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Abstract 

Natural products (NPs) ha v e emerged as the ideal candidates to combine with other therapeutic agents, and the NPCDR has been de v eloped 
to provide the data on NP-based drug combinations. Recent study increasingly focuses on the exploration of the activity profiles and str uct ural 
data of such combinations, which were regarded as the cornerstone for a deeper understanding of the therapeutic properties. Here, the NPCDR 

was thus updated to its 2.0 version by systematically offering the activity profiles and str uct ural data of NP-based drug combinations. Particularly, 
a total of 3814 activity data were collected for 584 drug combinations, and the str uct ure data of 123 natural products and clinical drugs that 
interacted with their therapeutic targets w ere pro vided, together with binding residues and energies. Moreo v er, v arious pharmacological data 
(such as ADME T properties, dr ug combination ratios, and interaction patterns between different targets) were provided for NP-based drug 
combinations. NPCDR 2.0 can now be freely accessed by all users at https:// idrblab.org/ npcdr / 
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Introduction 

Natural products (NPs) have emerged as the ideal candidates
to combine with other therapeutic agents for dealing with the
persistent challenge of conventional therapy [ 1 ]. The NPCDR
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(our database previously featured in NAR Database Issue) has 
therefore been developed to systematically provide the NP- 
based drug combination information along with their molec- 
ular regulation data [ 2 ]. Recently, extensive research has in- 
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reasingly focused on the study of the activity profile and
tructural information of NP-based drug combinations [ 3 –5 ],
hich were regarded as the cornerstone for a deeper under-

tanding of the therapeutic properties of drug combinations
 6 , 7 ]. Particularly, these data can not only elucidate the phar-
acodynamic and toxicological profiles of combined thera-
ies but also enable the identification of underlying synergis-
ic, additive, or antagonistic effects [ 8 , 9 ]. These critical in-
ights facilitate the more effective screening of promising com-
ination regimens, optimization of inter-drug dosing ratios,
nd provide the scientific foundation for overcoming drug re-
istance and immune evasion [ 10 , 11 ]. Given the growing at-
ention to the NP-based drug combination, it is highly de-
anded to have a database providing these key data on ac-

ivity profile and the structural information of NP-based drug
ombinations. 

However, none of the existing databases (including NPCDR
.0) had provided the crucial data on activity profile and
he structural information of NP-based drug combinations,
s summarized in Table 1 . Therefore, NPCDR 2.0 was con-
tructed. First, the activity profiles for NP-based drug combi-
ations were systematically compiled through a comprehen-
ive literature review. A total of 3814 activity data, tested at
rotein or cell level, were gathered for 182 NPs, 187 drugs,
nd 584 drug combinations across 408 cell models and 65
iseases. For cellular activity data, the activity data for 181
Ps, 187 drugs, and 579 drug combinations across 353 cell
odels and 60 diseases were included. In terms of protein ac-

ivity data, the activity profiles for 176 NPs, 174 drugs, and
58 drug combinations against 485 proteins across 375 cell
odels and 61 diseases were included. Second, the structure

nformation of NP-based drug combination was provided.
he structural information of 123 NPs and clinical drugs in-

eracting with their therapeutic targets were collected from
DB database. Moreover, the binding amino acid residues
nd binding energy values were further gathered for these
omplexes. For these, the structural information for 123 NPs
nd clinical drugs on 263 therapeutic targets was provided,
hich included 304 protein PDB structures, 1349 amino acid

esidues for targeted binding, and 231 binding energy values.
hird, a diverse range of pharmacological information for NP-
ased drug combinations was also incorporated during this
pdate, including: (i) various ADMET (absorption, distribu-
ion, metabolism, excretion, and toxicity) properties, such as
ioavailability, half-life, clearance, elimination, and distribu-
ion; (ii) drug combination ratios, and (iii) interaction patterns
etween different targets. Finally, the comprehensive informa-
ion on NP-based drug combinations provided in NPCDR 1.0
as substantially enriched in this update, based on a system-

tic literature review in PubMed. A statistical summary of the
urated datasets and key components included in NPCDR 2.0
s presented in Table 2 . 

In summary, NPCDR 2.0 integrates cellular and protein-
evel activity data, target structural information, and key phar-
acological properties for NP-based drug combinations. It
ot only shows reliable evidence for experimentally validated
ombinations but also provides drug synergy mechanism anal-
sis and the rational design of combinatorial therapies. By
ntegrating multidimensional biological and pharmacological
ata, NPCDR 2.0 offers broad utility for basic research, drug
ombinations, and translational applications, and is expected
o facilitate the systematic development of NP-driven combi-
nation strategies. NPCDR 2.0 can now be freely accessed by
all users at https:// idrblab.org/ npcdr/ . 

Factual content and data retrieval 

In this study, we present four key updates to NPCDR 1.0,
detailed below in four different sections: (i) activity profile
for NP-based drug combinations and their components; (ii)
structural insights between NP-based drug combination and
its targets; (iii) pharmacological and ADMET properties of
NP-based drug combination; and (iv) updating the NP-based
drug combination data described in NPCDR 1.0. 

