacologically active drug metabolites:
impact on drug discovery and pharmacotherapy. Pharmacol. Rev.,
65, 578-640.

Stachulski,A. V., Baillie,T.A., Park,B.K., Obach,R.S., Dalvie,D.K.,
Williams,D.P., Srivastava,A., Regan,S.L., Antoine,D.].,
Goldring,C.E., et al. (2013) The generation, detection, and effects
of reactive drug metabolites. Med. Res. Rev., 33, 985-1080.
Xiong,G., Wu,Z., Yi,J., Fu,L., Yang,Z., Hsieh,C., Yin,M., Zeng,X.,
Wu,C., Lu,A., ef al. (2021) ADMETIab 2.0: an integrated online
platform for accurate and comprehensive predictions of ADMET
properties. Nucleic Acids Res., 49, W5-W14.

Liu,S., Ding,P., Wu,M., Zhu,Z., Tao,]., Wang,J., Xue,Z. and
Wang,R. (2023) Screening quality markers (Q-markers) of xiaoer
chaige tuire oral liquid by in vitro sequential metabolism and in
vivo biopharmaceutical analysis. Phytomedicine, 116, 154844.
Bao,Y., Phan,M., Zhu,J., Ma,X., Manautou,].E. and Zhong,X.B.
(2022) Alterations of cytochrome P450-mediated drug metabolism
during liver repair and regeneration after acetaminophen-induced
liver injury in mice. Drug Metab. Dispos., 50, 694-703.

Ning,B., Yu,D. and Yu,A.M. (2019) Advances and challenges in
studying noncoding RNA regulation of drug metabolism and
development of RNA therapeutics. Biochem. Pharmacol., 169,
113638.

Boison,D. and Yegutkin,G.G. (2019) Adenosine metabolism:
emerging concepts for cancer therapy. Cancer Cell, 36, 582-596.
Zhu,J., Zeng,Y., Li,W., Qin,H., Lei,Z., Shen,D., Gu,D., Huang,].A.
and Liu,Z. (2017) CD73/NTSE is a target of miR-30a-5p and
plays an important role in the pathogenesis of non-small cell lung
cancer. Mol. Cancer, 16, 34.

Penugurti,V., Mishra,Y.G. and Manavathi,B. (2022) AMPK: an
odyssey of a metabolic regulator, a tumor suppressor, and now a
contextual oncogene. Biochim. Biophys. Acta Rev. Cancer, 1877,
188785.

Zhu,J., Lei,S., Lu,J., Hao,Y., Qian,Q., Devanathan,A.S., Feng,Z.,
Xie,X.Q., Wipf,P. and Ma,X. (2023) Metabolism-guided
development of Ko143 analogs as ABCG2 inhibitors. Eur. ]. Med.
Chem., 259, 115666.

Zhao,J., Cui,R., Wang,L., Chen,Y., Fu,Z., Ding,X., Cui,C., Yang,T.,
Li,X., Xu,Y., et al. (2020) Revisiting aldehyde oxidase mediated
metabolism in drug-like molecules: an improved computational
model. J. Med. Chem., 63, 6523-6537.

Li,X., Tian,Y., Tu,M.]J., Ho,P.Y., Batra,N. and Yu,A.M. (2019)
Bioengineered miR-27b-3p and miR-328-3p modulate drug
metabolism and disposition via the regulation of target ADME
gene expression. Acta Pharm. Sin. B, 9, 639-647.

Aliwarga,T., Evangelista,E.A., Sotoodehnia,N., Lemaitre,R.N. and
Totah,R.A. (2018) Regulation of CYP2]J2 and EET levels in
cardiac disease and diabetes. Int. . Mol. Sci., 19, 1916.
Russell,D.A., Chau,M.K., Shi,Y., Levasseur,l.N., Maldonato,B.].
and Totah,R.A. (2023) METTL7A (TMT1A) and METTL7B

53.

54.

5S.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.
67.

68.

69.

70.

71.

D1363

(TMT1B) are responsible for alkyl s-thiol methyl transferase
activity in liver. Drug Metab. Dispos., 51, 1024-1034.

