
Explor Drug Sci. 2026;4:1008176 | https://doi.org/10.37349/eds.2026.1008176 Page 1

© The Author(s) 2026. This is an Open Access article licensed under a Creative Commons Attribution 4.0 International 
License (https://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, sharing, adaptation, distribution 
and reproduction in any medium or format, for any purpose, even commercially, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to the Creative Commons license, and indicate if changes were made.

Exploration of Drug Science

Open Access Review

Synergistic attack of “old drugs for new uses”: repositioning 
strategies in cancer combination therapy
Jingjing Yan1†, Xinran Wei1†, Xiangyi Zhang1†, Siqi Zhang1, Dan Xia1, Zi’an Tang1, Zixuan Yang1, Cuifeng 
Zhang1,2*
1School of Anesthesiology, Wannan Medical University, Wuhu, Anhui Province 241002, China
2Wuhu Perioperative Monitoring and Prognostic Technology Research and Development Center, Wannan Medical University, 
Wuhu, Anhui Province 241002, China
†These authors share the first authorship.
*Correspondence: Cuifeng Zhang, School of Anesthesiology, Wannan Medical University, Wuhu, Anhui Province 241002, 
China. zhangcuifeng@wnmc.edu.cn
Academic Editor: Weilin Jin, The First Hospital of Lanzhou University, China
Received: June 1, 2026  Accepted: July 31, 2026  Published: August 17, 2026

Cite this article: Yan J, Wei X, Zhang X, Zhang S, Xia D, Tang Z,  et al. Synergistic attack of “old drugs for new uses”: 
repositioning strategies in cancer combination therapy. Explor Drug Sci. 2026;4:1008176. https://doi.org/10.37349/eds.
2026.1008176

Abstract
Cancer treatment faces severe challenges such as drug resistance, side effects, and high costs. The 
“repurposing old drugs” strategy, which involves repositioning approved drugs for non-oncology 
indications for cancer treatment, has opened up new avenues for developing efficient, low-toxicity, and 
rapidly translatable combination therapies. This strategy can not only accelerate clinical translation by 
leveraging known pharmacological and safety data but also generate synergistic effects with standard 
chemotherapy, targeted therapy, or immunotherapy by targeting non-classical pathways such as the tumor 
microenvironment, metabolic reprogramming, and epigenetic regulation. This paper aims to systematically 
review the repositioning strategies of non-oncology drugs in cancer combination therapies, focusing on 
their mechanisms of action, synergistic principles, high-throughput screening and computational prediction 
methods, as well as pre-clinical and clinical research progress based on models such as patient-derived 
organoids. The paper systematically analyzes the synergistic effects and potential of representative drugs 
such as metformin, statins, antimalarials, antipsychotics, non-steroidal anti-inflammatory drugs, β-blockers, 
antihistamines, and cardiovascular drugs. It also summarizes the current challenges in drug screening, 
mechanism validation, commercial incentives, clinical trial design, and safety re-evaluation, aiming to 
provide a theoretical basis and future research directions for optimizing cancer combination treatment 
strategies.
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Introduction
Cancer is a major global public health challenge and one of the most complex diseases faced by humanity. 
Despite significant progress in targeted therapy and immunotherapy, issues such as tumor heterogeneity, 
adaptive drug resistance, and metastasis remain major obstacles to curing cancer [1]. The field of cancer 
treatment has long faced severe challenges such as high costs, long development cycles, and high failure 
rates in new drug research and development [2]. Statistics show that the average development time for a 
new drug from early discovery to final approval for marketing often exceeds 10 years, and the cost may 
exceed $1 billion [3].

Against this backdrop, the “repurposing of old drugs” or drug repositioning strategy, as an appealing 
alternative, offers new possibilities for rapidly expanding the arsenal of anti-cancer therapies [4]. This 
strategy involves repurposing existing drugs that have been approved for treating other diseases for cancer 
treatment [5]. These drugs generally have known safety profiles, pharmacokinetic characteristics, and low 
costs, which can significantly accelerate the clinical translation process [6]. Drug repositioning adheres to 
the principle of polypharmacology, which posits that any drug with multi-target or off-target effects may 
exhibit multiple modes of action, thus providing a theoretical basis for discovering new therapeutic uses for 
diseases [2].

Combination therapy has emerged as a core strategy for enhancing efficacy and overcoming drug 
resistance by simultaneously targeting multiple oncogenic pathways. Within the framework of combination 
therapy, non-oncology drugs can synergize with traditional chemotherapy, targeted therapy, or 
immunotherapy. Through mechanisms such as multi-target attack, reversing drug resistance, and 
remodeling the tumor microenvironment (TME), they can enhance anti-tumor efficacy and potentially 
reduce side effects [7]. For instance, statins, initially used as lipid-lowering drugs, have been repurposed for 
cancer treatment. They can not only inhibit cancer cell proliferation as a single agent but also be combined 
with anti-cancer drugs to overcome drug resistance [8]. Similarly, the antifungal drug itraconazole has been 
re-evaluated for its anti-cancer potential due to its ability to inhibit angiogenesis and multiple oncogenic 
signaling pathways [9]. Antimalarial drugs and central nervous system (CNS) drugs have demonstrated 
promising anti-cancer properties, either as monotherapy or in combination with anti-tumor drugs [10]. 
Combination treatment strategies, especially the combination of repurposed drugs with standard therapies, 
have been proven to improve efficacy, reduce toxicity, and overcome drug resistance [11].

In the current era of precision medicine, while targeted therapies and immunotherapies have achieved 
remarkable success, their efficacy is often limited by the emergence of acquired resistance and the inherent 
heterogeneity of tumors, which frequently involve the activation of bypass signaling pathways [2, 7]. It is 
precisely here that the “repurposing old drugs” strategy offers a unique and irreplaceable value. Unlike the 
“vertical” inhibition of a single oncogenic driver, many non-oncology drugs, such as antipsychotics, 
antimalarials, and anti-inflammatory agents, inherently possess “horizontal” multi-target or off-target 
pharmacological properties [2]. This polypharmacology allows a single repurposed drug to simultaneously 
modulate a network of interconnected pathways-including metabolic reprogramming, epigenetic 
regulation, and the tumor immune microenvironment-which are often the very mechanisms driving 
resistance to highly specific therapies [7]. Therefore, within a combination therapy framework, these multi-
target agents act as powerful “network disruptors.” They can dismantle the compensatory survival circuits 
of tumor cells and remodel the immunosuppressive TME, thereby creating a “vulnerable window” that 
enhances the efficacy of standard-of-care chemotherapies, targeted agents, or immunotherapies [11]. This 
synergistic strategy, by attacking cancer on multiple fronts, represents a paradigm shift that complements 
the precision of new drug development with the network-level intervention of repurposed drugs, offering a 
more robust approach to tackling the complexity and adaptability of malignant tumors.

In recent years, with the in-depth understanding of the hallmarks of cancer and the development of 
technologies such as computational biology, high-throughput screening, and patient-derived tumor 
organoids (PDTOs), significant progress has been made in the systematic repositioning research of non-
oncology drugs [6]. Computational techniques, databases, and literature retrieval can be used to 
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systematically screen approved non-oncology drugs with anti-cancer potential [4]. These drugs have a wide 
range of sources, including cardiovascular drugs, microbial drugs, small-molecule antibiotics, antiviral 
drugs, anti-inflammatory drugs, anti-neurodegenerative drugs, antipsychotic drugs, antidepressants, etc. 
[6]. Therefore, in-depth exploration of the repositioning strategies of non-oncology drugs in cancer 
combination therapies is of great systematic significance for promoting scientific research and clinical 
practice in this field. This review will conduct an in-depth analysis of its scientific basis, current status of 
clinical translation, and future prospects.

In this review, we move beyond a descriptive catalog of repurposed drugs to provide a critical, 
mechanism-based synthesis of the current state of the field. We systematically analyze the synergistic 
principles driving combination therapies, emphasizing the distinction between ‘vertical’ inhibition (highly 
specific targeted therapies) and ‘horizontal’ network disruption (multi-target repurposed drugs). Crucially, 
we introduce a hierarchical framework to evaluate the strength of evidence, differentiating between robust 
preclinical findings, early-phase clinical signals, and confirmatory trial results. We conclude by dissecting 
the key translational barriers and outlining a roadmap for the future, where precision repurposing, guided 
by biomarkers and computational models, can unlock the full potential of this strategy for patients.

Search strategy and methodology
This review was conducted following the principles of a semi-systematic review. We performed a 
comprehensive literature search across PubMed, Web of Science, and Scopus databases, focusing on 
publications from January 2016 to May 2026. The search strategy combined key terms related to drug 
repurposing (e.g., “drug repurposing”, “drug repositioning”, “old drugs for new uses”, “repurposing”) with 
terms related to cancer therapy (e.g., “cancer combination therapy”, “synergistic effect”, “tumor 
microenvironment”, “chemotherapy sensitization”) and specific non-oncological drug classes (e.g., 
“metformin”, “statins”, “antimalarials”, “antipsychotics”, “NSAIDs”, “β-blockers”).

Two authors (JY and XW) independently screened the titles and abstracts of all retrieved records to 
identify studies that investigated the repurposing of FDA-approved, non-oncology drugs for cancer 
treatment. We prioritized original research articles, systematic reviews, meta-analyses, and key clinical 
trials. We excluded conference abstracts, commentaries, and studies not written in English. The reference 
lists of included articles were also hand-searched to identify additional relevant studies.

Inclusion/Exclusion Criteria:

Inclusion: (1) Studies evaluating the anti-cancer activity of FDA-approved, non-oncology drugs; (2) 
Studies investigating synergistic effects when combined with standard chemotherapy, targeted therapy, or 
immunotherapy; (3) Studies providing mechanistic insights, preclinical data, or clinical outcomes.

Exclusion: (1) Studies on drugs already established as standard oncology treatments; (2) Studies 
focused solely on drug toxicity without an anti-cancer efficacy component; (3) In vitro studies lacking 
translational relevance to human cancers.

The final selection was based on the relevance to the review’s focus on synergistic combination 
mechanisms and clinical translatability. The data were synthesized narratively, with a particular emphasis 
on critically evaluating the strength and maturity of the evidence for each repurposed drug. The level of 
evidence was classified as: Preclinical (in vitro/in vivo), Early-phase Clinical (Phase I/II), Confirmatory 
Clinical (Phase III/IV), or Observational/Epidemiological.

The scientific basis and advantages of the “repurposing old drugs” strategy
Core concepts and historical evolution of drug repurposing

Drug repositioning, also known as drug repurposing or reuse, refers to the application of “old drugs” that 
have been approved for specific indications to new therapeutic purposes [12]. This strategy is not a brand-
new concept, and there are numerous successful cases of serendipitous discoveries in its historical 
development. For example, drugs such as aspirin, thalidomide, and sildenafil have all achieved a transition 
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from their original indications to new ones through “serendipitous discoveries” [13]. With the deepening 
understanding of cancer biology and the rise of data-driven methods, drug repositioning has shifted from 
serendipitous discovery to a more systematic and rational exploration [1]. Its core lies in leveraging the 
known safety, pharmacokinetic, and pharmacodynamic data of existing drugs to bypass the time-
consuming and costly early stages of traditional new drug development, thereby accelerating the clinical 
translation of new therapies [14]. In the field of oncology, this strategy is particularly highly regarded as it 
can explore the potential of non-oncology drugs to target known or unknown vulnerabilities of cancer, 
providing a valuable opportunity to overcome the bottlenecks in cancer treatment [1].

Remarkable advantages compared to new drug R&D: cost, time, and safety

Compared with traditional de novo drug development, the “repurposing old drugs for new uses” strategy 
has significant advantages in terms of cost, time, and safety [8]. The traditional new drug development 
process is long, usually taking more than 10 years and billions of dollars in investment, and has an 
extremely high failure rate [9]. This high-investment, high-risk, and long-cycle model results in many 
patients, especially those with rare or drug-resistant cancers, being unable to access effective treatment in a 
timely manner.

Drug repositioning can significantly shorten the R&D time and reduce costs, as a large amount of data 
on the pharmacological properties, toxicological data, and formulation processes of candidate drugs have 
been accumulated, eliminating the need for repeated pre-clinical safety assessments [14, 15]. In terms of 
safety, repositioned drugs usually have a well-defined safety profile, and their clinical dosage and adverse 
reactions are well-known, which greatly reduces the risk of clinical development [8, 12]. For example, the 
anti-malaria drug artemisinin and its derivatives have been re-evaluated for their anti-cancer activity, and 
their known safety profiles facilitate rapid entry into clinical research [16]. Statins used for treating 
hypercholesterolemia and itraconazole used for anti-fungal treatment have also established a good safety 
record through long-term clinical application, laying the foundation for their repositioning research in 
cancer treatment [8, 9]. This approach can shorten the development time by several years and significantly 
reduce R&D costs, providing a fast and feasible solution to address the unmet medical needs in current 
cancer treatment. Especially for rare cancers, drug-resistant cancers, and malignancies lacking effective 
treatment methods, the drug repositioning strategy shows unique value. It can utilize the existing drug 
library to quickly screen out candidate drugs with potential anti-cancer activity, thus bypassing many 
obstacles in traditional new drug R&D [17]. In addition, the rise of computational methods such as artificial 
intelligence also provides a powerful tool for the efficient screening and prediction of new uses of existing 
drugs, further accelerating this process [18].

Utilizing the multi-target properties and synergistic treatment potential

Many non-oncological drugs, such as antipsychotics, antimalarials, and anthelmintics, possess the 
characteristic of multi-target action, which endows them with unique advantages in cancer combination 
therapies. These drugs can simultaneously interfere with multiple key signaling pathways related to cancer 
progression, such as autophagy, oxidative stress, and epigenetic regulation, thereby exerting multi-faceted 
impacts on cancer cells [16]. In combination therapies, these “old drugs” with multi-target characteristics 
can complement highly specific targeted drugs or traditional chemotherapy drugs. By attacking the 
“Achilles’ heel” of cancer cells or disrupting their compensatory and survival mechanisms, a synergistic 
killing effect can be achieved, effectively overcoming the limitations of single-drug therapy, such as drug 
resistance [19]. For example, the antirheumatic drug auranofin disrupts the redox balance of cancer cells by 
inhibiting thioredoxin reductase, and when combined with an AKT inhibitor, it can produce a potent 
synergistic effect [20]. Similarly, cardiac glycosides induce cancer cell death in a Na/K-ATPase-dependent 
manner, and their action involves a sequential process of early autophagy activation and subsequent 
apoptosis induction, demonstrating their multi-mechanistic anti-cancer potential [21]. Benzimidazole 
anthelmintics, such as mebendazole and albendazole, have also been repositioned as promising anti-cancer 
candidates due to their multiple action mechanisms, including interfering with microtubule function, 
inhibiting angiogenesis, and regulating immune checkpoints [19]. This multi-target attack strategy can not 
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only improve the therapeutic effect but also potentially delay or overcome the drug resistance of cancer 
cells to single-targeted drugs. Therefore, in-depth exploration of the multi-target characteristics of non-
oncological drugs and their rational integration into combination treatment regimens represents an 
important direction for the development of more effective anti-cancer strategies.

Critical analysis: While the multi-target nature of non-oncological drugs is often lauded as an 
advantage, it also presents a significant challenge for mechanistic deconvolution. Attributing a therapeutic 
effect to a single pathway when a drug interacts with dozens of targets can be misleading. For instance, the 
anti-cancer effects of metformin, historically attributed solely to AMP-activated protein kinase (AMPK) 
activation, are now known to involve complex interactions with the TME, immune cells, and the gut 
microbiome. This polypharmacology, while potentially beneficial for synergistic attack, complicates the 
identification of robust predictive biomarkers and increases the risk of off-target toxicities when combined 
with other agents. Future research must employ systems biology approaches to map the full target 
landscape of these drugs in the context of specific cancer genotypes.