Activity profile for NP-based drug combinations 

and their components 

Systematic activity profiling of NPs and approved drugs,
which quantifies the protein- and cell-level activities of NP-
based drug combinations and their components, holds sig-
nificant promise for expediting the discovery of synergistic
combinations [ 6 , 8 ]. Such synergy may arise from target over-
lap or complementary interactions across multiple targets and
pathways, thereby enhancing therapeutic efficacy, reducing
dosage and toxicity, and delaying the onset of drug resistance
[ 12 ]. NPs engage a diverse array of protein targets, includ-
ing metabolic enzymes, membrane transporters, and signal-
ing molecules, thereby exerting broad and multi-layered reg-
ulatory effects [ 13 , 14 ]. In contrast, clinically approved drugs
are typically designed to act on well-defined molecular targets
or pathways with established mechanisms of action, eliciting
precise and predictable cellular responses [ 15 , 16 ]. These two
classes of agents exhibit both complementary and convergent
activities at the protein and cellular levels, forming a mecha-
nistic basis for their synergistic potential in combination ther-
apies. More importantly, the precise key proteins, pathways,
and phenotypic indicators that underlie synergistic interac-
tions enable the establishment of activity-guided screening
paradigms. Such paradigms facilitate the rational pairing of
compounds capable of mimicking or compensating for these
critical biological alterations, thereby enabling the systematic
discovery of novel combination therapies. For example, Pa-
tricia Jaaks’s team systematically evaluated the efficacy and
performance of 2025 clinically relevant drug pairs and found
that combinations involving drugs with weak single-agent ac-
tivity, as well as those targeting proteins separated by only one
or two nodes in the protein–protein interaction (PPI) network,
were more likely to exhibit synergistic effects [ 6 ]. Additionally,
Lisonia Gkioni’s team demonstrated that the combination of
trametinib and rapamycin (an mTOR inhibitor) could effec-
tively delay aging, primarily through the joint inhibition of key
protein activities in the mTOR and Ras–MEK–ERK signaling
pathways [ 17 ]. 

To obtain cellular and protein-level activity profiles of drug
combinations, a systematic data collection process was car-
ried out as follows. First, a systematic literature review was
conducted for drug combinations of NPCDR , covering the
period from January 2000 to July 2026, and the coverage
of drug combinations in NPCDR was further expanded us-
ing diverse keywords such as “[NP name] + drug combina-
tion,” “[NP name] + combination,” “[NP name] + syner-
gistic effects,” “[NP name] + synergy,” and “natural prod-
uct + [drug name].” Second, biochemical assay data re-

https://idrblab.org/npcdr/
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Table 1. Databases providing data on natural products and drug combinations 

Database 
Data of natural 
product (NP) 

Data of drug 
combination 

Synergistic 
concentration 

ratios 

Cellular activity 
of drug 

combinations 

Protein activity 
of drug 

combinations 

Structural information of drug 
targets (binding energy, binding 

site) 

NPCDR 2.0 ◦ ◦ ◦ ◦ ◦ ◦

DrugComb × ◦ ◦ × × ×
DrugCombDB × ◦ ◦ × × ×
DCDB × ◦ × × × ×
TTD 

◦ ◦ × × × ×
DrugBank ◦ × × × × ×
The existence and non-existence of certain data type were indicated using “◦” and “×”, respectively. 

Table 2. Summary of core data types in NPCDR 2.0 

Category Count 

# of activity profile data 3814 
# of drug target 263 
# of protein PDB structures 304 
# of amino acid residues for targets binding 1349 
# of binding energy values 231 
# of effective synergistic concentration ratios 707 
# of ADMET characteristics 33 
# of natural products and drugs ADMET data 447; 244 
# of natural products and drugs IC 50 data 349; 232 
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lated to cellular and protein activity were manually reviewed
and collected from the literature. Specifically, cellular activ-
ity data of drug combinations were directly extracted from
experimental results reported in the literature, including Cell
Counting Kit-8 assay (CCK-8), 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide assay [ 18 ], and flow cytom-
etry assays [ 19 ]. Only those studies that reported drug combi-
nation effects (no single-agent effects alone), included proper
negative/positive controls, and presented quantitative results
with statistical analysis were included. The studies were ex-
cluded if they lacked combinatorial validation, used unde-
fined NP mixtures, or failed to report detailed assay con-
ditions or results sufficient for data extraction. The protein
activity data of drug combinations were obtained through
quantitative analysis of western blotting results reported in
the literature, using software tools such as Photoshop and
ImageJ. Only western blotting data with clearly identifiable
target bands, appropriate internal loading controls (e.g. β-
actin, GAPDH), and visible or quantifiable band intensities
were included. Protein-level results were considered reliable
only if they were experimentally validated under combinato-
rial treatment conditions and provided normalized or inter-
pretable signal intensities. The studies were excluded if west-
ern blots lacked controls, band clarity was insufficient for
quantification, or the combination context was not clearly
established. As shown in Fig. 1 , the NPCDR activity profile
page for NP-based drug combinations comprises two mod-
ules: (i) The cell activity profile summarizes experimentally
determined cellular responses to NP-drug combinations, re-
porting the cell type, effective synergistic concentration ra-
tios (NP:AT), assay method, and resultant cell-inhibition rate,
and (ii) The protein activity profile delineates protein-level
perturbations induced by NP-based combinations, detailing
post-treatment up- or downregulation together with relative
expression levels, thereby highlighting both the direction of
regulation and the expression state across different cell lines.
As a result, a total of 3814 activity data, tested at protein
or cell level, were gathered for 182 NPs, 187 drugs, and 584 