Wang,Y., Li,F,, Bharathwaj,M., Rosas,N.C., Leier,A., Akutsu,T.,
Webb,G.1., Marquez-Lago,T.T., Li,J., Lithgow,T., et al. (2021)
DeepBL: a deep learning-based approach for in silico discovery of
beta-lactamases. Brief Bioinform, 22, bbaa301.

Thompson,T.N. (2001) Optimization of metabolic stability as a
goal of modern drug design. Med. Res. Rev., 21, 412-449.

He,Y., Zhu,L., Ma,J. and Lin,G. (2021) Metabolism-mediated
cytotoxicity and genotoxicity of pyrrolizidine alkaloids. Arch.
Toxicol., 95, 1917-1942.

Sniecikowska,]., Gluch-Lutwin,M., Bucki,A., Wieckowska,A.,
Siwek,A., Jastrzebska-Wiesek,M., Partyka,A., Wilczynska,D.,
Pytka,K., Latacz,G., et al. (2020) Discovery of novel pERK1/2- or
beta-arrestin-preferring S-HT(1A) receptor-biased agonists:
diversified therapeutic-like versus side effect profile. J. Med. Chem.,
63,10946-10971.

Yabut,K.C.B. and Isoherranen,N. (2022) CRABPs alter
all-trans-retinoic acid metabolism by CYP26A1 via
protein-protein interactions. Nutrients, 14, 1784.

Gong,S., Hu,X., Chen,S., Sun,B., Wu,J.L. and Li,N. (2022) Dual
roles of drug or its metabolite-protein conjugate: cutting-edge
strategy of drug discovery using shotgun proteomics. Med. Res.
Rew, 42, 1704-1734.

Pal,R., Singh,K., Khan,S.A., Chawla,P., Kumar,B. and Akhtar,M.J.
(2021) Reactive metabolites of the anticonvulsant drugs and
approaches to minimize the adverse drug reaction. Eur. J. Med.
Chem., 226, 113890.

Kovalchuk,N., Zhang,Q.Y., Van Winkle,L. and Ding,X. (2020)
Contribution of pulmonary CYP-mediated bioactivation of
naphthalene to airway epithelial injury in the lung. Toxicol. Sci.,
177, 334-346.

He,Y., Lian,W., Ding,L., Fan,X., Ma,J., Zhang,Q.Y., Ding,X. and
Lin,G. (2021) Lung injury induced by pyrrolizidine alkaloids
depends on metabolism by hepatic cytochrome P450s and blood
transport of reactive metabolites. Arch. Toxicol., 95,103-116.
Sager,].E., Price,L.S. and Isoherranen,N. (2016) Stereoselective
metabolism of bupropion to OH-bupropion,
threohydrobupropion, erythrohydrobupropion, and
4-OH-bupropion in vitro. Drug Metab. Dispos., 44,1709-1719.
Kohlroser,]., Mathai,]., Reichheld,]., Banner,B.F. and
Bonkovsky,H.L. (2000) Hepatotoxicity due to troglitazone: report
of two cases and review of adverse events reported to the United
States Food and Drug Administration. Am. J. Gastroenterol., 95,
272-276.

Dupommier,D., Muller,C., Comoy,C., Mazerbourg,S., Bordessa,A.,
Piquard,E., Pawlak,M., Piquard,F.,, Martin,H., De Fays,E., et al.
(2020) New desulfured troglitazone derivatives: improved
synthesis and biological evaluation. Eur. . Med. Chem., 187,
111939.

Maldonato,B.]., Russell,D.A. and Totah,R.A. (2021) Human
METTL7B is an alkyl thiol methyltransferase that metabolizes
hydrogen sulfide and captopril. Sci. Rep., 11, 4857.

The,L. (2019) Ied-11. Lancet, 393, 2275.

Stobaugh,R.E. (1988) Chemical abstracts service chemical registry
system. 11. substance-related statistics: update and additions. J.
Chem. Inf. Comput. Sci., 28, 180-187.