Strategies for driving repositioning discoveries: computational biology, phenotypic screening, and 
clinical observation

The strategies driving drug repositioning discovery are mainly classified into three categories: disease-
based strategies, target-based strategies, and drug-based strategies [22]. In recent years, the advancements 
in computational biology and artificial intelligence technologies have significantly promoted systematic 
repositioning research. Computational methods include network-based methods, machine learning/deep 
learning, text mining, and semantic analysis, etc. [23]. For example, network analysis methods predict new 
drug-disease associations by constructing drug-disease-target heterogeneous networks and using 
topological metrics [24, 25]. Gene expression profile-based methods, such as those using the Connectivity 
Map (CMap) and LINCS database, screen potential therapeutic drugs by “reversing disease characteristics” 
[26, 27]. In addition, phenotypic screening (e.g., high-throughput screening) and clinical observation 
remain important discovery approaches. Clinical observation may accidentally discover the efficacy of 
drugs for new indications, while systematic phenotypic screening can directly evaluate the effects of known 
compounds on specific disease phenotypes in cell or animal models [28]. These strategies complement each 
other and together form a multi-dimensional, data-driven drug repositioning discovery system [29, 30].

Key mechanisms of action of non-oncological drugs in cancer
Targeting tumor metabolism and energy homeostasis
Theoretical basis of tumor metabolic reprogramming and intervention

Abnormal energy metabolism and homeostasis imbalance in tumor cells are among their core 
characteristics. Targeting this process has become an important strategy for “repurposing old drugs”. 
Tumor cells undergo metabolic reprogramming, such as enhancing glycolysis (Warburg effect) and altering 
mitochondrial function, to meet the bioenergetic and biosynthetic requirements for their rapid 
proliferation [31]. As the center of cellular energy metabolism and redox homeostasis, mitochondrial 
dysfunction is closely associated with tumor initiation, development, invasion, metastasis, and drug 
resistance [32]. Therefore, drug development targeting mitochondrial metabolic reprogramming provides 
new potential approaches for cancer treatment [33].

In preclinical models, the dual metabolic inhibition strategy that simultaneously targets oxidative 
phosphorylation and glycolysis can effectively disrupt the energy homeostasis of tumor cells, induce 
synthetic lethality, and demonstrate potent anti-tumor potential [34]. Additionally, single-atom nanozymes 
can disrupt the redox and energy metabolic homeostasis in the tumor area by mimicking multiple enzyme 
activities, thereby overcoming the limitations of current nanozyme catalytic therapies [35]. These studies 
reveal the feasibility of interfering with the tumor energy metabolic network and lay a theoretical 
foundation for the synergistic attack using non-tumor drugs. Mitochondrial calcium homeostasis and its 
regulation through the mitochondrial calcium uniporter (MCU) are also key links affecting the energy 
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metabolism, autophagy, and apoptosis of tumor cells, providing a new perspective for metabolic targeted 
therapy [36].

Hypoglycemic drugs: taking metformin as an example
Regulation of the AMPK/mechanistic target of rapamycin (mTOR) signaling pathway

Metformin is a classic representative targeting tumor metabolism. Its anti-cancer mechanism involves 
activating the AMPK pathway, inhibiting the mTOR signaling, and reducing the circulating insulin level, 
thereby interfering with the energy metabolism of cancer cells [37]. As a cellular energy sensor, AMPK 
plays a key role in maintaining energy balance. However, its role in cancer is context-dependent and may 
exhibit pro-tumor activity in some malignancies [37]. Metformin activates AMPK by inhibiting 
mitochondrial complex I, leading to an increase in the AMP/ATP ratio [38]. The activated AMPK 
phosphorylates and inhibits mTOR complex 1 (mTORC1), thereby inhibiting protein synthesis, cell growth, 
and proliferation, which is a key pathway for its inhibition of tumor growth [38, 39].

Effects on the TME and immune cell function

The anti-cancer effect of metformin is not limited to the direct metabolic inhibition of tumor cells but also 
has a profound impact on the TME and immune cell functions. Studies have shown that metformin can 
regulate the polarization of tumor-associated macrophages (TAMs) and reduce the infiltration of 
immunosuppressive cells such as myeloid-derived suppressor cells (MDSCs), thereby improving the 
immunosuppressive TME [39]. In the context of diabetes, the high-glucose environment impairs the anti-
tumor activity of Vγ9Vδ2 T cells, while metformin reverses this metabolic abnormality and restores the 
tumor immunosurveillance function of T cells by activating the AMPK pathway [40]. In addition, metformin 
can inhibit the expression of programmed death ligand 1 (PD-L1) and restore the activity of T lymphocytes 
by reducing the level of transforming growth factor-β1 (TGF-β1), thereby enhancing the response to 
immunotherapy [41]. Long non-coding RNAs (lncRNAs), as important epigenetic regulators, are also widely 
involved in the regulatory network of cancer metabolism and may interact with metabolic regulators such 
as metformin [42].

Synergistic effect with chemotherapy

In models such as glioma, the combination of metformin and temozolomide has shown a synergistic anti-
tumor effect and improved survival rate, which reflects the strategy of enhancing the efficacy of traditional 
chemotherapy through metabolic intervention [43]. In preclinical studies of gastric cancer, the combination 
of metformin with chemotherapy regimens such as epirubicin, cisplatin, and 5-fluorouracil can 
synergistically increase cell apoptosis, reduce mitochondrial membrane potential, and inhibit cell 
proliferation and clonogenic ability, suggesting its potential as a chemotherapy sensitizer [44].

Statins

Statins, by inhibiting the mevalonate pathway, can not only reduce cholesterol but also affect the 
prenylation of small G proteins such as Ras and Rho, thereby inhibiting cancer cell proliferation and 
migration and inducing apoptosis [45]. Studies have shown that the disruption of cholesterol homeostasis 
can affect the energy metabolism of tumor cells. For example, in the Tasmanian devil facial tumor disease 
model, atorvastatin blocked the energy metabolism of tumor cells and inhibited tumor growth in vivo by 
inhibiting cholesterol synthesis [45]. This suggests that statins may affect multiple signaling pathways 
related to cell growth and survival by interfering with the synthesis of isoprenoid products downstream of 
the mevalonate pathway. Liver X nuclear receptor β (LXRβ) and its ligand 24S-hydroxycholesterol can drive 
tumor cell proliferation by promoting the metabolic switch of aerobic glycolysis, while statins can 
counteract this process [45]. Currently, the synergistic effect of statins in combination with chemotherapy 
is being evaluated in multiple clinical trials, aiming to verify their potential as chemotherapy sensitizers or 
independent anti-tumor drugs [43]. In addition, targeting the metabolic characteristics of cancer stem cells 
(CSCs) and using energy-interfering molecules to disrupt their cellular homeostasis is also a promising 
therapeutic approach, and statins may play a role in such strategies [46].
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Regulation of the TME and immune response
Theoretical basis for the regulation of the TME

The TME is a complex ecosystem composed of tumor cells, immune cells, fibroblasts, blood vessels, and 
extracellular matrix (ECM). Its metabolic and immune status profoundly influences tumor progression and 
treatment response. Cells in the TME interact with each other through the exchange of metabolites and 
growth factors. This metabolic interaction is crucial for tumor growth, evolution, and the formation of an 
immunosuppressive microenvironment [47]. Therefore, regulating the metabolic and immune status of the 
TME has become another important direction for “repurposing old drugs”.

Endoplasmic reticulum-mitochondria contact sites (MERCs), serving as a structural and biochemical 
platform for cellular metabolic homeostasis, play a crucial role when T cells respond to the stress of the 
TME. Targeting this interface can restore T cell metabolic homeostasis and enhance anti-tumor immunity 
[48]. Glucose, as a core energy substance, is essential for maintaining the functions of innate and acquired 
immunity. Glucose metabolic disorders can lead to impaired immune system function [49]. In tumor 
immunity, the remodeling of glucose metabolism directly affects the functions of immune cells and anti-
tumor efficacy [49]. These studies provide a theoretical basis for non-tumor drugs to regulate the TME.

β-Blockers

β-blockers, such as propranolol, exhibit pleiotropic effects in regulating the TME by blocking the β-
adrenergic signaling pathway. Chronic stress can influence tumor progression through the neuroendocrine 
system, in which β-adrenergic signaling plays an important role [50]. Propranolol can inhibit tumor-related 
angiogenesis, immune escape, and metastasis processes. Studies have shown that hypoxia-inducible factor-
1α (HIF-1α) is a key regulator of metabolic reprogramming in tumor cells. In the hypoxic TME, HIF-1α 
interacts with estrogen-related receptor α (ERRα) to jointly promote tumor growth adaptation and 
resistance to pyroptosis, maintaining energy homeostasis [51]. β-blockers may reverse HIF1α-mediated 
chemotherapy resistance by affecting these pathways.

Preclinical and clinical observations have shown that the combination of propranolol with 
chemotherapeutic drugs such as 5-fluorouracil has a synergistic effect on tumors such as colorectal cancer 
[52]. The mechanism may involve reducing the inflammatory level of tumors and decreasing the infiltration 
of myeloid immunosuppressive cells, thereby improving the immunosuppressive state of the TME [53].

Antihistamines

Antihistamines such as cetirizine reshape the TME mainly by regulating the functions of tumor-associated 
immune cells. Histamine binds to the HRH1 receptor in the TME, inhibits the activity of CD8+ T cells, 
promotes tumor growth, and leads to immunotherapy resistance. H1-antihistamines (e.g., cetirizine, 
loratadine) can relieve T-cell inhibition and enhance the response to immunotherapy by blocking this 
pathway [54]. Multiple clinical studies have shown that patients receiving a combination of H1-
antihistamines and immune checkpoint inhibitors have better median overall survival (mOS) and median 
progression-free survival (mPFS) than those not using antihistamines. Moreover, cationic H1-
antihistamines are particularly effective and have good safety [54]. This review systematically summarizes 
the mechanisms and clinical evidence of H1-antihistamines in enhancing the efficacy of immune checkpoint 
inhibitors, suggesting their potential clinical application value as low-cost immunotherapy adjuvants [54].

In addition, autophagy plays a complex role in supporting cancer growth and therapy resistance in the 
TME by regulating metabolic transformation, influencing cancer-associated fibroblasts (CAFs), and 
promoting immune escape [55]. The combination of autophagy-targeting drugs (such as chloroquine [CQ]) 
with immunotherapy also shows promise, and antihistamines may synergize with it by indirectly affecting 
the autophagy or metabolic state of immune cells [55]. These findings suggest that combining non-tumor 
drugs targeting TME metabolism/immunity with existing immunotherapies is an effective strategy to 
improve the response rate of cancer treatment [56].
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Non-steroidal anti-inflammatory drugs (NSAIDs) and glucocorticoids
Inhibit the cyclooxygenase-2 (COX-2)/prostaglandin E2 (PGE2) pathway

NSAIDs and glucocorticoids play roles in cancer treatment by targeting inflammatory pathways. The main 
mechanism of action of NSAIDs is to inhibit COX-2, thereby reducing the synthesis of PGE2 [57]. PGE2 is a 
key pro-inflammatory and immunosuppressive mediator in the TME, which can promote tumor cell 
proliferation, invasion, angiogenesis, and inhibit anti-tumor immunity [57]. Selective COX-2 inhibitors have 
shown potential in the prevention and treatment of various cancers by blocking this pathway. In addition, 
studies have also explored dual inhibitors that simultaneously inhibit COX-2 and soluble epoxide hydrolase 
(sEH) to enhance anti-tumor activity and reduce gastrointestinal side effects [58].

Regulate immunosuppressive cells

Chronic inflammation serves as a crucial driving force in tumorigenesis and development and shapes the 
immunosuppressive TME. NSAIDs and glucocorticoids can modulate the composition and function of 
immune cells in the TME. For instance, they can influence the polarization of TAMs and inhibit their 
differentiation into the pro-tumor M2 phenotype [59]. Meanwhile, these drugs can also regulate the 
recruitment and activity of MDSCs, thereby alleviating their inhibition of T cell function [60]. 
Glucocorticoids also exert extensive anti-inflammatory and immunosuppressive effects by regulating 
transcription factors such as AP-1, NF-κB, and STAT. This may affect the expression of multidrug resistance-
related transporters and potentially influence chemotherapy sensitivity [61].

Intervening in epigenetic regulation: rediscovery of histone deacetylase inhibitors (HDACi, e.g., 
valproic acid)

HDACi, such as valproic acid, are typical representatives of “old drugs for new uses” in the field of 
epigenetic regulation. HDAC removes acetyl groups from histones, leading to chromatin compaction and 
gene transcription inhibition. In cancer, the abnormal overexpression of HDAC results in the silencing of 
tumor suppressor genes [62, 63]. HDACi inhibits HDAC activity, increases histone acetylation levels, relaxes 
chromatin structure, and reactivates the expression of multiple genes, including tumor suppressor genes, 
thereby inducing cell cycle arrest, differentiation, and apoptosis of tumor cells [62, 64]. These drugs have 
been successfully applied in the treatment of certain hematological malignancies and have shown potential 
in the research of solid tumors such as glioblastoma and triple-negative breast cancer [63]. Moreover, 
HDACi can also produce synergistic effects with other epigenetic drugs such as DNA methyltransferase 
inhibitors, providing new ideas for combination therapy [65].

Inducing cell death and overcoming drug resistance
Overview of drug resistance mechanisms and intervention strategies

Overcoming drug resistance is a core challenge in cancer treatment. Inducing non-apoptotic cell death or 
reversing the multi-drug resistance mechanism provides a breakthrough for “repurposing old drugs”. 
Tumor cells acquire drug resistance through metabolic reprogramming. For example, enhanced glycolysis, 
abnormal lipid metabolism, glutamine dependence, and mitochondrial dysfunction not only promote tumor 
growth and metastasis but also mediate drug resistance through multiple molecular mechanisms [66]. Non-
coding RNAs (ncRNAs) play a key regulatory role in this process. They drive metabolic abnormalities 
related to drug resistance by regulating pathways such as glycolysis, lipid metabolism, mitochondrial 
function, and glutamine metabolism [66]. Therefore, targeting these metabolic pathways or the ncRNAs 
that regulate them is an emerging strategy to overcome drug resistance.

In non-small cell lung cancer (NSCLC), energy metabolic disorders can induce resistance to epidermal 
growth factor receptor tyrosine kinase inhibitors (EGFR-TKIs). Targeting the energy metabolism of NSCLC 
may be an effective way to alleviate TKI resistance [67]. Additionally, the interaction between mitochondria 
and autophagy profoundly influences cancer progression and chemotherapy resistance. Therapies targeting 
this interaction may lead to the development of more effective treatments [68].
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Antimalarial drugs (e.g., artesunate, CQ/hydroxychloroquine [HCQ])

Antimalarial drugs such as artesunate and CQ/HCQ have been found to induce ferroptosis and inhibit 
autophagy. Ferroptosis is an iron-dependent form of cell death driven by lipid peroxidation. Drugs like 
artesunate may trigger ferroptosis by promoting reactive oxygen species (ROS) generation and disturbing 
iron metabolism [35].

CQ/HCQ, as classic lysosome inhibitors and autophagy inhibitors, have been clinically attempted for 
cancer treatment [55]. Autophagy plays a dual role in tumors. On the one hand, it can clear damaged 
organelles and inhibit tumorigenesis; on the other hand, its cytoprotective effect can maintain tumor 
survival and lead to treatment resistance [68]. As lysosomal acidification inhibitors, CQ/HCQ can block the 
fusion of autophagosomes with lysosomes, inhibit autophagic flux, thereby depriving tumor cells of their 
survival mechanisms and enhancing their sensitivity to chemotherapy or radiotherapy [69, 70]. In addition, 
they can also exert anti-cancer effects through multiple mechanisms, such as inducing endoplasmic 
reticulum stress, promoting apoptosis, eliminating CSCs, and regulating anti-tumor immunity (e.g., 
polarizing TAMs from the M2 pro-tumor type to the M1 anti-tumor type) [70].

When combined with chemotherapeutic drugs such as doxorubicin, antimalarial drugs can 
synergistically kill cancer cells, such as breast cancer cells. The mechanism may involve the amplification of 
chemotherapy-induced cellular stress by autophagy inhibition and the activation of the ferroptosis pathway 
[55]. However, clinical studies have shown that their anti-cancer effect as a single agent is limited, so they 
are often used in combination with conventional anti-cancer drugs as sensitizers [69]. Mitochondrial 
uncoupling, which changes the proton permeability of the inner mitochondrial membrane without 
synthesizing ATP, can regulate thermogenesis, glucose and lipid metabolism, and ROS production. Some 
small-molecule mitochondrial uncouplers have shown anti-cancer effects in preclinical models, and their 
action may also be related to the induction of a special mode of cell death [71].