drug combinations across 408 cell models. For cellular activity 
data, the activity data for 181 NPs, 187 drugs, and 579 drug 
combinations across 353 cell models were included. In terms 
of protein activity data, the activity profiles for 176 NPs, 174 

drugs, and 558 drug combinations against 485 proteins across 
375 cell models were included. 

Structural insights between NP-based drug 

combination and its targets 

Understanding the relationships between drug combinations 
and their targets was usually considered to be indispensable 
for the discovery of novel synergistic therapeutic strategies 
[ 20 –22 ]. In particular, elucidating the synergistic mechanisms 
between drugs and their direct targets helps to uncover the 
pharmacological basis of combination therapies and provides 
a theoretical foundation for the rational design of new combi- 
nations [ 23 ]. Systematic identification of the direct targets of 
established synergistic drug combinations enables the ratio- 
nal screening of NPs that engage the same or functionally re- 
lated targets. These NPs can then be strategically paired with 

corresponding drugs to potentiate therapeutic synergy. Such 

target-centric strategies represent a mechanism-informed and 

scalable approach to expanding the landscape of combinato- 
rial therapeutics and advancing the development of innovative 
treatment paradigms. Target-oriented strategies have emerged 

as a core approach in combination therapy development, en- 
hancing both discovery efficiency and mechanistic insight. For 
instance, single-cell analysis identified GOLPH3L as a key me- 
diator of radiotherapy resistance in glioblastoma. Vitamin B5 

calcium (VB5) was subsequently validated as a GOLPH3L- 
targeting inhibitor that improves radiosensitivity in clinical 
settings [ 24 ]. In hepatocellular carcinoma, GJB2 was recog- 
nized as a malignant driver, with salvianolic acid B shown to 

target GJB2 and potentiate PD-1-based immunotherapy [ 25 ].
Similarly, AGPAT4, linked to tumor stemness and sorafenib 

resistance, was selectively inhibited by the covalent compound 

CL26, which targets Cys 2 2 8 and restores sorafenib sensitivity 
[ 26 ]. 

The data on direct targets for nature products or drugs in 

NPCDR were collected and confirmed through the follow- 
ing steps. First, literature published between January 2000 

and July 2026 was retrieved from PubMed using keywords 
such as “drug name, ” “NP name, ” etc. Second, proteins con- 
firmed to directly bind to NPs/drugs via experimental evidence 
such as surface plasmon resonance (SPR) [ 27 ], cellular thermal 
shift assay (CETSA) [ 28 , 29 ], or drug affinity responsive target 
stability (DARTS) [ 30 –32 ] were designated as direct targets 
and incorporated into the NPCDR database, with detailed 

binding data extracted concurrently from the literature. Third,
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Figure 1. A typical activity profile page for NP-based drug combinations in NPCDR. ( A ) Cell Activity Profile module displays experimental results of 
NP-based drug combinations at the cellular le v el, including details on cell type, dosage ratio (NP:AT), assay method, and cell inhibition rate. 
R epresentativ e data show that curcumin combined with 5-fluorouracil significantly enhances growth inhibition in AGS gastric cancer cells compared to 
monotherapy. ( B ) Protein Activity Profile module presents protein-level modulation results induced by NP-based combinations, with up- or 
downregulation of specific targets (e.g. P21, EZH2, SUZ12) across different cancer cell lines. 
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the structures of binding sites and binding affinities between
NPs/drugs and their targets are also provided in the NPCDR
database. As shown in Fig. 2 , NPCDR provides schematic
views of structural-interaction pages for NPs and drugs, in
which structural information is defined as the predicted three-
dimensional (3D) binding conformations between NPs or
drugs and their protein targets, including binding sites and
associated binding affinity values. (i) The NP target structure
page details the interaction between an NP and Interleukin-
7 (IL-7) associated with DSS-induced colitis, including the
target name, PDB structure (3DI2), experimental methods
(SPR, molecular docking, immunofluorescence), binding score
(CDOCKER_ENERGY = 24.4008), and predicted binding
residues (ASP8, GLY9, GLY53, MET54, LEU90); a corre-
sponding 3D model illustrates the binding conformation. (ii)
The drug target structure page annotates a small-molecule
bound to the ALK tyrosine kinase receptor (ALK_HUMAN),
referencing multiple resolved structures (PDB: 2YFX, 5AAC,
5AAA, 4ANQ, etc.) and highlighting key interacting residues
(LEU1122, LYS1150, MET1196); the accompanying struc-
tural model depicts the drug–target interface, clarifying lig-
and orientation and contact sites. As a result, the structural
information for 123 NPs and clinical drugs on 263 therapeutic
targets was provided, which included 304 protein PDB struc-
tures, 1349 amino acid residues for targeted binding, and 231
binding energy values, respectively. 