UniProt,C. (2023) UniProt: the universal protein knowledgebase in
2023. Nucleic Acids Res., 51,D523-D531.

Fu,T., Li,E, Zhang,Y., Yin,J., Qiu,W., Li,X., Liu,X., Xin,W.,
Wang,C., Yu,L., et al. (2022) VARIDT 2.0: structural variability of
drug transporter. Nucleic Acids Res., 50, D1417-D1431.
Schwartz,L.M., Woloshin,S., Zheng,E., Tse,T. and Zarin,D.A.
(2016) ClinicalTrials.gov and Drugs@FDA: a comparison of
results reporting for new drug approval trials. Ann. Intern. Med.,
165, 421-430.

Kulsharova,G. and Kurmangaliyeva,A. (2021) Liver
microphysiological platforms for drug metabolism applications.
Cell Prolif., 54, €13099.

20z Aenuer 90 uo Jasn Ausianiun Buelloyz aoualog jo ab9)j0) Aq LG/GEE//SSELA/LA/ZS/a01Me/1eu/wod dnoolwapede//:sdjiy woly papeojumoq



D1364

72. Cronin,].M. and Yu,A.M. (2023) Recombinant technologies
facilitate drug metabolism, pharmacokinetics, and general
biomedical research. Drug Metab. Dispos., 51, 685-699.

73. Yu,A.M. and Zhong,X.B. (2016) Advanced knowledge in drug
metabolism and pharmacokinetics. Acta Pharm Sin B, 6, 361-362.

74. Cerny,M.A., Kalgutkar,A.S., Obach,R.S., Sharma,R.,
Spracklin,D.K. and Walker,G.S. (2020) Effective application of
metabolite profiling in drug design and discovery. J. Med. Chem.,
63, 6387-6406.

75. Li,E, Chen,J., Ge,Z., Wen,Y., Yue,Y., Hayashida,M., Baggag,A.,
Bensmail,H. and Song,J. (2021) Computational prediction and
interpretation of both general and specific types of promoters in
Escherichia coli by exploiting a stacked ensemble-learning
framework. Brief. Bioinform., 22,2126-2140.

76. Li,Y., Meng,Q., Yang,M., Liu,D., Hou,X., Tang,L., Wang,X., Lyu,Y.,

77.

78.

Nucleic Acids Research, 2024, Vol. 52, Database issue

Chen,X., Liu,K., et al. (2019) Current trends in drug metabolism
and pharmacokinetics. Acta Pharm. Sin. B, 9, 1113-1144.
Park,B.K., Boobis,A., Clarke,S., Goldring,C.E., Jones,D.,
Kenna,].G., Lambert,C., Laverty,H.G., Naisbitt,D.]., Nelson,S.,

et al. (2011) Managing the challenge of chemically reactive
metabolites in drug development. Nat. Rev. Drug Discov., 10,
292-306.

Li,F, Wang,Y., Li,C., Marquez-Lago,T.T., Leier,A., Rawlings,N.D.,
Haffari,G., Revote,]., Akutsu,T., Chou,K.C,, et al. (2019) Twenty
years of bioinformatics research for protease-specific substrate and
cleavage site prediction: a comprehensive revisit and benchmarking
of existing methods. Brief. Bioinform., 20,2150-2166.

Received: September 15, 2023. Revised: October 13, 2023. Editorial Decision: October 16, 2023. Accepted: October 19, 2023

© The Author(s) 2023. Published by Oxford University Press on behalf of Nucleic Acids Research.

This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial License
(http://creativecommons.org/licenses/by-nc/4.0/), which permits non-commercial re-use, distribution, and reproduction in any medium, provided the original work is properly cited. For

commercial re-use, please contact journals.permissions@oup.com

20z Aenuer 90 uo Jasn Ausianiun Buelloyz aoualog jo ab9)j0) Aq LG/GEE//SSELA/LA/ZS/a01Me/1eu/wod dnoolwapede//:sdjiy woly papeojumoq



	Graphical abstract
	Introduction
	Factual content and data retrieval
	Conclusion and perspectives
	Data availability
	Funding
	Conflict of interest statement
	References