CNS Drugs

Some CNS drugs, such as the antipsychotics fluoxetine and fluphenazine, have been found to inhibit 
multidrug resistance proteins (e.g., P-glycoprotein [P-gp]) or induce apoptosis in cancer cells. The 
overexpression of multidrug resistance proteins is one of the main reasons for the efflux pump-type 
resistance of cancer cells to chemotherapeutic drugs such as paclitaxel and doxorubicin [72]. These CNS 
drugs may act as inhibitors of P-gp, reducing the efflux of chemotherapeutic drugs from cells and thereby 
enhancing their intracellular concentration and toxicity.

The antipsychotic drug pimozide can induce tumor cell death, but its efficacy is regulated by 
peroxisomes. Peroxisomes support energy homeostasis through fatty acid oxidation and ether lipid 
synthesis, thereby resisting pimozide-induced apoptosis [73]. This reveals the importance of organelle 
metabolism in drug response. When combined with chemotherapeutic drugs such as paclitaxel, these CNS 
drugs can enhance the toxicity to cancer cells by inhibiting drug-resistant proteins or independently 
inducing apoptotic signals, reversing or delaying the development of drug resistance [74].

In addition, the antidepressant sertraline shows unique anti-tumor prospects in the “old drug new use” 
strategy, especially in targeting tumor metabolic vulnerabilities. Studies have found that some breast 
cancer and T-cell acute lymphoblastic leukemia cell lines are addicted to the serine/glycine synthesis 
pathway. Sertraline can interfere with this key metabolic pathway by inhibiting serine 
hydroxymethyltransferase, thereby selectively inhibiting the proliferation of such cancer cells [75]. Its anti-
proliferative activity is further enhanced when combined with mitochondrial inhibitors (such as the 
antimalarial drug artemether). This combination can cause G1-S phase cell cycle arrest and shows a 
synergistic anti-tumor effect in a breast cancer mouse xenograft model. This discovery not only reveals a 
new mechanism by which sertraline exerts its anti-tumor effect through metabolic reprogramming but also 
provides new ideas for combination therapy for cancer subgroups dependent on serine/glycine synthesis.
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In diffuse large B-cell lymphoma (DLBCL), metabolic reprogramming is closely associated with 
resistance to anti-cancer drugs. Targeting metabolic enzymes, metabolites, or their signal transduction 
pathways is an effective strategy to overcome chemotherapy resistance [72]. These findings suggest that 
repurposing drugs with known neuropharmacological effects provides an economical and rapid approach 
to overcoming multi-drug resistance in tumors.

Effects on ion channels and cell signaling: the anticancer potential of cardiovascular drugs (e.g., 
digoxin, verapamil)

Cardiovascular drugs such as digoxin (a Na+/K+-ATPase inhibitor) and verapamil (an L-type calcium 
channel blocker) have shown anticancer potential, mainly attributed to their regulation of ion channels and 
cellular signaling pathways. Ion channels play a crucial role in maintaining cell membrane potential, 
intracellular calcium homeostasis, and regulating cell proliferation, migration, and apoptosis, and many are 
abnormally expressed in cancer [76, 77]. For example, digoxin inhibits Na+/K+-ATPase, affects intracellular 
sodium and calcium ion concentrations, and then activates downstream signaling pathways to induce 
apoptosis of tumor cells. Verapamil blocks voltage-gated calcium channels, affects calcium ion influx, and 
may interfere with the proliferation and migration signals of tumor cells [78]. In addition, non-selective 
cation channels such as the transient receptor potential (TRP) channel family have also been found to be 
abnormally expressed in various cancers and are involved in tumor progression, making them potential 
drug targets [79, 80]. These “old drugs” provide new strategies for targeting the unique electrophysiological 
characteristics of tumor cells by regulating ion channels [81].

Summary of repurposed non-oncology drugs in cancer combination therapy

To provide a concise overview, the key characteristics of representative repurposed drugs discussed in this 
review are summarized in Table 1.

Table 1. The key characteristics of representative repurposed drugs.

Drug class Representative 
agents

Original indication Proposed 
anticancer 
mechanisms

Key synergistic 
partners

Clinical 
status/evidence 
level

Refs.

Biguanides Metformin Type 2 diabetes AMPK/mTOR 
inhibition; TME 
modulation; PD-L1 
downregulation

Chemotherapy 
(temozolomide, 
cisplatin); ICIs

Phase II/III; 
epidemiological 
support

[37–
44, 
122–
124]

Statins Atorvastatin, 
Simvastatin

Hypercholesterolemia Mevalonate 
pathway inhibition; 
disrupts Ras/Rho 
prenylation

Chemotherapy; 
targeted therapy

Phase II ongoing; 
preclinical

[8, 
45, 
115]

Antimalarials Artemisinin, CQ, 
HCQ

Malaria Ferroptosis 
induction; 
autophagy inhibition 
(CQ/HCQ)

Chemotherapy 
(doxorubicin); 
radiotherapy

Phase II (mixed); 
repurposing 
challenges

[16, 
55, 
69, 
70]

β-Blockers Propranolol Hypertension, 
arrhythmia

β-Adrenergic 
blockade; anti-
angiogenic; immune 
modulation

Chemotherapy (5-
fluorouracil)

Preclinical; 
retrospective 
observations

[50, 
52, 
53]

Antihistamines Cetirizine, 
Loratadine

Allergies HRH1 receptor 
blockade; restores 
CD8+ T cell activity

ICIs Observational; 
potential ICI 
adjuvant

[54]

NSAIDs Aspirin, 
Celecoxib

Inflammation, pain COX-2/PGE2 
inhibition; converts 
“cold” tumors to 
“hot”

Immunotherapy 
(ICIs)

Preclinical; 
combination 
studies ongoing

[57, 
125–
127]

HDAC 
Inhibitors

Valproic acid Epilepsy HDAC inhibition; 
chromatin 
relaxation; gene 
reactivation

Chemotherapy 
(gemcitabine)

Phase II (e.g., 
VESPA trial)

[62–
64, 
112, 
115]

Pimozide, 
Fluphenazine, 

MDR inhibition (P-
glycoprotein [P-gp]); 

Chemotherapy 
(paclitaxel); 

Preclinical; early 
clinical 

Antipsychotics Psychiatric disorders [72–
75]
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Table 1. The key characteristics of representative repurposed drugs. (continued)

Drug class Representative 
agents

Original indication Proposed 
anticancer 
mechanisms

Key synergistic 
partners

Clinical 
status/evidence 
level

Refs.

Sertraline apoptosis induction; 
SHMT inhibition 
(sertraline)

mitochondrial 
inhibitors

exploration

Cardiovascular 
Drugs

Digoxin, 
Verapamil

Heart failure, 
arrhythmia

Na+/K+-ATPase 
inhibition; calcium 
channel blockade

Chemotherapy Preclinical [76–
78]

AMPK: AMP-activated protein kinase; COX-2: cyclooxygenase-2; CQ: chloroquine; HCQ: hydroxychloroquine; HDAC: histone 
deacetylase; ICIs: immune checkpoint inhibitors; mTOR: mechanistic target of rapamycin; PD-L1: programmed death ligand 1; 
PGE2: prostaglandin E2; TME: tumor microenvironment.

Construction principles and strategies of synergistic combination therapy
Complementary mechanism-based synergy: simultaneously blocking upstream and downstream or 
parallel pathways

The core of the mechanism-complementary synergistic strategy lies in simultaneously targeting multiple 
key signaling pathways involved in tumorigenesis and development. These pathways may have upstream-
downstream relationships or act in parallel, thereby achieving multiple strikes against tumor cell 
proliferation and survival and overcoming the limitations of single therapies. This strategy, by combining 
drugs with different mechanisms of action, can more comprehensively inhibit tumor growth and delay the 
development of drug resistance.

For example, in breast cancer treatment, combining HER2-targeted antibody-drug conjugates (such as 
T-DXd) with therapies targeting specific tumor molecular subtypes can more precisely attack tumor cells 
[82]. In the treatment of NSCLC, the combined application of targeted drugs (such as crizotinib) against 
sensitive gene mutations (such as ROS1 fusion) and chemotherapy shows the potential for synergistic 
effects in neoadjuvant treatment before surgery, enabling major pathological response (MPR) and creating 
favorable conditions for subsequent surgery [83]. In addition, the combined use of chemotherapy drugs 
(such as carboplatin/paclitaxel) and immune checkpoint inhibitors (such as pembrolizumab) in the 
conversion treatment of locally advanced lung cancer also reflects a strategy of achieving synergistic 
therapeutic effects through the complementarity of different mechanisms (cytotoxicity and immune 
activation) [84]. This mechanism-based complementary combination therapy aims to maximize the 
therapeutic effect and improve patient prognosis through multi-targeted intervention.

Synthetic lethal synergism: exploiting tumor-specific vulnerabilities

The synthetic lethal synergistic strategy aims to leverage the unique genetic defects in tumor cells (such as 
mutations in DNA damage repair genes or epigenetic alterations) by pharmacologically inhibiting their 
complementary or backup pathways, thereby selectively killing tumor cells with minimal impact on normal 
cells. This strategy offers a novel approach for targeting the loss of traditionally “undruggable” tumor 
suppressor genes.

The most classic example is the application of poly(ADP-ribose) polymerase (PARP) inhibitors in 
BRCA1/2-mutated tumors [85]. Research has been continuously expanding the application scope of 
synthetic lethality. For instance, in ovarian cancer cells with normal BRCA gene function, the combined use 
of a PARP inhibitor (niraparib) and a chemotherapeutic drug (trabectedin) can induce synthetic lethal 
effects through the p53-dependent apoptotic pathway [86]. Additionally, new synthetic lethal pairs have 
been discovered, such as DNA ligase 1 (LIG1) and PARP in castration-resistant prostate cancer [87], as well 
as SRC kinase and PARP1 in hepatocellular carcinoma [88]. Epigenetic changes, such as gene silencing 
caused by DNA methylation, also provide new targets for synthetic lethal therapies, namely “methylation 
synthetic lethality” [89]. Through computational methods such as artificial intelligence, synthetic lethal 
interactions can be systematically identified, and rational drug combinations can be designed accordingly, 
such as the combination of MDM2 and CDK9 inhibitors [90]. These advancements indicate that the synthetic 
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lethal strategy can effectively exploit the inherent vulnerabilities of tumor cells, opening up broad 
prospects for the development of precise and efficient combination therapies.

Microenvironment-modulating synergy: enhancing drug delivery and immune response

The microenvironment-regulating synergistic strategy focuses on altering the TME to overcome its inherent 
barriers such as immunosuppression, hypoxia, and high interstitial pressure, thereby enhancing the drug 
delivery efficiency and anti-tumor immune response of primary therapies (e.g., chemotherapy, 
radiotherapy, immunotherapy). The TME is a complex ecosystem composed of various cells (e.g., TAMs, 
regulatory T cells) and ECM, which often impedes the penetration of therapeutic drugs and promotes 
immune escape [91].

Significantly improved therapeutic outcomes can be achieved by modulating the TME. For example, the 
combination of anti-angiogenic drugs (such as nintedanib) and anti-PD-1 antibodies in the treatment of 
malignant pleural mesothelioma can reshape the TME by polarizing TAMs from M2 to M1 type and 
regulating immunosuppressive signals, resulting in a synergistic anti-tumor effect [92]. In liver metastatic 
colorectal cancer, an oral metronomic chemotherapy regimen (CAPOX) can modulate immune cells in the 
TME by activating the cGAS-STING pathway and exert a synergistic effect with anti-PD-1 antibodies [93]. 
Additionally, using nanomaterials (such as graphene oxide) or metal-organic framework materials for drug 
delivery can design intelligent delivery systems responsive to the TME. These systems can modulate the 
TME by catalytically decomposing hydrogen peroxide to relieve hypoxia and depleting glutathione, thereby 
enhancing the efficacy of chemodynamic therapy, sonodynamic therapy, or chemotherapy [94, 95]. These 
strategies, through active intervention in the TME, provide powerful means for improving drug 
distribution, activating anti-tumor immunity, and overcoming treatment resistance.

Toxicity-mitigating synergy: reducing the side effects of the primary therapy

The toxicity mitigation-based synergistic strategy aims to reduce or manage the toxic side effects caused by 
the main therapy while maintaining or enhancing anti-tumor efficacy through the combined application of 
drugs with different side effect profiles, thereby improving patients’ tolerance and quality of life. This 
strategy is particularly suitable for patient populations requiring long-term treatment or being sensitive to 
the toxicity of traditional therapies.

For example, in cancer pain management, the combination of medical cannabis and opioids has shown 
the potential to effectively relieve pain while potentially reducing the opioid dosage and alleviating its 
associated toxicity in hospice inpatients, with good safety [96]. In the treatment of fibromyalgia, although 
the combination of alpha-lipoic acid and pregabalin did not show additive analgesic benefits, the study 
observed that the maximum tolerated dose, similar to that of monotherapy, could be achieved during 
combination therapy without increasing side effects, which provides support for the future development of 
combination therapies with complementary mechanisms and non-overlapping side effects [97]. In tumor 
treatment, for patients with NSCLC receiving the combination therapy of pembrolizumab and platinum-
based chemotherapy, if acute kidney injury occurs, analysis using novel immunohistochemical markers 
(such as p53 and PD-L1) can help identify whether the kidney injury is caused by platinum-based drugs or 
immune checkpoint inhibitors, thereby guiding clinical decision-making to protect renal function while 
ensuring the continuity of anti-tumor treatment [98]. These cases indicate that well-designed combination 
regimens can optimize the treatment window, maximizing efficacy while minimizing the treatment-related 
toxicity risks.

Screening and validation strategies for drug repositioning
Computational and data-driven discovery methods

Computational and data-driven methods have become the core engine for identifying potential anti-cancer 
candidate drugs in the “drug repurposing” strategy. By integrating bioinformatics, artificial intelligence, and 
network pharmacology, researchers can conduct large-scale analyses of drug-target interaction databases, 
gene expression profiles, and clinical electronic medical record data to predict the potential associations 
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between non-oncology drugs and key cancer pathways [99]. For instance, artificial intelligence models, 
which simulate intelligent behavior with minimal human intervention, have significantly accelerated the 
research process and reduced experimental costs through drug repositioning technologies [100].

In breast cancer drug resistance research, the computational drug repurposing method extracts drug 
resistance features by comparing the gene expression profiles of responders and non-responders to 
different treatment subtypes in the I-SPY 2 clinical trial. It then performs rank-based pattern matching 
using the drug perturbation profiles in the CMap database and successfully identifies compounds such as 
fulvestrant that may reverse drug resistance in multiple treatment and receptor subtypes [101]. These 
methods are not limited to single-drug discovery but also extend to the prediction of combination 
therapies. By using methods such as network analysis, regression-based machine learning, classifier 
models, and deep learning, combination cancer treatment regimens can be predicted. The progress of these 
computational methods provides a time- and cost-effective alternative for identifying novel and effective 
therapies [102].

Molecular docking and quantum mechanics studies provide profound insights into the synergistic 
mechanism of drug combinations at the theoretical level. For example, by screening the FDA-approved drug 
library using machine learning models and combining molecular docking and molecular dynamics 
simulations, potential PARP-1 inhibitors such as atazanavir and brexpiprazole can be identified, with better 
binding free energy than the control drugs [103]. Further quantum mechanics calculations, such as 
optimizing geometric structures and mapping electron densities, can confirm the Gibbs free energy of 
molecular structures, thereby verifying the enhanced stability after binding to the target [103]. In the 
discovery of Wee1 kinase inhibitors for triple-negative breast cancer, machine learning-based models 
effectively predicted the binding energy. Then, candidate drugs were screened through molecular docking 
and dynamics methods, and the synergistic effect of their combination with cisplatin was verified [104]. 
These computational tools together form a complete system from large-scale prediction to microscopic 
mechanism interpretation, laying a solid foundation for the study of synergistic mechanisms based on 
molecular interactions such as differences in electrostatic potential.