Pharmacological and ADMET properties of 
NP-based drug combinations 

Information on effective synergistic concentration ratios of
NP-based drug combinations has also been reported as es-
sential for their successful clinical translation and therapeutic
optimization [ 33 –35 ]. In other words, the concentration infor-
mation on drug combinations serves as a central anchor point
throughout the entire development pipeline, from early-stage
screening to clinical implementation. It directly influences the
selection of fixed-ratio regimens, dose escalation schemes, and
administration schedules [ 36 , 37 ]. Therefore, existing data on
effective synergistic concentration ratios of NP-based drug
combinations are not only of great value in guiding clinical
drug use but also provide a scientific basis for further opti-
mization of combination dosing strategies. The data of infor-
mation regarding effective synergistic concentration ratios in
NPCDR were systematically collected and validated through
the following steps. First, a comprehensive review of the drug
combination entries in the NPCDR was performed, includ-
ing the most recently updated NP-based drug combinations.
Second, relevant primary literature was examined to extract
the effective synergistic concentration ratios observed in both
in vitro and in vivo experimental settings. Finally, a total of
707 effective synergistic concentration ratios were curated and
summarized for 584 drug combinations in 408 cell lines, pro-
viding a valuable resource for future mechanistic studies and
clinical applications. 

Furthermore, the ADMET information, drug IC 50 , and pro-
tein PPI of NPs or drugs were systematically collected in this
update. Specifically, ADMET was retrieved from ADMETlab
3.0 [ 38 ], TTD [ 15 ], and DrugMAP [ 39 ] databases using the
keywords “NP name” or “drug name.” Particularly, a total
of 33 ADMET characteristics had been made available in
NPCDR, encompassing 447 NPs and 244 drugs. A total of
581 drug IC 50 characteristics have been made available, en-
compassing 349 NPs and 232 drugs. Detailed descriptions of 
effective synergistic concentration ratios, drug IC 50 , the AD- 
MET, and protein PPI information of NP or drugs in NPCDR 

are illustrated in Fig. 3 . 

Updating the NP-based drug combination data 

described in NPCDR 1.0 

A variety of NP-based drug combinations were systemati- 
cally integrated into the latest NPCDR. First, drug combina- 
tions during the past three years (NPCDR was first released 

in 2022) were manually collected by the literature review 

in PubMed using such keyword combinations: “[NP name] 
+ drug combination,” “[NP name] + combination,” “[NP 

name] + synergistic effects,”“[NP name] + synergy,”“natural 
product + [drug name],” and so on. Second, disease-specific 
regulation of molecules and pathways from the collected drug 
combinations was carefully gathered and updated by the lit- 
erature review. Third, detailed general information continues 
to be provided for each NP and drug, including name, syn- 
onyms, disease indication(s), 2D and 3D molecular structures 
in downloadable formats (MOL and PNG), and external links 
to other molecular information in related databases such as 
PubChem [ 40 ], DrugBank [ 41 ], TTD [ 15 ], HERB [ 42 ], and
others. As in the previous version, bidirectional NP–drug com- 
binatorial relationships are also documented. For each NP, a 
list of associated drugs with clinically or experimentally vali- 
dated combinatorial effects is categorized into three types: (i) 
drugs whose efficacy can be enhanced, (ii) drugs whose toxic- 
ity can be reduced, and (iii) drugs whose resistance can be re- 
versed. Under each effect type, relevant regulatory molecules,
signaling pathways, and in vitro / in vivo validation models 
were described in detail. Similarly, for each drug, its corre- 
sponding NPs were grouped by the same three categories, with 

mechanistic annotations and experimental evidence fully pre- 
sented. This bidirectional structure allows users to explore 
NP–drug interactions from both perspectives, with a focus on 

therapeutic relevance and molecular mechanisms. As a result,
the number of drug combinations collected in NPCDR has 
expanded from 1172 to 1480, while the numbers of NPs and 

drugs increased from 425 to 645 and from 476 to 560, respec- 
tively. 

Conclusion 

NP-based drug combination strategies have garnered increas- 
ing attention from the global scientific community due to their 
unique advantages in modulating multiple targets and signal- 
ing pathways to combat complex diseases. In NPCDR version 

1.0, a large number of clinically or experimentally validated 

drug combinations were collected, providing valuable data on 

molecular regulations of targets and pathways, disease indi- 
cations, and improved therapeutic outcomes. Building upon 

this foundation, NPCDR 2.0 has substantially expanded its 
data content by systematically integrating cell- and protein- 
level activity profiles of NP-based combinations, effective syn- 
ergistic concentration ratios, structural information of drug–
target interactions (including 3D structures, binding energies,
and binding residues), as well as ADMET properties and IC 50 

values. These comprehensive datasets offer strong support for 
drug combination discovery, disease mechanism exploration,
and rational design of preclinical studies. For example, cur- 
cumin has been reported to enhance the antitumor efficacy of 
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Figure 2. A schematic illustration of NP and drug target structure pages in NPCDR. ( A ) NP Target Structure Page presents the structural interaction 
det ails bet ween NPs and their corresponding protein t argets. T he page includes inf ormation such as target name, str uct ure PDB ID, related disease 
indication, and experimental or computational methods used (e.g. SPR, molecular docking, IF). K e y docking parameters (e.g. docking energy scores) and 
predicted binding residues are listed, accompanied by a 3D molecular visualization illustrating the NP–target interaction interface. ( B ) Drug Target 
Str uct ure Page provides str uct ural annotations for small-molecule drugs and their protein targets. It includes the protein target name, organism source, a 
list of a v ailable str uct ure PDB entries, and the k e y binding sites identified from str uct ural analyses. 
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Figure 3. A typical page of pharmacological and ADMET properties of NP-based drug combinations in NPCDR. ( A ) The Pharmacology module highlights 
the effective concentration ratio (NP:drug) and corresponding IC 5 0 values for NPs and drugs. This information supports the evaluation of pharmacological 
potency and synergy at the cellular le v el. ( B ) The ADMET Properties module summarizes predicted absorption, distribution, metabolism, excretion, and 
toxicity characteristics of the NP or drug. It includes permeability, protein binding, CYP enzyme interactions, half-life stability, and multiple toxicity 
indicators. ( C ) The PPI Network module visualizes the molecular interaction network of NP-based drug combinations, highlighting direct and indirect 
targets. The interactive network enables detailed interpretation of pharmacological mechanisms at the system level by displaying associated pathways 
and protein nodes. 
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-fluorouracil (5-FU) in colorectal cancer. NPCDR 2.0 pro-
ides access to their combination-specific concentration data,
ellular and protein-level activities, and structural informa-
ion of relevant targets, thereby enabling optimization of dos-
ng strategies for preclinical development. In addition, the
atabase includes some NPs known to enhance immunother-
py. For instance, NP benzosceptrin enhances anti-PD-1 ef-
cacy by targeting DHH3, suggesting that the database can
e further used to predict and evaluate novel NP candidates
argeting DHH3 for synergistic immunotherapeutic strategies.
ompared to predicted or simulated datasets, the literature-

upported and clinically validated drug combinations shown
n NPCDR 2.0 are more credible and can serve as gold stan-
ards for the development and benchmarking of computa-
ional tools. Although the current disease types in NPCDR
ainly focus on tumors, it does not mean data collection limi-

ations. This observation highlights an important opportunity
o expand future investigations into other disease types where
P-based strategies may hold untapped therapeutic potential.
aken together, NPCDR 2.0 provides broad utility for basic
esearch, drug combination design, and translational applica-
ions and is expected to facilitate the systematic advancement
f NP-driven combination therapies. 

 c kno wledg ement 

hanks for the supports of Information Technology Center
nd State Key Lab of CAD&CG, Zhejiang University. 

Author contributions : Quan Gao (Data curation [equal],
riting—original draft [equal]), Xinyuan Yu (Software [lead],
isualization [lead]), Kaixuan Liu (Data curation [lead]),
hiyu Zhu (Data curation [supporting]), Mengting Chen

Data curation [supporting]), Xiaohong Zhao (Data curation
supporting]), Zehua Liao (Data curation [supporting]), Lihui
u (Data curation [supporting]), Ying Zhou (Conceptualiza-

ion [equal], Methodology [equal], Supervision [equal]), Feng
hu (Conceptualization [equal], Methodology [equal], Super-
ision [equal], Writing—original draft [equal]), and Xinbing
ui (Conceptualization [equal], Methodology [equal], Super-
ision [equal]) 

onflict of interest 

one declared. 

unding 

unded by National Natural Science Foundation of China
82373790, 22220102001, 62502424); Natural Science
oundations of Zhejiang (RG25H300001); and National Key
&D Programs of China (2024YFA1307503). Funding to
ay the Open Access publication charges for this article was
rovided by National Natural Science Foundation of China
82373790). 

ata availability 

ll data can be viewed, accessed, and downloaded from
PCDR online database, which are freely accessible without

ny login requirement by all users at https:// idrblab.org/ npcdr /
References 

1. Atanasov AG, Zotchev SB, Dirsch VM et al. Natural products in 
drug discovery: advances and opportunities. Nat Rev Drug 
Discov 2021;20:200–16. 
https:// doi.org/ 10.1038/ s41573- 020- 00114- z 