Application of PDTO models

PDTO models, serving as a bridge between basic research and clinical translation, have demonstrated great 
value in the screening and validation of non-oncology drug repositioning. PDTOs can highly mimic the 
tissue structure, genotype, and drug sensitivity heterogeneity of primary tumors, providing an ideal and 
individualized platform for in vitro screening and validation of repositioned drugs and their combination 
regimens [99]. The application of this model enables drug testing to be conducted under conditions closer 
to the human TME, thereby improving the accuracy of predicting clinical efficacy.

Patient-derived immunocompetent tumor organoids (PDITOs), which incorporate both tumor cells and 
immune cells, provide a promising platform for evaluating immunomodulatory drugs and predicting 
patient-specific immunotherapy responses. These models can be applied to screen immune checkpoint 
inhibitors and other immunotherapeutic agents, offering a more physiologically relevant alternative to 
conventional two-dimensional cultures [99]. Furthermore, PDTOs have been utilized to discover 
personalized treatment opportunities, including drug repurposing strategies, in various cancer types [99].

Studies have successfully used PDTOs for the discovery and validation of specific biomarkers. For 
example, in PDTO models of pancreatic ductal adenocarcinoma and NSCLC, biomarkers of auranofin 
sensitivity (such as low CA12 expression) have been successfully screened, and the synergistic efficacy of its 
combined use with MK2206 has been verified, achieving “customized” drug repositioning tests targeting 
individualized tumor characteristics [99]. This process reflects the key role of PDTOs in translating 
computational predictions into experimental evidence.

Moreover, in studies on pancreatic cancer and melanoma with high fibrosis levels, although mouse 
models are mainly used, the evaluation of complex phenotypes involved in TME remodeling (such as 
reducing stiffness, restoring vascular function, improving perfusion, and alleviating hypoxia) is precisely 
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the key direction that PDTOs can simulate and study in the future [105, 106]. Machine learning models can 
even utilize drug combination screening data generated from platforms like PDTOs to go beyond traditional 
synergy score predictions and conduct dose-specific relative growth inhibition predictions, thereby 
providing support for reconstructing dose-response curves and prioritizing individualized combination 
therapies [107]. Therefore, PDTOs are not only a screening tool but also a core experimental system for 
integrating multi-omics data, validating computational predictions, and promoting the development of 
individualized cancer treatment strategies.

Integration from mechanistic research to population evidence

Successful drug repositioning is by no means an accidental discovery. It relies on the meticulous integration 
of preclinical mechanistic research and evidence from population-based epidemiology or retrospective 
studies. This process forms a complete evidence chain from phenomenon observation to theoretical 
verification and then to clinical validation.

Effective drug repositioning requires robust preclinical research to elucidate the mechanism of action 
of drugs on specific cancer pathways or targets [99]. For example, artificial intelligence and machine 
learning methods are widely used to identify systematic drug repositioning clues based on public 
databases, with particular emphasis on leveraging comprehensive target activity profiles to expand the 
drug’s action spectrum to off-targets with therapeutic potential, thereby systematically advancing the 
repositioning process [108]. Computational models, such as those using pathway features and machine 
learning to simulate individual patients’ responses to drugs, can predict drug efficacy by calibrating the 
pathway activity scores of disease samples. This serves as a proxy method for identifying potential 
candidate drugs and can even be used to decipher the drug’s mechanism of action and propose combination 
therapy regimens [109].

However, mechanistic research alone is insufficient. Evidence from real-world populations is the key to 
supporting its clinical translation potential. The anti-cancer potential of statins and metformin initially 
stemmed from epidemiological observations, which found an association between the use of these drugs 
and improved prognosis in cancer patients [99]. These observational findings provided important 
directions for subsequent in-depth mechanistic studies in cell and animal experiments, ultimately 
propelling them into the formal clinical trial stage. This “clinical observation - mechanism exploration - 
clinical validation” model is a classic example of the drug repositioning pathway.

This integrated strategy is also applicable in the research on rare cancers such as chordoma. By 
constructing a Bayesian machine learning model using the published screening data of chordoma cell lines, 
potential compounds (such as the mTOR inhibitor AZD2014) can be predicted. Meanwhile, based on the 
understanding of the mechanisms of approved kinase inhibitors (such as afatinib and palbociclib), their 
synergistic effects can be verified in vitro, providing direct references for clinical combination therapy 
[110]. Additionally, the integrated analysis of network pharmacology and multi-omics data can 
systematically reveal the mechanism by which drugs (such as theophylline) affect liver cancer by regulating 
core targets. Based on this, potential synergistic drugs (such as chlorogenic acid and losartan) can be 
identified and then verified through in vitro and in vivo experiments, thus completing the closed loop from 
computational prediction to experimental evidence [111]. Therefore, combining population-based evidence 
with in-depth molecular mechanism research is the only way to reduce the risk of drug repositioning, 
improve the success rate, and ultimately achieve clinical translation.

An Integrated Model for Repurposing Discovery and Validation: The path from a computational 
prediction to a clinical trial is not linear but iterative. A holistic model would integrate: (1) AI/Machine 
Learning to computationally screen vast drug libraries and generate hypotheses based on tumor genomic 
profiles; (2) High-throughput Phenotypic Screening in patient-derived cell lines or 3D organoids to confirm 
anti-cancer activity; (3) Mechanistic Studies using CRISPR screens and multi-omics to decipher the drug’s 
mode of action and identify putative biomarkers; (4) Validation in PDTOs to test efficacy in a patient-
specific context and refine predictive biomarkers; and finally, (5) Biomarker-Driven Early-Phase Clinical 
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Trials enriched for the predicted responsive population. This closed-loop system is essential to de-risk the 
repurposing process and move beyond the “one-size-fits-all” failures of the past.

Preclinical and clinical progress of representative combination therapies
Combination of epigenetic modulators and chemotherapy

Epigenetic regulators, especially HDACi, have demonstrated significant synergistic potential in combination 
chemotherapy, which is an important manifestation of the “repurposing old drugs” strategy. Valproic acid, a 
classic anticonvulsant, has been proven to possess HDAC inhibitory activity and can enhance the sensitivity 
of tumor cells to chemotherapeutic drugs by altering chromatin structure and reactivating silenced tumor 
suppressor genes [112]. In solid tumors such as pancreatic cancer, chemotherapy resistance is the main 
cause of treatment failure, and epigenetic abnormalities play a crucial role in this process [113].

Preclinical studies support that the combination of valproic acid with chemotherapeutic drugs such as 
gemcitabine can produce a synergistic antitumor effect. The mechanism may involve reshaping the 
transcriptional program of tumor cells through epigenetic “priming”, thereby overcoming inherent or 
acquired drug resistance [114]. Based on this principle, the VESPA Phase II clinical trial emerged, aiming to 
evaluate the efficacy and safety of valproic acid combined with simvastatin and then combined with the 
standard chemotherapy regimen in patients with metastatic pancreatic ductal adenocarcinoma. This study 
represents a cutting-edge exploration of repurposing non-oncology drugs (valproic acid, simvastatin) and 
forming a combination strategy with standard chemotherapy [115]. The scientific hypothesis is that the 
epigenetic regulatory effect of valproic acid may “prime” tumor cells, making them more sensitive to 
subsequent cytotoxic chemotherapy, while simvastatin may further enhance the efficacy by regulating the 
TME or metabolic pathways [116]. The core advantage of this combination strategy lies in the use of known 
safety data of marketed drugs, which is expected to accelerate clinical translation and provide new 
treatment hopes for pancreatic cancer patients with an extremely poor prognosis [117]. The combination of 
epigenetic drugs and chemotherapy has been proven to reverse drug resistance and enhance efficacy in a 
variety of hematological malignancies and solid tumors. The exploration of valproic acid in pancreatic 
cancer is a specific example in this broad field [118].

Repositioning of targeted CAFs

Targeting the TME, especially CAFs, has emerged as a novel strategy to overcome chemotherapy resistance 
and enhance therapeutic efficacy. CAFs create a niche that promotes tumor growth, immunosuppression, 
and drug resistance by secreting cytokines, growth factors, and remodeling the ECM [119]. The repurposing 
of the anti-fibrotic drug pirfenidone provides a powerful tool for this purpose.

Research has shown that pirfenidone can inhibit the activation and function of CAFs and reduce the 
excessive deposition of ECM, thereby reducing tissue interstitial pressure and improving the penetration 
and distribution of chemotherapeutic drugs in tumor tissues [113]. Moreover, pirfenidone can also regulate 
the immunosuppressive signals mediated by CAFs and may directly or indirectly affect the drug-resistant 
phenotypes of tumor cells, thus playing a role in enhancing the efficacy of chemotherapeutic drugs such as 
doxorubicin [120].

However, it remains a significant challenge to efficiently and specifically deliver pirfenidone to CAFs in 
tumor sites. Novel drug delivery systems, such as biomimetic liposomes, offer innovative solutions to this 
issue. These delivery systems can achieve active targeting through surface modification or stimulus-
responsive drug release by leveraging the characteristics of the TME, thereby significantly increasing the 
local concentration of pirfenidone at the tumor site while reducing the side effects associated with systemic 
exposure [121]. For example, nanotechnology-based delivery systems have been used for the co-delivery of 
chemotherapeutic drugs and epigenetic regulators to overcome multidrug resistance, and the design 
concept is also applicable to CAF-targeted therapy [121]. By combining “old drugs” like pirfenidone with 
advanced targeted delivery technologies, the supporting structure of tumors can be more precisely 
disrupted, and CAF-driven chemoresistance can be reversed, opening up new avenues for combination 
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therapy based on TME regulation [119]. This strategy not only maximizes the therapeutic potential of 
repurposed drugs but also represents an important shift in cancer treatment from simply killing cancer 
cells to comprehensively regulating the tumor ecosystem.

Representative cases of drug combinations in clinical research
Trials of metformin combined with chemotherapy/targeted therapy in various solid tumors

As a classic hypoglycemic drug, the anti-tumor potential of metformin has been extensively explored in 
preclinical and clinical studies of various solid tumors. In ovarian cancer, a phase II clinical trial showed 
that neoadjuvant or adjuvant chemotherapy combined with metformin treatment could significantly reduce 
the number of CSCs in tumor tissues, enhance the in vitro sensitivity of tumors to cisplatin, and an 
extension of the overall survival of patients was observed [122]. In the field of breast cancer, studies have 
shown that metformin combined with neoadjuvant chemotherapy may increase the pathological complete 
response rate, especially in patients with a higher body mass index or the triple-positive (hormone 
receptor-positive/HER2-positive) subtype, where a trend of benefit was observed [123]. In a retrospective 
analysis of DLBCL, diabetic patients using metformin had better survival outcomes than non-users; 
preclinical studies further confirmed that metformin can synergize with traditional chemotherapy or 
rituximab and resensitize drug-resistant lymphomas [124].

Exploration of antidepressants (such as sertraline) and targeted therapies in leukemia

Sertraline shows unique anti-tumor prospects in the “repurposing old drugs” strategy. Studies have found 
that some breast cancer and T-cell acute lymphoblastic leukemia cell lines are addicted to the 
serine/glycine synthesis pathway. Sertraline can interfere with this key metabolic pathway by inhibiting 
serine hydroxymethyltransferase, thereby selectively inhibiting the proliferation of such cancer cells [75]. 
Its anti-proliferative activity is further enhanced when combined with mitochondrial inhibitors (such as the 
antimalarial drug artemether). This combination can cause cell cycle arrest at the G1-S phase and shows a 
synergistic anti-tumor effect in a breast cancer mouse xenograft model [75].

Combination of NSAIDs and immune checkpoint inhibitors

NSAIDs have emerged as a potential strategy to enhance the efficacy of immune checkpoint inhibitors by 
modulating the tumor immune microenvironment. Preclinical studies have shown that targeting the 
COX2/PGE2/EP2-4 pathway, whether using NSAIDs or PGE2 receptor antagonists, can rapidly convert 
“cold tumors” into “hot tumors”, that is, increase the infiltration and activation of effector T cells within the 
tumor [125]. In a colon cancer model, both celecoxib and naproxen significantly reduced the expression of 
PD-L1 in polyps, accompanied by an influx of CD8+ T cells. This immunomodulatory effect is mainly 
dependent on the inhibition of COX-2 [126]. Clinical observational studies have also suggested that in 
patients with NSCLC, the use of NSAIDs may be associated with a lower objective response rate and shorter 
progression-free survival when used in combination with immune checkpoint inhibitors alone or in 
combination with chemotherapy [127]. This evidence indicates that the combination of NSAIDs and 
immunotherapy has complex biological effects, and its clinical translation requires more refined patient 
stratification and mechanistic studies. The apparent contradiction between preclinical mechanistic studies 
and clinical observations may stem from several factors. First, the timing, dosage, and duration of NSAID 
use in clinical settings differ substantially from carefully controlled preclinical protocols; chronic NSAID 
exposure may exert immunosuppressive effects that outweigh its acute immune-sensitizing actions [57, 
59]. Second, the heterogeneity of patient populations—including differences in tumor mutational burden, 
baseline inflammatory status, and concurrent medications—may modulate the net effect of NSAIDs on 
immunotherapy outcomes [47, 60]. Third, the specific type of NSAID and its selectivity for COX-1 versus 
COX-2 may influence immune modulation differently, as suggested by the complex roles of the COX-2/PGE2 
pathway in both promoting and suppressing anti-tumor immunity [60]. These observations underscore the 
need for biomarker-driven patient stratification in future clinical trials of NSAID-immunotherapy 
combinations.”
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Critical analysis of clinical trials: lessons from CQ/HCQ

A comprehensive look at the clinical development of CQ/HCQ as an adjuvant cancer therapy provides 
critical lessons. Despite robust preclinical evidence showing that autophagy inhibition can sensitize tumors 
to chemotherapy, multiple phase I/II clinical trials combining HCQ with various agents (e.g., temozolomide 
in glioblastoma, bortezomib in multiple myeloma) have yielded only modest, or in many cases, 
disappointing results [69]. A critical analysis reveals several key limitations: 1) Trial design: Many trials 
were small, single-arm, and lacked a control group, making it difficult to attribute any observed benefit to 
the HCQ. 2) Endpoint selection: Most trials used overall survival or progression-free survival as endpoints, 
but the modest effect sizes demanded a large sample size to achieve statistical power—a feat not achieved. 
3) Lack of predictive biomarkers: The most significant shortcoming was the absence of a reliable 
pharmacodynamic biomarker to confirm that HCQ was actually inhibiting autophagy in the patient’s tumor 
at the administered dose. Without this, it was impossible to know whether the trial failed due to a lack of 
efficacy, or because the drug never hit its target. 4) Suboptimal dosing: Achieving a sufficient intra-tumoral 
concentration of HCQ to block autophagy is challenging, and dose escalation is often limited by its toxicity 
profile (e.g., gastrointestinal and retinal toxicity). The CQ/HCQ experience underscores that for drug 
repurposing in combination therapies to succeed, clinical trials must move beyond simply evaluating 
efficacy and must integrate correlative studies to validate target engagement and identify biomarkers for 
patient selection, even if this requires invasive tumor biopsies.

To provide a systematic and hierarchical overview of the clinical and translational evidence discussed 
above, we have classified the representative repurposed drugs into an evidence-based framework 
(Table 2). This classification distinguishes between promising early-phase clinical signals, robust preclinical 
findings with high translational potential, observational data, and failed or inconclusive clinical translation, 
thereby highlighting both the achievements and the remaining gaps in the field.

Table 2. Evidence hierarchy of repurposed non-oncology drugs in cancer combination therapy.

Evidence level Representative drug(s) Cancer type(s) Key finding(s) Refs.

I. Confirmatory clinical (Phase 
III/IV)

- - No non-oncology drug has 
yet achieved confirmatory 
Phase III evidence as a 
combination partner.

-

II. Promising early-phase 
Clinical (Phase I/II)

Metformin (+ chemo) Ovarian, Breast, 
Lymphoma

Reduced cancer stem cells; 
enhanced chemosensitivity; 
improved survival in triple-
positive breast cancer.

[122–
124]

II. Promising early-phase 
clinical (Phase I/II)

Valproic acid (+ 
simvastatin/chemo)

Pancreatic ductal 
adenocarcinoma

VESPA trial ongoing; 
epigenetic “priming” to 
overcome chemoresistance.