2. Sun X, Zhang Y, Zhou Y et al. NPCDR: natural product-based 
drug combination and its disease-specific molecular regulation. 
Nucleic Acids Res 2022;50:D1324–33. 
https:// doi.org/ 10.1093/ nar/ gkab913 

3. Wang J, Liu YM, Hu J et al. Potential of natural products in 
combination with arsenic trioxide: investigating cardioprotective 
effects and mechanisms. Biomed Pharmacother 2023;162:114464.
https:// doi.org/ 10.1016/ j.biopha.2023.114464 

4. Kang H, Hoang DH, Valerio M et al. Pharmacological activity of 
OST-01, a natural product from baccharis coridifolia, on breast 
cancer cells. J Hematol Oncol 2025;18:16. 
https:// doi.org/ 10.1186/ s13045- 025- 01668- 4 

5. Tran HL, Lexa KW, Julien O et al. Structure-activity relationship 
and molecular mechanics reveal the importance of ring entropy in 
the biosynthesis and activity of a natural product. J Am Chem Soc 
2017;139:2541–4. https:// doi.org/ 10.1021/ jacs.6b10792 

6. Jaaks P, Coker EA, Vis DJ et al. Effective drug combinations in 
breast, colon and pancreatic cancer cells. Nature 
2022;603:166–73. https:// doi.org/ 10.1038/ s41586- 022- 04437- 2 

7. Plana D, Palmer AC, Sorger PK. Independent drug action in 
combination therapy: implications for precision oncology. Cancer 
Discov 2022;12:606–24. 
https:// doi.org/ 10.1158/ 2159- 8290.CD- 21- 0212 

8. Isgut M, Rao M, Yang C et al. Application of combination 
high-throughput phenotypic screening and target identification 
methods for the discovery of natural product-based combination 
drugs. Med Res Rev 2018;38:504–24. 
https:// doi.org/ 10.1002/ med.21444 

9. Gupta M, Chandan K, Sarwat M. Natural products and their 
derivatives as immune check point inhibitors: targeting 
cytokine/chemokine signalling in cancer. Semin Cancer 
Biol 2022;86:214–32. 
https:// doi.org/ 10.1016/ j.semcancer.2022.06.009 

10. Al-Lazikani B, Banerji U, Workman P. Combinatorial drug 
therapy for cancer in the post-genomic era. Nat Biotechnol 
2012;30:679–92. https:// doi.org/ 10.1038/ nbt.2284 

11. Lopez JS, Banerji U. Combine and conquer: challenges for targeted
therapy combinations in early phase trials. Nat Rev Clin Oncol 
2017;14:57–66. https:// doi.org/ 10.1038/ nrclinonc.2016.96 

12. Jin H, Wang L, Bernards R. Rational combinations of targeted 
cancer therapies: background, advances and challenges. Nat Rev 
Drug Discov 2023;22:213–34. 
https:// doi.org/ 10.1038/ s41573- 022- 00615- z 

13. Wang M, Qu L, Du X et al. Natural products and derivatives 
targeting metabolic reprogramming in colorectal cancer: a 
comprehensive review. Metabolites 2024;14:490 
https:// doi.org/ 10.3390/ metabo14090490 

14. Martins-Gomes C, Silva AM. Natural products as a tool to 
modulate the activity and expression of multidrug resistance 
proteins of intestinal barrier. J Xenobiot 2023;13:172–92. 
https:// doi.org/ 10.3390/ jox13020014 

15. Zhou Y, Zhang Y, Zhao D et al. TTD: therapeutic target database 
describing target druggability information. Nucleic Acids Res 
2024;52:D1465–77. https:// doi.org/ 10.1093/ nar/ gkad751 

16. Santos R, Ursu O, Gaulton A et al. A comprehensive map of 
molecular drug targets. Nat Rev Drug Discov 2017;16:19–34. 
https:// doi.org/ 10.1038/ nrd.2016.230 

17. Gkioni L, Nespital T, Baghdadi M et al. The geroprotectors 
trametinib and rapamycin combine additively to extend mouse 
healthspan and lifespan. Nat Aging 2025;5:1249–65. 
https:// doi.org/ 10.1038/ s43587- 025- 00876- 4 

18. Ghasemi M, Turnbull T, Sebastian S et al. The MTT assay: utility, 
limitations, pitfalls, and interpretation in bulk and single-cell 

https://idrblab.org/npcdr
https://web.powerxeditor.com/
https://doi.org/10.1038/s41573-020-00114-z
https://doi.org/10.1093/nar/gkab913
https://doi.org/10.1016/j.biopha.2023.114464
https://doi.org/10.1186/s13045-025-01668-4
https://doi.org/10.1021/jacs.6b10792
https://doi.org/10.1038/s41586-022-04437-2
https://doi.org/10.1158/2159-8290.CD-21-0212
https://doi.org/10.1002/med.21444
https://doi.org/10.1016/j.semcancer.2022.06.009
https://doi.org/10.1038/nbt.2284
https://doi.org/10.1038/nrclinonc.2016.96
https://doi.org/10.1038/s41573-022-00615-z
https://doi.org/10.3390/metabo14090490
https://doi.org/10.3390/jox13020014
https://doi.org/10.1093/nar/gkad751
https://doi.org/10.1038/nrd.2016.230
https://doi.org/10.1038/s43587-025-00876-4


D 1536 Gao et al . 

D
ow

nloaded from
 https://academ

ic.oup.com
/nar/article/54/D

1/D
1528/8317311 by Zhejiang U

niversity Library xixi cam
analysis. Int J Mol Sci 2021;22:12827 
https:// doi.org/ 10.3390/ ijms222312827 

19. Herzenberg LA, Parks D, Sahaf B et al. The history and future of 
the fluorescence activated cell sorter and flow cytometry: a view 

from Stanford. Clin Chem 2002;48:1819–27. 
https:// doi.org/ 10.1093/ clinchem/ 48.10.1819 

20. Bashi AC, Coker EA, Bulusu KC et al. Large-scale pan-cancer cell 
line screening identifies actionable and effective drug 
combinations. Cancer Discov 2024;14:846–65. 
https:// doi.org/ 10.1158/ 2159- 8290.CD- 23- 0388 

21. Ozkan-Dagliyan I, Diehl JN, George SD et al. Low-dose vertical 
inhibition of the RAF-MEK-ERK cascade causes apoptotic death 
of KRAS mutant Cancers. Cell Reports 2020;31:107764. 
https:// doi.org/ 10.1016/ j.celrep.2020.107764 

22. Ariey-Bonnet J, Berges R, Montero MP et al. Combination drug 
screen targeting glioblastoma core vulnerabilities reveals 
pharmacological synergisms. eBioMedicine 2023;95:104752. 
https:// doi.org/ 10.1016/ j.ebiom.2023.104752 

23. Lee HM, Wright WC, Pan M et al. A CRISPR-drug perturbational 
map for identifying compounds to combine with commonly used 
chemotherapeutics. Nat Commun 2023;14:7332. 
https:// doi.org/ 10.1038/ s41467- 023- 43134- 0 

24. Sun S, Qian S, Wang R et al. Targeting GOLPH3L improves 
glioblastoma radiotherapy by regulating STING- 
NLRP3-mediated tumor immune microenvironment 
reprogramming. Sci Transl Med 2025;17:eado0020. 
https:// doi.org/ 10.1126/ scitranslmed.ado0020 

25. Liu H, Li X, Zhang C et al. GJB2 promotes HCC progression by 
activating glycolysis through cytoplasmic translocation and 
generating a suppressive tumor microenvironment based on single 
cell RNA sequencing. Adv Sci 2024;11:e2402115. 
https:// doi.org/ 10.1002/ advs.202402115 

26. Ng KY, Koo TY, Huang IB et al. AGPAT4 targeted covalent 
inhibitor potentiates targeted therapy to overcome cancer cell 
plasticity in hepatocellular carcinoma mouse models. Sci Transl 
Med 2025;17:eadn9472. 
https:// doi.org/ 10.1126/ scitranslmed.adn9472 

27. Wang W, Thiemann S, Chen Q. Utility of SPR technology in 
biotherapeutic development: qualification for intended use. Anal 
Biochem 2022;654:114804. 
https:// doi.org/ 10.1016/ j.ab.2022.114804 

28. Martinez Molina D, Jafari R, Ignatushchenko M et al. Monitoring 
drug target engagement in cells and tissues using the cellular 
thermal shift assay. Science 2013;341:84–7. 
https:// doi.org/ 10.1126/ science.1233606 

29. Jafari R, Almqvist H, Axelsson H et al. The cellular thermal shift 
assay for evaluating drug target interactions in cells. Nat Protoc 
2014;9:2100–22. https:// doi.org/ 10.1038/ nprot.2014.138 

30. Lomenick B, Hao R, Jonai N et al. Target identification using drug 
affinity responsive target stability (DARTS). Proc Natl Acad Sci 
Received: September 14, 2025. Revised: October 13, 2025. Accepted: October 14, 2025 
© The Author(s) 2025. Published by Oxford University Press. 
This is an Open Access article distributed under the terms of the Creative Commons Attribution-Non
non-commercial re-use, distribution, and reproduction in any medium, provided the original work is 
translation rights for reprints. All other permissions can be obtained through our RightsLink service v
journals.permissions@oup.com . 
USA 2009;106:21984–9. 
https:// doi.org/ 10.1073/ pnas.0910040106 

31. Lomenick B, Jung G, Wohlschlegel JA et al. Target identification 
using drug affinity responsive target stability (DARTS). Curr 
Protoc Chem Biol 2011;3:163–80. 
https:// doi.org/ 10.1002/ 9780470559277.ch110180 

32. Pai MY, Lomenick B, Hwang H et al. Drug affinity responsive 
target stability (DARTS) for small-molecule target identification. 
Methods Mol Biol 2015;1263:287–98.