[115]

III. Translational preclinical (In 
Vivo/Organoid)

Sertraline (+ artemether) Breast cancer 
(Ser/Gly-addicted)

Potent synergy by targeting 
serine/glycine synthesis 
addiction; clear mechanistic 
basis.

[75]

III. Translational preclinical (In 
Vivo/Organoid)

Auranofin (+ AKT inhibitor) Pancreatic cancer PDTO models identified 
CA12 as a biomarker; 
personalized repurposing 
approach.

[99]

III. Translational preclinical (In 
Vivo/Organoid)

Pirfenidone (+ chemo) Various Remodels CAF-rich TME; 
improves drug penetration; 
novel delivery systems in 
development.

[113, 
120]

IV. 
Observational/Epidemiological

Statins, Metformin Various Epidemiological associations 
with improved cancer 
outcomes; generated 
repurposing hypotheses.

[8, 
99]

V. Inconclusive/Failed 
Translation

Chloroquine/Hydroxychloroquine Glioblastoma, 
Multiple Myeloma

Preclinical synergy failed to 
translate; lack of 
pharmacodynamic 
biomarkers was a major 
shortcoming.

[69]
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Interpretation of the Evidence Hierarchy: Several important observations emerge from this classification. First, a significant 
translational gap exists: despite hundreds of preclinical studies demonstrating synergy, no repurposed non-oncology drug has 
yet achieved Phase III confirmatory evidence as a combination partner in cancer therapy. Second, the most successful signals 
(e.g., metformin, valproic acid) share common features: they are mechanistically well-understood, target fundamental hallmarks 
of cancer (metabolism, epigenetics), and are being evaluated in biomarker-enriched or mechanistically driven trial designs. 
Third, the CQ experience serves as a cautionary tale, illustrating that robust preclinical autophagy inhibition does not guarantee 
clinical success without rigorous pharmacodynamic monitoring and patient selection. Collectively, these observations 
underscore that the path to clinical translation requires not only biological rationale but also trial designs that incorporate 
predictive biomarkers, pharmacokinetic/pharmacodynamic assessments, and adaptive strategies to identify responsive patient 
subsets. CAF: cancer-associated fibroblast; CQ: chloroquine; PDTO: patient-derived tumor organoid; TME: tumor 
microenvironment.

Repurposing for CNS tumors

Treatment of CNS tumors, especially pediatric brain tumors, faces a severe challenge from the blood-brain 
barrier (BBB), a natural barrier. Many effective chemotherapeutic drugs struggle to reach the intracerebral 
concentrations required for treatment [128]. Therefore, repurposing non-oncological drugs that have 
demonstrated good BBB penetration has become an important strategy for developing new therapies. 
These drugs include certain antibacterial and psychiatric drugs, which have the pharmacokinetic properties 
to enter the CNS and can be re-evaluated for their anti-tumor activity [129].

By screening the inhibitory effects of these “old drugs” on brain tumor cell lines or conducting rational 
repositioning based on their known molecular targets, potential therapeutic candidates can be rapidly 
identified [130]. However, relying solely on the BBB penetrability of the drugs may still be insufficient to 
achieve a sufficiently high exposure at the tumor site. To address this, combining with novel intracranial 
drug delivery technologies, such as convection-enhanced delivery (CED), can greatly enhance the 
therapeutic efficacy of repositioned drugs. The CED technique involves implanting a catheter in the tumor 
area or surrounding tissues and applying a pressure gradient, enabling a more extensive and uniform 
convective distribution of the therapeutic drugs within the brain parenchyma. This significantly increases 
the local drug concentration in the tumor while reducing systemic toxicity [130].

Combining repurposed drugs capable of penetrating the BBB with local delivery techniques such as 
CED constitutes a highly promising “double insurance” strategy: the drugs themselves possess CNS activity, 
while CED ensures their adequate exposure in the target area. This combined strategy brings new hope to 
pediatric neuro-oncology, offering the potential to overcome the limitations of traditional chemotherapy 
and providing more effective treatment options for refractory, recurrent, or surgically inoperable pediatric 
brain tumors [128]. Additionally, epigenetic drugs have also shown potential in the treatment of brain 
tumors, and their combination with CED technology may further optimize the therapeutic efficacy [131].

From clinical observation to confirmatory trials: lessons from successes and failures and the crucial 
role of biomarkers

The clinical translation process of the “repurposing old drugs” strategy is fraught with both successes and 
challenges. Taking CQ and its analogs as an example, although preclinical studies have shown their anti-
cancer potential through multiple mechanisms such as regulating autophagy and inducing apoptosis, and 
they have entered clinical trials as an adjuvant therapy in combination with various anti-cancer drugs, most 
trials have only shown limited improvement in anti-cancer efficacy [69]. The reasons for the failure may 
include the acidic and hypoxic environment inside the tumor weakening the drug activity, as well as the 
lack of effective biomarkers to screen the patient population that may benefit.

These cases highlight the key from clinical observation to confirmatory trials: it is essential to have a 
deep understanding of the drug’s mechanism of action, develop reliable predictive biomarkers for precise 
patient stratification, and optimize the timing and sequence of combination therapy. For example, a study 
has pointed out that administering metformin before chemotherapy may produce a better sensitization 
effect [132].

Effective biomarkers can be derived from multiple levels. At the molecular level, specific gene 
mutations or expression profiles are crucial. For example, in head and neck squamous cell carcinoma, 
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patients with PIK3CA gene alterations may gain survival benefits from the regular use of NSAIDs such as 
aspirin [133]. At the immune microenvironment level, the PD-L1 expression level (e.g., combined positive 
score [CPS]) is currently the main biomarker guiding the application of immune checkpoint inhibitors, but 
its predictive value is limited and needs to be combined with other biomarkers [134]. Emerging 
microbiome biomarkers also show potential. For instance, in rectal cancer, specific gut microbial 
characteristics (e.g., Fusobacterium nucleatum) are associated with the efficacy of chemoradiotherapy and 
are expected to be used for patient stratification [135]. In addition, circulating tumor cell counts, 
inflammatory indices (e.g., systemic inflammatory response index SIRI), and nutritional indicators have also 
been explored for prognosis prediction and risk stratification [136, 137]. Using a systematic drug screening 
platform (e.g., PRISM), the selective growth-inhibitory activity of non-oncology drugs can be predicted 
based on the molecular characteristics of cancer cell lines, which provides a potential molecular basis for 
patient stratification in clinical trials [138]. In the future, integrating multi-omics data to construct 
composite biomarker models will be the core direction for the personalized application of “old drug new 
use” combination therapies.

Challenges and translational barriers
Obstacles in intellectual property and commercial development

The application of the “repurposing old drugs” strategy in cancer combination therapies faces significant 
commercial incentive challenges. The core issue is that many non-oncology drugs awaiting repositioning 
have passed their patent protection periods and become generic drugs, which severely reduces the 
pharmaceutical companies’ commercial motivation to invest substantial funds in clinical trials for new 
indications [139]. Although drug repositioning has the advantages of lower cost, shorter time, and higher 
success rate compared to traditional new drug development, due to the lack of patent protection for these 
drugs, it is difficult for enterprises to recoup their R&D investments through market exclusivity, resulting in 
limited commercial returns [139].

For example, disulfiram, a drug whose patent has expired, faces such challenges in the development of 
its anticancer potential. Although its combination with copper ions shows excellent anticancer efficacy, 
developing a new delivery system to form intellectual property is crucial for its product development and 
commercialization [140]. To overcome this “valley of death” in commercial development, several innovative 
strategies are being pursued. These include the development of novel formulations (e.g., nanoparticle-
encapsulated drugs) which can be patented, thereby providing a commercial incentive to conduct the 
required clinical trials [140]. Similarly, pursuing orphan drug designation for rare cancers offers benefits 
such as market exclusivity and tax credits, making the repositioning of off-patent drugs economically viable 
for specific, underserved patient populations [139]. Furthermore, public-private partnerships (PPP) and 
non-profit initiatives, such as the Repurposing Drugs in Oncology (ReDO) project, are increasingly vital in 
bridging this gap by funding and facilitating trials for generic drugs with limited commercial appeal [139]. 
Similarly, CQ and its analogs, as ancient antimalarial drugs, also face a similar dilemma in the research of 
their repositioning for cancer adjuvant therapy. Most clinical trials have only shown limited improvement 
in anticancer effects, further reducing the attractiveness of commercial investment [69].

To promote the clinical development of such drugs, innovative funding models and incentive policies 
are required. PPP and regulatory incentive policies (such as priority review vouchers) are considered 
potential solutions [139]. In addition, through big data analysis of patents, it can be found that for drugs 
targeting specific targets (such as PI3K/AKT), the average time from patent application to approval for 
marketing is about 8.8 years. If this time is less than 10 years, a patent term extension of about 2 years may 
be obtained, which provides a certain commercial incentive reference for the repositioning development of 
some targeted drugs [141]. However, for the vast majority of non-oncology drugs whose patent terms have 
expired, their repositioning development still needs to rely on public funding support, the promotion of 
non-profit research institutions, and global policy adjustments aimed at promoting health equity to ensure 
that these potential therapies can benefit all patients [139].
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Determination of the optimal dose and dosing regimen: anti-cancer dose vs. dose for the original 
indication

Determining the optimal dosage and administration regimen of non-oncology drugs in cancer combination 
therapies is a core challenge. The “therapeutic window” for cancer treatment may be significantly different 
from the conventional dosages for their original indications (such as anti-infection, lipid-lowering). For 
example, statins may require higher doses in cancer treatment to achieve the effects of inhibiting cell 
proliferation or inducing apoptosis, which may bring risks of adverse reactions beyond what is expected for 
their lipid-lowering effects [8]. For instance, while statins are generally well-tolerated at standard lipid-
lowering doses (e.g., simvastatin 20–40 mg/day), the doses required to achieve direct anti-proliferative or 
pro-apoptotic effects in preclinical models are often several-fold higher (e.g., 10–20 µM in vitro). 
Translating this to clinical use raises a significant risk of dose-limiting toxicities, particularly hepatotoxicity 
and rhabdomyolysis [8]. Preclinical models have indicated a narrow therapeutic window, and phase I 
studies are urgently needed to define a maximum tolerated dose for cancer patients, as simply escalating to 
a high-dose statin regimen used in acute coronary syndromes is unlikely to be safe or tolerable chronically 
[8]. Similarly, CQ analogs need to reach a blood drug concentration sufficient to regulate autophagy or 
induce apoptosis in cancer treatment, which is different from their dosages for antimalarial or 
antirheumatic use [69]. The complexity of dose exploration lies in the need to strike a balance between 
efficacy and toxicity, especially when used in combination with standardized chemotherapy drugs with 
existing toxicity. Future research should be based on pharmacokinetic/pharmacodynamic models and 
systematically explore the optimal biologically effective doses of these old drugs as anticancer agents 
through well-designed early-stage clinical trials, rather than simply following the doses for their original 
indications [142].

Complexity of clinical trial design: endpoint selection and patient population

Evaluating the efficacy of repurposed drugs in combination therapies requires well-designed clinical trials 
to determine the optimal dosage, administration sequence, treatment cycle, and identify specific patient 
subgroups that may benefit, which constitutes the main complexity of clinical development [143]. The 
advantage of combination therapies lies in overcoming tumor heterogeneity and drug resistance through 
the synergistic action of multiple targets or pathways. For example, the combination of HDAC inhibitors 
with other targeted inhibitors (such as PI3K/mTOR, PARP, JAK, etc.) has been proven to have synergistic 
anti-cancer activity and can combat recurrent/refractory cancers [144, 145]. However, the realization of 
this synergistic effect is highly dependent on precise dosing regimens.

Clinical trial design also needs to consider the molecular characteristics of tumors and endpoint 
selection. For combination strategies aiming to enhance the efficacy of existing therapies or reverse drug 
resistance, it is challenging to select appropriate clinical endpoints (such as progression-free survival, 
overall survival) or biomarker surrogate endpoints [146]. Secondly, the heterogeneity of the patient 
population increases the difficulty of the trial. Cancer patients, especially elderly patients, vary greatly in 
comorbidities, physical status, and organ function, which affects treatment tolerance and outcomes [147]. 
The trial design needs to consider how to include a population that better represents real-world patients 
rather than strictly screened individuals. In addition, for some rare cancers or specific drug-resistant 
populations, conducting large-scale randomized controlled trials may not be feasible, and innovative trial 
design methods such as single-arm trials, adaptive designs, or the use of real-world data (RWD) are 
required [148]. To overcome these hurdles, innovative trial designs are essential. Adaptive trial designs 
allow for pre-specified modifications to the trial course based on interim results, such as dropping 
ineffective treatment arms or enriching for a responding biomarker-defined subgroup [148]. Platform 
trials, which evaluate multiple treatments simultaneously under a single master protocol, are particularly 
efficient for testing various repurposed drug combinations in biomarker-defined patient populations. 
Additionally, the use of RWD from electronic health records and registries is gaining regulatory acceptance 
as a complementary source of evidence, especially for rare cancers where conducting large RCTs is 
impractical.
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Reassessment of off-target effects and safety

Although repurposed drugs generally have long-term safety data, when combined with potent anticancer 
drugs, they may produce unknown interactions or additive toxicity. Therefore, strict safety re-evaluation 
must be carried out in the new treatment context [149]. Anticancer drugs themselves may cause adverse 
reactions such as severe cardiovascular toxicity. When combined with repurposed drugs, the risk of toxicity 
superposition or the generation of new toxicity cannot be ignored [149]. For example, chemotherapy drugs 
such as anthracyclines and trastuzumab are known to have cardiotoxicity, and their combination with 
certain repurposed drugs may exacerbate this risk [149].

This re-evaluation is not limited to clinical observations but is also reflected in patent layouts. Many 
patents have focused on evaluating and reducing the cardiotoxicity of drugs, including anticancer drugs. For 
example, the use of bis(dioxopiperazine) or manganese compounds in combination with other selected 
anticancer drugs for cardioprotection [149]. In addition, innovations in drug delivery systems may also 
change the safety profiles of drugs. For instance, a nanodelivery system for doxorubicin has been developed 
to reduce its systemic and cardiotoxicity [150]. Similarly, when developing a new delivery system for 
disulfiram-copper complexes, evaluating the changes in its safety profile is a key step in addition to 
improving efficacy [140]. Therefore, for the combination strategy of “repurposing old drugs”, systematic 
pre-clinical toxicology studies and well-designed phase I clinical trials must be carried out, with a focus on 
pharmacokinetic interactions, organ-specific toxicity (especially in the heart, liver, and kidneys), and the 
safety of long-term drug use.

Future development directions and prospects
Precision repositioning through the integration of artificial intelligence and multi-omics

The core driving force behind future drug repositioning strategies lies in the in-depth integration of 
artificial intelligence and multi-omics data. By integrating multi-dimensional information such as genomics, 
transcriptomics, proteomics, and metabolomics, artificial intelligence algorithms can predict effective drug 
combinations and identify predictive biomarkers with unprecedented accuracy [151]. For example, in 
female malignancies, AI-driven multi-omics integration is reshaping the opportunities for epigenetic 
therapy. By uncovering new drug-target-patient associations, it provides a precise tool to overcome the 
limitations and drug resistance of traditional therapies [151].

This integrative analysis is not limited to the single-omics level. Web server tools such as Mergeomics 
2.0 can integrate data from various omics-association studies, clarify disease networks through enrichment 
analysis and key driver analysis, and predict potential drugs targeting disease processes using its 
integrated drug repositioning process [152]. Meanwhile, techniques such as single-cell RNA sequencing 
provide a powerful means to resolve the heterogeneity of the TME. By revealing the unique transcriptional 
characteristics of different cell sub-populations within tumors (e.g., specific CAF sub-populations), it can 
guide the selection of repositioned drugs targeting specific stromal cell populations, achieving more precise 
microenvironment intervention [153].

In complex diseases such as breast cancer, the molecular heterogeneity of tumors poses challenges to 
extracting representative features from multi-omics data. The novel bidirectional coordinated deep 
learning framework (e.g., BTOB-T) can more accurately predict the efficacy of new drugs by integrating 
proteomic and transcriptomic data and using Transformer-based models to extract gene representations, 
thereby optimizing repositioning strategies [154]. In addition, advanced methods such as graph deep 
learning, like STRGNN, demonstrate excellent accuracy in predicting drug-disease relationships by 
constructing multimodal networks containing proteins, RNAs, metabolites, and compounds and using 
topological regularization algorithms to select informative modalities [155]. AI-driven network 
pharmacology and systems biology methods contribute to understanding the mechanisms of action of 
multi-target drugs and rationally designing more effective drug combinations [156]. The development of 
these technologies marks the transition of drug repositioning from traditional empirical attempts to precise 
and predictable scientific exploration based on systems biology and computational intelligence.
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A central tenet of this precision approach is the development of robust predictive biomarkers. These 
biomarkers can be derived from multiple levels of the tumor’s biology. Molecular biomarkers, such as 
specific gene mutations (e.g., PIK3CA) or RNA expression signatures (e.g., the CMap), can identify tumors 
that are inherently sensitive to a repurposed drug [101, 133]. Immune microenvironment biomarkers, such 
as the PD-L1 CPS, although imperfect, are the current standard for guiding immunotherapy combinations 
[134]. More advanced techniques, such as multiplex immunohistochemistry, can characterize the complex 
immune cell infiltrate, providing a deeper insight into whether a repurposed drug (e.g., an NSAID) has 
successfully remodeled the TME. Emerging circulating biomarkers like tumor-educated platelets (TEPs) 
and circulating tumor DNA (ctDNA) offer the possibility of non-invasive, real-time monitoring of treatment 
response and resistance [136]. Finally, PDTOs are emerging as a powerful platform for functional 
biomarker discovery. By testing a panel of repurposed drugs on a patient’s own organoids, one can directly 
assess sensitivity and identify “on/off” signals that correlate with response, enabling truly personalized 
combinatorial strategies [99]. The integration of multi-omics data with AI is not just about discovering new 
uses, but about building a comprehensive, multi-layered biomarker model that can guide patient selection 
from the bench to the bedside.

Optimization of novel drug delivery systems and combination strategies

To enhance the efficacy of repurposed drugs in cancer treatment and reduce systemic toxicity, the 
development of novel delivery systems is of utmost importance. Advanced technologies such as 
nanocarriers and antibody-drug conjugates can significantly improve the targeting and bioavailability of 
drugs in tumor tissues [157]. For instance, encapsulating repurposed drugs (e.g., NSAIDs, statins, or 
metformin) in functionalized nanoparticles can enhance their anti-tumor effects. This is attributed to the 
synergistic effects of nanocarrier functionalization, sustained drug release, and improved cellular uptake 
within tumors, thereby enabling the targeting of multiple cancer hallmarks [157]. In the treatment of lung 
cancer, radiolabeled drug delivery systems combined with imaging techniques such as positron emission 
tomography can achieve precise drug localization and real-time distribution monitoring, offering the 
possibility of personalized treatment strategies [158].

In addition to the innovation of delivery systems, optimizing combination therapy strategies is the key 
to attacking multiple vulnerable points of cancer and overcoming drug resistance. Exploring “three-drug” or 
“multi-drug” combination regimens has become a trend, aiming to systematically and synergistically attack 
tumors [159]. For example, in refractory tumors such as glioblastoma, the combined use of drugs such as 
metformin, epigallocatechin gallate, and temozolomide has demonstrated potential synergistic effects 
[160]. The concept of this combination strategy is also reflected in overcoming drug resistance in EGFR-
mutated cancers. Combining new-generation EGFR tyrosine kinase inhibitors with immunotherapy or anti-
angiogenic drugs is considered an important direction for improving patient prognosis [161].

Regarding the issue of multidrug resistance in lung cancer, the emerging treatment strategies are two-
pronged. On the one hand, new-generation targeted drugs (such as KRAS G12C inhibitors and bispecific 
antibodies) are being developed. On the other hand, existing drugs (such as statins and disulfiram) are 
repurposed to target non-oncogenic vulnerabilities associated with drug resistance (such as autophagy and 
metabolic reprogramming). These repurposed drugs can serve as chemotherapy sensitizers to enhance the 
efficacy of tyrosine kinase inhibitors and immunotherapy [162]. Artificial intelligence plays a central role in 
optimizing these combination strategies. It can utilize high-throughput multi-omics data to provide 
information for the rational design of combination therapies and promote oncology to go beyond the 
limitations of single-target therapies through drug discovery and repositioning, response prediction, and 
clinical trial optimization [159].

Strengthen interdisciplinary collaboration and real-world evidence collection

To promote the successful translation of “old drugs for new uses” in cancer combination therapies, it is 
urgent to strengthen interdisciplinary cooperation and systematically collect real-world evidence. This 
requires the establishment of a close collaborative network among oncologists, pharmacologists, 
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computational biologists, medicinal chemists, and regulatory agencies to jointly build shared data platforms 
and biobanks [163]. For example, the design and implementation of precision oncology platform trials 
(such as the POP trial) are a prime example of such interdisciplinary and multi-institutional cooperation. It 
provides targeted treatment opportunities based on molecular alterations for patients with advanced 
malignancies through a structure similar to a drug rediscovery protocol and integrates clinical research 
into cancer care [164].

At the data level, retrospective analysis using real-world big data (such as electronic health records and 
medical insurance databases) can provide preliminary efficacy signals for promising drug repurposing 
combinations, thereby guiding the design of prospective clinical trials [165]. Large-scale biobanks associate 
genomic data with electronic health record data, and the availability of various public databases containing 
biological and clinical information provides rich resources for drug repurposing research using genomic 
data [165]. Organizations such as the Italian Foundation for the Network of Cancer Biotherapy have held 
expert think-tank meetings to bring together the wisdom from multiple parties in the field of immuno-
oncology, review the current experience of immunotherapy, and plan new clinical studies. These meetings 
have emphasized the use of different methods such as artificial intelligence to find the most promising 
combination therapy partners [160].

In the aspect of clinical decision support, systems such as OncoPDSS integrate actionable evidence from 
multiple well-known resources. They can classify potentially effective and ineffective drug therapies 
centered on treatment based on the multi-omics alterations uploaded by users, and list relevant clinical 
trial information, thus assisting clinicians in making treatment decisions [166]. This closed-loop process 
from RWD to a structured knowledge base and then to clinical decision support has greatly accelerated the 
acquisition and application of precision oncology knowledge [163]. Ultimately, by strengthening 
cooperation and evidence collection, an iterative cycle from computational prediction, pre-clinical 
validation to real-world feedback can be constructed to continuously optimize the repositioning strategy, 
enabling it to benefit cancer patients more efficiently and safely.

Promote the regulatory and policy framework for “repurposing old drugs”

To fully exploit the potential of “repurposing old drugs” in cancer treatment, it is necessary to establish a 
corresponding regulatory and policy framework. Currently, the regulatory pathways are mainly targeted at 
new molecular entities. For the development of new indications for approved drugs, although the known 
safety data can accelerate the process, the evidence standards and approval procedures still need to be 
clarified and optimized [1]. Regulatory authorities need to develop flexible guidelines to recognize the 
research results based on real-world evidence, adaptive clinical trial designs, or biomarker-enriched 
populations, especially for refractory cancers with a limited number of patients [84]. At the policy level, 
data sharing should be encouraged, a public database containing drug repositioning candidate drugs should 
be established, and economic incentives such as tax incentives, R&D subsidies, or market exclusivity for 
new indications should be considered to attract pharmaceutical companies to invest [5]. Through 
regulatory science innovation and policy support, a more efficient and collaborative ecosystem can be built 
to accelerate the delivery of safe and effective “repurposing old drugs” solutions to cancer patients.

Reflections on translational failures

A critical and often overlooked question in drug repurposing is: why do many promising preclinical 
synergies fail to translate into clinical benefits? A systematic reflection on past failures reveals several 
recurring themes. First, the lack of robust predictive biomarkers is a primary culprit [69]. Without a tool to 
select patients whose tumors harbor the specific vulnerability being targeted, any potential efficacy signal 
is diluted in an unselected population. The failure of CQ/HCQ as an autophagy inhibitor in several phase II 
trials exemplifies this; despite robust preclinical evidence, the absence of a reliable biomarker to measure 
autophagy inhibition in patients made it impossible to confirm target engagement or optimize dosing [69]. 
Second, the reliance on simplistic preclinical models that do not recapitulate the complex human TME leads 
to an overestimation of efficacy. The immunosuppressive, hypoxic, and acidic TME can profoundly dampen 
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drug activity, a factor often missed in standard 2D cell culture. Third, inadequate clinical trial design, 
particularly the failure to account for the interaction between repurposed drugs and standard-of-care 
therapies (e.g., pharmacokinetic interactions), often results in unexpected toxicities or suboptimal drug 
exposure [147]. Finally, the heterogeneity of the patient population in terms of prior treatments, 
comorbidities, and performance status often creates a “noise” that obscures a genuine, yet modest, 
synergistic effect [147]. Moving forward, the integration of pharmacodynamic biomarkers, PDTO models 
for patient stratification, and adaptive trial designs is essential to de-risk the clinical translation of 
promising repurposed combinations and to ensure that a failure is genuinely due to a lack of efficacy, rather 
than a failure of the translational strategy itself.

Conclusions
The rise of the “repurposing old drugs” strategy in the field of cancer combination therapy marks a shift in 
the paradigm of cancer treatment from solely relying on the development of new drugs to the systematic 
integration that maximizes the value of existing drugs. From an expert’s perspective, the core value of this 
strategy lies not only in its high cost- and time-saving advantages but also in its profound reflection of the 
renewed understanding of the complexity of tumor biology. Tumors are not isolated entities; their 
occurrence and development are closely intertwined with the overall physiological and pathological 
networks of the body, including metabolism, immunity, nerves, and inflammation. Therefore, using non-
oncology drugs such as metabolic regulators, neuroactive drugs, and anti-inflammatory drugs for 
intervention is essentially a multi-dimensional reshaping of the “soil” on which tumors depend, thus 
forming a synergistic effect that complements the mechanisms of traditional therapies directly targeting 
tumor cells. This synergy goes beyond simple efficacy superposition and may break through the dilemma of 
drug resistance in existing therapies by interfering with metabolic dependence, reversing immune 
suppression, and inducing non-typical cell death such as ferroptosis.

However, translating this promising scientific concept into a clinical reality that benefits patients 
widely still requires a prudent balance between opportunities and challenges. On one hand, the integration 
of technologies such as patient-derived organoids, artificial intelligence, and multi-omics analysis is 
propelling drug repositioning into an era of “precision screening”, which is expected to identify patient 
subgroups most likely to benefit and discover predictive biomarkers. This is the key to overcoming 
heterogeneity in clinical translation. On the other hand, we must face its inherent obstacles: insufficient 
commercial incentives for off-patent drugs may impede large-scale, high-quality clinical trials; re-
evaluation of the known safety profile in the new context of combination therapy is crucial; and how to 
design sophisticated trials to confirm synergistic effects rather than simple additive effects.

Looking ahead, breakthroughs in this field will highly depend on the in-depth integration of multiple 
disciplines and technologies. Advances in computational biology, artificial intelligence, and machine 
learning models have made it possible to predict and optimize drug combinations from massive multi-
omics data. Meanwhile, adopting adaptive clinical trial designs and integrating reasonable biomarkers to 
drive patient selection is the only way to achieve precision and high efficiency in the “repurposing old 
drugs” strategy. Novel delivery systems such as nanotechnology can enhance the targeted accumulation of 
drugs at tumor sites, improve efficacy, and reduce systemic toxicity. Systematically collecting and analyzing 
real-world evidence to supplement the deficiencies of randomized controlled trials provides a dynamic and 
long-term evidence-based basis for the optimization of treatment strategies.

In summary, by systematically exploring and integrating existing drug resources and optimizing their 
applications with cutting-edge technologies, “repurposing old drugs” is expected to become a crucial engine 
for enriching the arsenal of cancer combination therapies and propelling tumor treatment into a more 
efficient and accessible new stage. Ultimately, with lower development costs and faster translation speeds, 
it will provide global cancer patients with more effective, accessible, and personalized combination therapy 
options. This is not only an innovation in the technological approach but also an important evolution in the 
concept of clinical practice.
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Looking forward, drug repurposing is positioned to expand rather than diminish in scope and impact. 
Several converging forces are actively clearing the historical financial and regulatory bottlenecks that have 
hindered this field. First, concerted efforts from governmental funding agencies and regulatory bodies are 
increasingly recognizing the value of drug repurposing, creating a more favorable environment for 
investment and innovation in this area. Second, regulatory frameworks are evolving to facilitate 
repurposing efforts, with initiatives aimed at updating labeling information and reducing uncertainty 
around existing drug use in new indications. Third, AI-driven high-throughput screening platforms and 
multi-omics integration are dramatically accelerating the identification of repurposing candidates, enabling 
systematic rather than serendipitous discovery [18, 100, 108, 151]. These developments, combined with 
the inherent cost and time advantages of repurposing over de novo drug development, suggest that the “old 
drugs for new uses” paradigm will become an increasingly integral component of the oncology therapeutic 
arsenal.

Abbreviations
AMPK: AMP-activated protein kinase

BBB: blood-brain barrier

CAFs: cancer-associated fibroblasts

CED: convection-enhanced delivery

CMap: Connectivity Map

CNS: central nervous system

COX-2: cyclooxygenase-2

CPS: combined positive score

CQ: chloroquine

CSCs: cancer stem cells

DLBCL: diffuse large B-cell lymphoma

ECM: extracellular matrix

EGFR-TKIs: epidermal growth factor receptor tyrosine kinase inhibitors

HCQ: hydroxychloroquine

HDACi: histone deacetylase inhibitors

HIF-1α: hypoxia-inducible factor-1α

MDSCs: myeloid-derived suppressor cells

mTOR: mechanistic target of rapamycin

ncRNA: non-coding RNA

NSAID: non-steroidal anti-inflammatory drug

NSCLC: non-small cell lung cancer

PARP: poly(ADP-ribose) polymerase

PD-L1: programmed death ligand 1

PDTO: patient-derived tumor organoid

PGE2: prostaglandin E2

P-gp: P-glycoprotein

PPP: public-private partnerships

ROS: reactive oxygen species



Explor Drug Sci. 2026;4:1008176 | https://doi.org/10.37349/eds.2026.1008176 Page 26

RWD: real-world data

TAMs: tumor-associated macrophages

TME: tumor microenvironment

Declarations
Author contributions

JY: Conceptualization, Writing—original draft, Writing—review & editing. XW: Conceptualization, 
Writing—original draft, Writing—review & editing. XZ: Investigation, Writing—review & editing. SZ: 
Investigation, Writing—review & editing. DX: Validation, Writing—review & editing. ZT: Validation, 
Writing—review & editing. ZY: Formal analysis, Writing—review & editing. CZ: Supervision, Project 
administration, Writing—review & editing, Funding acquisition. All authors read and approved the 
submitted version.

Conflicts of interest

The authors declare that they have no conflicts of interest.

Ethical approval

Not applicable.

Consent to participate

Not applicable.

Consent to publication

Not applicable.

Availability of data and materials

All data supporting the findings of this review are included within the article and its references.

Funding

This review article was conducted as part of a thesis project funded by Natural Science Foundation of the 
Higher Education Institutions of Anhui Province (2025AHGXZK30987), National university innovation and 
entrepreneurship training program (2025103668067, 202610368018, 202610368077), Anhui Province 
university innovation and entrepreneurship training program (S202510368021, S202510368118). The 
funders had no role in study design, data collection and analysis, decision to publish, or preparation of the 
manuscript.

Copyright

© The Author(s) 2026.

Publisher’s note
Open Exploration maintains a neutral stance on jurisdictional claims in published institutional affiliations 
and maps. All opinions expressed in this article are the personal views of the author(s) and do not 
represent the stance of the editorial team or the publisher.

References
Zhang Z, Zhou L, Xie N, Nice EC, Zhang T, Cui Y, et al. Overcoming cancer therapeutic bottleneck by 
drug repurposing. Signal Transduct Target Ther. 2020;5:113. [DOI] [PubMed] [PMC]

1.     