33. Lim WS, Tardi PG, Dos Santos N et al. Leukemia-selective uptake 
and cytotoxicity of CPX-351, a synergistic fixed-ratio 
cytarabine:daunorubicin formulation, in bone marrow xenografts. 
Leuk Res 2010;34:1214–23. 
https:// doi.org/ 10.1016/ j.leukres.2010.01.015 

34. Lancet JE, Uy GL, Cortes JE et al. CPX-351 (cytarabine and 
daunorubicin) liposome for injection versus conventional 
cytarabine plus daunorubicin in older patients with newly 
diagnosed secondary acute myeloid leukemia. J Clin Oncol 
2018;36:2684–92. https:// doi.org/ 10.1200/ JCO.2017.77.6112 

35. Gevertz JL, Kareva I. Guiding model-driven combination dose 
selection using multi-objective synergy optimization. CPT 

Pharmacometrics Syst Pharmacol 2023;12:1698–713. 
https:// doi.org/ 10.1002/ psp4.12997 

36. Calzetta L, Page C, Matera MG et al. Drug–drug interactions and 
synergy: from pharmacological models to clinical application. 
Pharmacol Rev 2024;76:1159–220. 
https:// doi.org/ 10.1124/ pharmrev.124.000951 

37. W ang B, W arden AR, Ding X. The optimization of combinatorial 
drug therapies: strategies and laboratorial platforms. Drug Discov 
Today 2021;26:2646–59. 
https:// doi.org/ 10.1016/ j.drudis.2021.07.023 

38. Fu L, Shi S, Yi J et al. ADMETlab 3.0: an updated comprehensive 
online ADMET prediction platform enhanced with broader 
coverage, improved performance, API functionality and decision 
support. Nucleic Acids Res 2024;52:W422–31. 
https:// doi.org/ 10.1093/ nar/ gkae236 

39. Li F, Mou M, Li X et al. DrugMAP 2.0: molecular atlas and 
pharma-information of all drugs. Nucleic Acids Res 
2025;53:D1372–82. https:// doi.org/ 10.1093/ nar/ gkae791 

40. Wang Y, Bryant SH, Cheng T et al. PubChem BioAssay: 2017 
update. Nucleic Acids Res 2017;45:D955–63. 
https:// doi.org/ 10.1093/ nar/ gkw1118 

41. Knox C, Wilson M, Klinger CM et al. DrugBank 6.0: the 
DrugBank knowledgebase for 2024. Nucleic Acids Res 
2024;52:D1265–75. https:// doi.org/ 10.1093/ nar/ gkad976 

42. Gao K, Liu L, Lei S et al. HERB 2.0: an updated database 
integrating clinical and experimental evidence for traditional 
Chinese medicine. Nucleic Acids Res 2025;53:D1404–14. 
https:// doi.org/ 10.1093/ nar/ gkae1037 
Commercial License ( https:// creativecommons.org/ licenses/ by-nc/ 4.0/ ), which permits 
properly cited. For commercial re-use, please contact reprints@oup.com for reprints and 
ia the Permissions link on the article page on our site—for further information please contact 

pus user on 25 M
arch 2026

https://doi.org/10.3390/ijms222312827
https://doi.org/10.1093/clinchem/48.10.1819
https://doi.org/10.1158/2159-8290.CD-23-0388
https://doi.org/10.1016/j.celrep.2020.107764
https://doi.org/10.1016/j.ebiom.2023.104752
https://doi.org/10.1038/s41467-023-43134-0
https://doi.org/10.1126/scitranslmed.ado0020
https://doi.org/10.1002/advs.202402115
https://doi.org/10.1126/scitranslmed.adn9472
https://doi.org/10.1016/j.ab.2022.114804
https://doi.org/10.1126/science.1233606
https://doi.org/10.1038/nprot.2014.138
https://doi.org/10.1073/pnas.0910040106
https://doi.org/10.1002/9780470559277.ch110180
https://doi.org/10.1016/j.leukres.2010.01.015
https://doi.org/10.1200/JCO.2017.77.6112
https://doi.org/10.1002/psp4.12997
https://doi.org/10.1124/pharmrev.124.000951
https://doi.org/10.1016/j.drudis.2021.07.023
https://doi.org/10.1093/nar/gkae236
https://doi.org/10.1093/nar/gkae791
https://doi.org/10.1093/nar/gkw1118
https://doi.org/10.1093/nar/gkad976
https://doi.org/10.1093/nar/gkae1037
https://creativecommons.org/licenses/by-nc/4.0/
mailto:reprints@oup.com
mailto:journals.permissions@oup.com

	Introduction
	Factual content and data retrieval
	Conclusion
	Acknowledgement
	Conflict of interest
	Funding
	Data availability
	References