Kaushik I, Ramachandran S, Prasad S, Srivastava SK. Drug rechanneling: A novel paradigm for cancer 
treatment. Semin Cancer Biol. 2021;68:279–90. [DOI] [PubMed] [PMC]

2.     

https://dx.doi.org/10.1038/s41392-020-00213-8
http://www.ncbi.nlm.nih.gov/pubmed/32616710
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7331117
https://dx.doi.org/10.1016/j.semcancer.2020.03.011
http://www.ncbi.nlm.nih.gov/pubmed/32437876
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7786449


Explor Drug Sci. 2026;4:1008176 | https://doi.org/10.37349/eds.2026.1008176 Page 27

Cui W, Aouidate A, Wang S, Yu Q, Li Y, Yuan S. Discovering Anti-Cancer Drugs via Computational 
Methods. Front Pharmacol. 2020;11:733. [DOI] [PubMed] [PMC]

3.     

Rauf A, Joshi PB, Olatunde A, Hafeez N, Ahmad Z, Hemeg HA, et al. Comprehensive review of the 
repositioning of non-oncologic drugs for cancer immunotherapy. Med Oncol. 2024;41:122. [DOI] 
[PubMed]

4.     

Zhang M, Chen X, Radacsi N. New tricks of old drugs: Repurposing non-chemo drugs and dietary 
phytochemicals as adjuvants in anti-tumor therapies. J Control Release. 2021;329:96–120. [DOI] 
[PubMed]

5.     

Fu L, Jin W, Zhang J, Zhu L, Lu J, Zhen Y, et al. Repurposing non-oncology small-molecule drugs to 
improve cancer therapy: Current situation and future directions. Acta Pharm Sin B. 2022;12:532–57. 
[DOI] [PubMed] [PMC]

6.     

Correia AS, Gärtner F, Vale N. Drug combination and repurposing for cancer therapy: the example of 
breast cancer. Heliyon. 2021;7:e05948. [DOI] [PubMed] [PMC]

7.     

Tilija Pun N, Jeong CH. Statin as a Potential Chemotherapeutic Agent: Current Updates as a 
Monotherapy, Combination Therapy, and Treatment for Anti-Cancer Drug Resistance. 
Pharmaceuticals (Basel). 2021;14:470. [DOI] [PubMed] [PMC]

8.     

Tsubamoto H, Ueda T, Inoue K, Sakata K, Shibahara H, Sonoda T. Repurposing itraconazole as an 
anticancer agent. Oncol Lett. 2017;14:1240–6. [DOI] [PubMed] [PMC]

9.     

Duarte D, Guerreiro I, Vale N. Novel Strategies for Cancer Combat: Drug Combination Using 
Repurposed Drugs Induces Synergistic Growth Inhibition of MCF-7 Breast and HT-29 Colon Cancer 
Cells. Curr Issues Mol Biol. 2022;44:4930–49. [DOI] [PubMed] [PMC]

10.     

Duarte D, Vale N. Combining repurposed drugs to treat colorectal cancer. Drug Discov Today. 2022;
27:165–84. [DOI] [PubMed]

11.     

Al Khzem AH, Gomaa MS, Alturki MS, Tawfeeq N, Sarafroz M, Alonaizi SM, et al. Drug Repurposing for 
Cancer Treatment: A Comprehensive Review. Int J Mol Sci. 2024;25:12441. [DOI] [PubMed] [PMC]

12.     

Jourdan JP, Bureau R, Rochais C, Dallemagne P. Drug repositioning: a brief overview. J Pharm 
Pharmacol. 2020;72:1145–51. [DOI] [PubMed] [PMC]

13.     

Low ZY, Farouk IA, Lal SK. Drug Repositioning: New Approaches and Future Prospects for Life-
Debilitating Diseases and the COVID-19 Pandemic Outbreak. Viruses. 2020;12:1058. [DOI] [PubMed] 
[PMC]

14.     

Prosdocimi M, Zuccato C, Cosenza LC, Borgatti M, Lampronti I, Finotti A, et al. A Rational Approach to 
Drug Repositioning in β-thalassemia: Induction of Fetal Hemoglobin by Established Drugs. Wellcome 
Open Res. 2022;7:150. [DOI] [PubMed] [PMC]

15.     

Ma Z, Woon CY, Liu CG, Cheng JT, You M, Sethi G, et al. Repurposing Artemisinin and its Derivatives 
as Anticancer Drugs: A Chance or Challenge? Front Pharmacol. 2021;12:828856. [DOI] [PubMed] 
[PMC]

16.     

Schipper LJ, Zeverijn LJ, Garnett MJ, Voest EE. Can Drug Repurposing Accelerate Precision Oncology? 
Cancer Discov. 2022;12:1634–41. [DOI] [PubMed]

17.     

Yang F, Darsey JA, Ghosh A, Li HY, Yang MQ, Wang S. Artificial Intelligence and Cancer Drug 
Development. Recent Pat Anticancer Drug Discov. 2022;17:2–8. [DOI] [PubMed]

18.     

Nath J, Paul R, Ghosh SK, Paul J, Singha B, Debnath N. Drug repurposing and relabeling for cancer 
therapy: Emerging benzimidazole antihelminthics with potent anticancer effects. Life Sci. 2020;258:
118189. [DOI] [PubMed]

19.     

Lu SY, Fang DL, Zhao ZY, Zhu YQ, Liu ZD, Ma MJ, et al. Auranofin facilitates gemcitabine sensitivity by 
regulating TXNRD1-related ferroptosis in pancreatic ductal adenocarcinoma. Cancer Lett. 2025;634:
218058. [DOI] [PubMed]

20.     

Geng X, Wang F, Tian D, Huang L, Streator E, Zhu J, et al. Cardiac glycosides inhibit cancer through 
Na/K-ATPase-dependent cell death induction. Biochem Pharmacol. 2020;182:114226. [DOI] 
[PubMed] [PMC]

21.     

https://dx.doi.org/10.3389/fphar.2020.00733
http://www.ncbi.nlm.nih.gov/pubmed/32508653
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7251168
https://dx.doi.org/10.1007/s12032-024-02368-8
http://www.ncbi.nlm.nih.gov/pubmed/38652344
https://dx.doi.org/10.1016/j.jconrel.2020.11.047
http://www.ncbi.nlm.nih.gov/pubmed/33259852
https://dx.doi.org/10.1016/j.apsb.2021.09.006
http://www.ncbi.nlm.nih.gov/pubmed/35256933
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8897051
https://dx.doi.org/10.1016/j.heliyon.2021.e05948
http://www.ncbi.nlm.nih.gov/pubmed/33490692
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7810770
https://dx.doi.org/10.3390/ph14050470
http://www.ncbi.nlm.nih.gov/pubmed/34065757
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8156779
https://dx.doi.org/10.3892/ol.2017.6325
http://www.ncbi.nlm.nih.gov/pubmed/28789339
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5529765
https://dx.doi.org/10.3390/cimb44100335
http://www.ncbi.nlm.nih.gov/pubmed/36286050
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9601176
https://dx.doi.org/10.1016/j.drudis.2021.09.012
http://www.ncbi.nlm.nih.gov/pubmed/34592446
https://dx.doi.org/10.3390/ijms252212441
http://www.ncbi.nlm.nih.gov/pubmed/39596504
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC11595001
https://dx.doi.org/10.1111/jphp.13273
http://www.ncbi.nlm.nih.gov/pubmed/32301512
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7262062
https://dx.doi.org/10.3390/v12091058
http://www.ncbi.nlm.nih.gov/pubmed/32972027
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7551028
https://dx.doi.org/10.12688/wellcomeopenres.17845.3
http://www.ncbi.nlm.nih.gov/pubmed/36110836
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9453112
https://dx.doi.org/10.3389/fphar.2021.828856
http://www.ncbi.nlm.nih.gov/pubmed/35035355
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8758560
https://dx.doi.org/10.1158/2159-8290.cd-21-0612
http://www.ncbi.nlm.nih.gov/pubmed/35642948
https://dx.doi.org/10.2174/1574892816666210728123758
http://www.ncbi.nlm.nih.gov/pubmed/34323201
https://dx.doi.org/10.1016/j.lfs.2020.118189
http://www.ncbi.nlm.nih.gov/pubmed/32781060
https://dx.doi.org/10.1016/j.canlet.2025.218058
http://www.ncbi.nlm.nih.gov/pubmed/40983183
https://dx.doi.org/10.1016/j.bcp.2020.114226
http://www.ncbi.nlm.nih.gov/pubmed/32976831
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10206780


Explor Drug Sci. 2026;4:1008176 | https://doi.org/10.37349/eds.2026.1008176 Page 28

Parisi D, Adasme MF, Sveshnikova A, Bolz SN, Moreau Y, Schroeder M. Drug repositioning or target 
repositioning: A structural perspective of drug-target-indication relationship for available 
repurposed drugs. Comput Struct Biotechnol J. 2020;18:1043–55. [DOI] [PubMed] [PMC]

22.     

Lee S, Jeon S, Kim HS. A Study on Methodologies of Drug Repositioning Using Biomedical Big Data: A 
Focus on Diabetes Mellitus. Endocrinol Metab. 2022;37:195–207. [DOI] [PubMed] [PMC]

23.     

Badkas A, De Landtsheer S, Sauter T. Topological network measures for drug repositioning. Brief 
Bioinform. 2020;22:e22. [DOI] [PubMed] [PMC]

24.     

Song T, Wang G, Ding M, Rodriguez-Paton A, Wang X, Wang S. Network-Based Approaches for Drug 
Repositioning. Mol Inform. 2021;41:e2100200. [DOI] [PubMed]

25.     

Shah AH, Suter R, Gudoor P, Doucet-O’Hare TT, Stathias V, Cajigas I, et al. A multiparametric 
pharmacogenomic strategy for drug repositioning predicts therapeutic efficacy for glioblastoma cell 
lines. Neurooncol Adv. 2021;4:vdab192. [DOI] [PubMed] [PMC]

26.     

Yang C, Zhang H, Chen M, Wang S, Qian R, Zhang L, et al. A survey of optimal strategy for signature-
based drug repositioning and an application to liver cancer. eLife. 2022;11. [DOI] [PubMed] [PMC]

27.     

Kale MA, Shamkuwar PB, Mourya VK, Deshpande AB, Shelke PA. Drug Repositioning: A Unique 
Approach to Refurbish Drug Discovery. Curr Drug Discov Technol. 2022;19:e140122192307. [DOI] 
[PubMed]

28.     

Sharma B, Chauhan I, Pandey R, Tiwari RK, Kumar G, Singh GP. Repositioning Drugs: A 
Computational Approach. Curr Drug Res Rev. 2026;18:62–76. [DOI] [PubMed]

29.     

Rawat S, Subramaniam K, Subramanian SK, Subbarayan S, Dhanabalan S, Chidambaram SKM, et al. 
Drug Repositioning Using Computer-aided Drug Design (CADD). Curr Pharm Biotechnol. 2024;25:
301–12. [DOI] [PubMed]

30.     

Mirza Z, Karim S. Unraveling the Mystery of Energy-Sensing Enzymes and Signaling Pathways in 
Tumorigenesis and Their Potential as Therapeutic Targets for Cancer. Cells. 2024;13:1474. [DOI] 
[PubMed] [PMC]

31.     

Wei L, Hong B, Zhang X, Cao R, Huang L, Xu C, et al. Mitochondrial homeostasis in cancer: Functions 
and targeted therapies. Crit Rev Oncol Hematol. 2025;215:104899. [DOI] [PubMed]

32.     

Zhang L, Wei Y, Yuan S, Sun L. Targeting Mitochondrial Metabolic Reprogramming as a Potential 
Approach for Cancer Therapy. Int J Mol Sci. 2023;24:4954. [DOI] [PubMed] [PMC]

33.     

Ge Z, Xu J, Meng F, Sun M, He L, Fan Z, et al. Peptide Hydrogels for Renal Carcinoma Therapy via 
Synergistic Inhibition of Glycolysis and Mitochondrial Metabolism Reprogramming. ACS Appl Mater 
Interfaces. 2025;17:36487–96. [DOI] [PubMed]

34.     

Liu Y, Wang B, Zhu J, Xu X, Zhou B, Yang Y. Single-Atom Nanozyme with Asymmetric Electron 
Distribution for Tumor Catalytic Therapy by Disrupting Tumor Redox and Energy Metabolism 
Homeostasis. Adv Mater. 2023;35:e2208512. [DOI] [PubMed]

35.     

Zhang L, Qi J, Zhang X, Zhao X, An P, Luo Y, et al. The Regulatory Roles of Mitochondrial Calcium and 
the Mitochondrial Calcium Uniporter in Tumor Cells. Int J Mol Sci. 2022;23:6667. [DOI] [PubMed] 
[PMC]

36.     

Penugurti V, Mishra YG, Manavathi B. AMPK: An odyssey of a metabolic regulator, a tumor 
suppressor, and now a contextual oncogene. Biochim Biophys Acta Rev Cancer. 2022;1877:188785. 
[DOI] [PubMed]

37.     

Sui Q, Yang H, Hu Z, Jin X, Chen Z, Jiang W, et al. The Research Progress of Metformin Regulation of 
Metabolic Reprogramming in Malignant Tumors. Pharm Res. 2024;41:2143–59. [DOI] [PubMed]

38.     

Jeyavelkumaran R, Harikrishnan S, Ravishankar S, Panneerselvam S. Metformin as an 
immunometabolic modulator in breast cancer: integrating NK and NKT cell responses. 3 Biotech. 
2026;16:109. [DOI] [PubMed] [PMC]

39.     

Mu X, Xiang Z, Xu Y, He J, Lu J, Chen Y, et al. Glucose metabolism controls human γδ T-cell-mediated 
tumor immunosurveillance in diabetes. Cell Mol Immunol. 2022;19:944–56. [DOI] [PubMed] [PMC]

40.     

https://dx.doi.org/10.1016/j.csbj.2020.04.004
http://www.ncbi.nlm.nih.gov/pubmed/32419905
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7215100
https://dx.doi.org/10.3803/enm.2022.1404
http://www.ncbi.nlm.nih.gov/pubmed/35413782
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9081315
https://dx.doi.org/10.1093/bib/bbaa357
http://www.ncbi.nlm.nih.gov/pubmed/33348366
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8294518
https://dx.doi.org/10.1002/minf.202100200
http://www.ncbi.nlm.nih.gov/pubmed/34970871
https://dx.doi.org/10.1093/noajnl/vdab192
http://www.ncbi.nlm.nih.gov/pubmed/35118385
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8807341
https://dx.doi.org/10.7554/elife.71880
http://www.ncbi.nlm.nih.gov/pubmed/35191375
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8893721
https://dx.doi.org/10.2174/1570163818666210316114331
http://www.ncbi.nlm.nih.gov/pubmed/33726652
https://dx.doi.org/10.2174/0125899775365699250408091801
http://www.ncbi.nlm.nih.gov/pubmed/40264316
https://dx.doi.org/10.2174/1389201024666230821103601
http://www.ncbi.nlm.nih.gov/pubmed/37605405
https://dx.doi.org/10.3390/cells13171474
http://www.ncbi.nlm.nih.gov/pubmed/39273044
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC11394487
https://dx.doi.org/10.1016/j.critrevonc.2025.104899
http://www.ncbi.nlm.nih.gov/pubmed/40848819
https://dx.doi.org/10.3390/ijms24054954
http://www.ncbi.nlm.nih.gov/pubmed/36902385
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10003438
https://dx.doi.org/10.1021/acsami.5c06429
http://www.ncbi.nlm.nih.gov/pubmed/40518708
https://dx.doi.org/10.1002/adma.202208512
http://www.ncbi.nlm.nih.gov/pubmed/36373624
https://dx.doi.org/10.3390/ijms23126667
http://www.ncbi.nlm.nih.gov/pubmed/35743109
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9223557
https://dx.doi.org/10.1016/j.bbcan.2022.188785
http://www.ncbi.nlm.nih.gov/pubmed/36031088
https://dx.doi.org/10.1007/s11095-024-03783-2
http://www.ncbi.nlm.nih.gov/pubmed/39455505
https://dx.doi.org/10.1007/s13205-026-04744-9
http://www.ncbi.nlm.nih.gov/pubmed/41768419
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC12936279
https://dx.doi.org/10.1038/s41423-022-00894-x
http://www.ncbi.nlm.nih.gov/pubmed/35821253
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9338301


Explor Drug Sci. 2026;4:1008176 | https://doi.org/10.37349/eds.2026.1008176 Page 29

Dai Y, Wang J, Liu Y, Jiao G, Gu Y, Liu Y, et al. Universal Antibody-Engineered Lipid Nanoparticles 
Potentiate Chemo-Immunotherapy Against Triple-Negative Breast Cancer by Reprogramming 
Tumor Cell Metabolism. Adv Sci. 2026;13:e18468. [DOI] [PubMed] [PMC]

41.     

Lin YH. Crosstalk of lncRNA and Cellular Metabolism and Their Regulatory Mechanism in Cancer. Int 
J Mol Sci. 2020;21:2947. [DOI] [PubMed] [PMC]

42.     

Nunes M, Henriques Abreu M, Bartosch C, Ricardo S. Recycling the Purpose of Old Drugs to Treat 
Ovarian Cancer. Int J Mol Sci. 2020;21:7768. [DOI] [PubMed] [PMC]

43.     

Vázquez-Ibarra KC, Sánchez López JY, Pineda Razo TD, Cruz Lozano JR, Ortiz-Tamayo BG, Palafox-
Mariscal LA, et al. Metformin in combination with chemotherapy increases apoptosis in gastric 
cancer cells and counteracts senescence induced by chemotherapy. Oncol Lett. 2024;28:457. [DOI] 
[PubMed] [PMC]

44.     

Ikonomopoulou MP, Lopez-Mancheño Y, Novelle MG, Martinez-Uña M, Gangoda L, Pal M, et al. LXR 
stimulates a metabolic switch and reveals cholesterol homeostasis as a statin target in Tasmanian 
devil facial tumor disease. Cell Rep. 2021;34:108851. [DOI] [PubMed]

45.     

Dadgar T, Ebrahimi N, Gholipour AR, Akbari M, Khani L, Ahmadi A, et al. Targeting the metabolism of 
cancer stem cells by energy disruptor molecules. Crit Rev Oncol Hematol. 2022;169:103545. [DOI] 
[PubMed]

46.     

Bantug GR, Hess C. The immunometabolic ecosystem in cancer. Nat Immunol. 2023;24:2008–20. 
[DOI] [PubMed]

47.     

Hunt EG, Andrews AM, Larsen SR, Thaxton JE. The ER-Mitochondria Interface as a Dynamic Hub for 
T Cell Efficacy in Solid Tumors. Front Cell Dev Biol. 2022;10:867341. [DOI] [PubMed] [PMC]

48.     

Chen HY, Wu HL, Wang H, Li XG. Research progress on the role of glucose in regulating immune 
homeostasis. Zhonghua Yu Fang Yi Xue Za Zhi. 2023;57:1882–7. Chinese. [DOI] [PubMed]

49.     

Zhang ML, Jin WL. Dysregulated energy homeostasis at the crossroads of cancer-depression 
comorbidity: A brain-body-tumor interaction perspective. Cancer Lett. 2026;645:218351. [DOI] 
[PubMed]

50.     

Su P, Yu L, Mao X, Sun P. Role of HIF-1α/ERRα in Enhancing Cancer Cell Metabolism and Promoting 
Resistance of Endometrial Cancer Cells to Pyroptosis. Front Oncol. 2022;12:881252. [DOI] [PubMed] 
[PMC]

51.     

Zhou Y, Larnaudie A, Ghannam Y, Ollivier L, Gounane Y, Laville A, et al. Interactions of radiation 
therapy with common and innovative systemic treatments: Antidiabetic treatments, 
antihypertensives, lipid-lowering medications, immunosuppressive medications and other 
radiosensitizing methods. Cancer Radiother. 2022;26:979–86. [DOI] [PubMed]

52.     

Li MJ, Sun WS, Yuan Y, Zhang YK, Lu Q, Gao YZ, et al. Breviscapine remodels myocardial glucose and 
lipid metabolism by regulating serotonin to alleviate doxorubicin-induced cardiotoxicity. Front 
Pharmacol. 2022;13:930835. [DOI] [PubMed] [PMC]

53.     

Hamid O, Hamidi N. Enhancing immuno-oncology efficacy with H1-antihistamine in cancer therapy: 
a review of current research and findings. Curr Med Res Opin. 2024;40:2139–46. [DOI] [PubMed]

54.     

Mukhopadhyay S, Mahapatra KK, Praharaj PP, Patil S, Bhutia SK. Recent progress of autophagy 
signaling in tumor microenvironment and its targeting for possible cancer therapeutics. Semin 
Cancer Biol. 2022;85:196–208. [DOI] [PubMed]

55.     

Zhou L, Uemura T, Abbar B, Deng S. A narrative review of immunotherapy for non-small cell lung 
cancer: current progress, sensitization approaches, and synergistic strategies. Transl Lung Cancer 
Res. 2025;14:3249–69. [DOI] [PubMed] [PMC]

56.     

Jara-Gutiérrez Á, Baladrón V. The Role of Prostaglandins in Different Types of Cancer. Cells. 2021;10:
1487. [DOI] [PubMed] [PMC]

57.     

Ren S, Lu L, Su H, Li Z, Li S, Pan J, et al. Regulating arachidonic acid metabolism: a novel strategy to 
prevent colorectal inflammatory cancer transformation. J Cancer. 2025;16:4155–71. [DOI] [PubMed] 
[PMC]

58.     

https://dx.doi.org/10.1002/advs.202518468
http://www.ncbi.nlm.nih.gov/pubmed/41591256
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC13045483
https://dx.doi.org/10.3390/ijms21082947
http://www.ncbi.nlm.nih.gov/pubmed/32331347
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7215767
https://dx.doi.org/10.3390/ijms21207768
http://www.ncbi.nlm.nih.gov/pubmed/33092251
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7656306
https://dx.doi.org/10.3892/ol.2024.14590
http://www.ncbi.nlm.nih.gov/pubmed/39114572
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC11304395
https://dx.doi.org/10.1016/j.celrep.2021.108851
http://www.ncbi.nlm.nih.gov/pubmed/33730574
https://dx.doi.org/10.1016/j.critrevonc.2021.103545
http://www.ncbi.nlm.nih.gov/pubmed/34838705
https://dx.doi.org/10.1038/s41590-023-01675-y
http://www.ncbi.nlm.nih.gov/pubmed/38012409
https://dx.doi.org/10.3389/fcell.2022.867341
http://www.ncbi.nlm.nih.gov/pubmed/35573704
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9091306
https://dx.doi.org/10.3760/cma.j.cn112150-20221205-01178
http://www.ncbi.nlm.nih.gov/pubmed/38008581
https://dx.doi.org/10.1016/j.canlet.2026.218351
http://www.ncbi.nlm.nih.gov/pubmed/41748012
https://dx.doi.org/10.3389/fonc.2022.881252
http://www.ncbi.nlm.nih.gov/pubmed/35800058
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9253301
https://dx.doi.org/10.1016/j.canrad.2022.06.030
http://www.ncbi.nlm.nih.gov/pubmed/36028416
https://dx.doi.org/10.3389/fphar.2022.930835
http://www.ncbi.nlm.nih.gov/pubmed/36238546
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9551275
https://dx.doi.org/10.1080/03007995.2024.2427323
http://www.ncbi.nlm.nih.gov/pubmed/39503414
https://dx.doi.org/10.1016/j.semcancer.2021.09.003
http://www.ncbi.nlm.nih.gov/pubmed/34500075
https://dx.doi.org/10.21037/tlcr-2025-754
http://www.ncbi.nlm.nih.gov/pubmed/40948850
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC12432626
https://dx.doi.org/10.3390/cells10061487
http://www.ncbi.nlm.nih.gov/pubmed/34199169
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8231512
https://dx.doi.org/10.7150/jca.118694
http://www.ncbi.nlm.nih.gov/pubmed/41210682
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC12595249


Explor Drug Sci. 2026;4:1008176 | https://doi.org/10.37349/eds.2026.1008176 Page 30

Tripathi S, Sharma Y, Kumar D. Unveiling the link between chronic inflammation and cancer. Metab 
Open. 2025;25:100347. [DOI] [PubMed] [PMC]

59.     

Ni Y, Zhou X, Yang J, Shi H, Li H, Zhao X, et al. The Role of Tumor-Stroma Interactions in Drug 
Resistance Within Tumor Microenvironment. Front Cell Dev Biol. 2021;9:637675. [DOI] [PubMed] 
[PMC]

60.     

Gholamian Dehkordi N, Mirzaei SA, Elahian F. Pharmacodynamic mechanisms of anti-inflammatory 
drugs on the chemosensitization of multidrug-resistant cancers and the pharmacogenetics 
effectiveness. Inflammopharmacology. 2020;29:49–74. [DOI] [PubMed]

61.     

Maemoto Y, Shimizu Y, Katoh R, Ito A. Naturally occurring small molecule compounds that target 
histone deacetylases and their potential applications in cancer therapy. J Antibiot. 2021;74:667–76. 
[DOI] [PubMed]

62.     

Ramaiah MJ, Tangutur AD, Manyam RR. Epigenetic modulation and understanding of HDAC 
inhibitors in cancer therapy. Life Sci. 2021;277:119504. [DOI] [PubMed]

63.     

Wang P, Zhao H, Ren F, Zhao Q, Shi R, Liu X, et al. [Research Progress of Epigenetics in Pathogenesis 
and Treatment of Malignant Tumors]. Zhongguo Fei Ai Za Zhi. 2020;23:91–100. Chinese. [DOI] 
[PubMed] [PMC]

64.     

Yerlikaya A, Kanbur E, Stanley BA, Tümer E. The Ubiquitin-Proteasome Pathway and Epigenetic 
Modifications in Cancer. Anti-Cancer Agents Med Chem. 2020;21:20–32. [DOI] [PubMed]

65.     

Li J, Li Y, Fu L, Chen H, Du F, Wang Z, et al. Targeting ncRNAs to overcome metabolic 
reprogrammingmediated drug resistance in cancer (Review). Int J Oncol. 2025;66:1–29. [DOI] 
[PubMed] [PMC]

66.     

Wu Y, Gao W, Liu H. Role of metabolic reprogramming in drug resistance to epidermal growth factor 
tyrosine kinase inhibitors in non-small cell lung cancer. Zhong Nan Da Xue Xue Bao Yi Xue Ban. 2021;
46:545–51. Chinese. [DOI] [PubMed] [PMC]

67.     

Zdanowicz A, Grosicka-Maciąg E. The Interplay between Autophagy and Mitochondria in Cancer. Int J 
Mol Sci. 2024;25:9143. [DOI] [PubMed] [PMC]

68.     

Fong W, To KKW. Repurposing Chloroquine Analogs as an Adjuvant Cancer Therapy. Recent Pat 
Anticancer Drug Discov. 2021;16:204–21. [DOI] [PubMed]

69.     

De Sanctis JB, Charris J, Blanco Z, Ramírez H, Martínez GP, Mijares MR. Molecular Mechanisms of 
Chloroquine and Hydroxychloroquine Used in Cancer Therapy. Anticancer Agents Med Chem. 2023;
23:1122–44. [DOI] [PubMed]

70.     

Ragni M, Ruocco C, Nisoli E. Mitochondrial uncoupling, energy substrate utilization, and brown 
adipose tissue as therapeutic targets in cancer. NPJ Metab Health Dis. 2025;3:37. [DOI] [PubMed] 
[PMC]

71.     

Pi M, Kuang H, Yue C, Yang Q, Wu A, Li Y, et al. Targeting metabolism to overcome cancer drug 
resistance: A promising therapeutic strategy for diffuse large B cell lymphoma. Drug Resist Updates. 
2022;61:100822. [DOI] [PubMed]

72.     

Pan Z, Yu F, You W, Li F, Cui F, Guo J, et al. Peroxisomal lipid metabolism inhibits Pimozide-induced 
cancer cell death by regulating ATP homeostasis. Oncogenesis. 2025;14:31. [DOI] [PubMed] [PMC]

73.     

Pudova E, Kobelyatskaya A, Emelyanova M, Snezhkina A, Fedorova M, Pavlov V, et al. Non-Coding 
RNAs and the Development of Chemoresistance to Docetaxel in Prostate Cancer: Regulatory 
Interactions and Approaches Based on Machine Learning Methods. Life. 2023;13:2304. [DOI] 
[PubMed] [PMC]

74.     

Geeraerts SL, Kampen KR, Rinaldi G, Gupta P, Planque M, Louros N, et al. Repurposing the 
Antidepressant Sertraline as SHMT Inhibitor to Suppress Serine/Glycine Synthesis—Addicted Breast 
Tumor Growth. Mol Cancer Ther. 2021;20:50–63. [DOI] [PubMed] [PMC]

75.     

Davies A, Tomas A. Appreciating the potential for GPCR crosstalk with ion channels. Prog Mol Biol 
Transl Sci. 2023;195:101–20. [DOI] [PubMed]

76.     

https://dx.doi.org/10.1016/j.metop.2025.100347
http://www.ncbi.nlm.nih.gov/pubmed/39876904
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC11772974
https://dx.doi.org/10.3389/fcell.2021.637675
http://www.ncbi.nlm.nih.gov/pubmed/34095111
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8173135
https://dx.doi.org/10.1007/s10787-020-00765-9
http://www.ncbi.nlm.nih.gov/pubmed/33070257
https://dx.doi.org/10.1038/s41429-021-00459-6
http://www.ncbi.nlm.nih.gov/pubmed/34426659
https://dx.doi.org/10.1016/j.lfs.2021.119504
http://www.ncbi.nlm.nih.gov/pubmed/33872660
https://dx.doi.org/10.3779/j.issn.1009-3419.2020.02.04
http://www.ncbi.nlm.nih.gov/pubmed/32093453
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7049791
https://dx.doi.org/10.2174/1871520620666200811114159
http://www.ncbi.nlm.nih.gov/pubmed/32781973
https://dx.doi.org/10.3892/ijo.2025.5741
http://www.ncbi.nlm.nih.gov/pubmed/40116120
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC12002672
https://dx.doi.org/10.11817/j.issn.1672-7347.2021.200529
http://www.ncbi.nlm.nih.gov/pubmed/34148892
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10930213
https://dx.doi.org/10.3390/ijms25179143
http://www.ncbi.nlm.nih.gov/pubmed/39273093
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC11395105
https://dx.doi.org/10.2174/1574892815666210106111012
http://www.ncbi.nlm.nih.gov/pubmed/33413069
https://dx.doi.org/10.2174/1871520622666220519102948
http://www.ncbi.nlm.nih.gov/pubmed/35598250
https://dx.doi.org/10.1038/s44324-025-00080-3
http://www.ncbi.nlm.nih.gov/pubmed/40983641
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC12454651
https://dx.doi.org/10.1016/j.drup.2022.100822
http://www.ncbi.nlm.nih.gov/pubmed/35257981
https://dx.doi.org/10.1038/s41389-025-00575-0
http://www.ncbi.nlm.nih.gov/pubmed/40841534
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC12371041
https://dx.doi.org/10.3390/life13122304
http://www.ncbi.nlm.nih.gov/pubmed/38137905
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10744715
https://dx.doi.org/10.1158/1535-7163.mct-20-0480
http://www.ncbi.nlm.nih.gov/pubmed/33203732
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7611204
https://dx.doi.org/10.1016/bs.pmbts.2022.06.013
http://www.ncbi.nlm.nih.gov/pubmed/36707150


Explor Drug Sci. 2026;4:1008176 | https://doi.org/10.37349/eds.2026.1008176 Page 31

AlRawashdeh S, Mosa FES, Barakat KH. Computational insights into the mechanisms underlying 
structural destabilization and recovery in trafficking-deficient hERG mutants. Front Mol Biosci. 
2024;11:1341727. [DOI] [PubMed] [PMC]

77.     

Qiu Y, Ma C, Jiang N, Jiang D, Yu Z, Liu X, et al. A Silicon-Based Field-Effect Biosensor for Drug-
Induced Cardiac Extracellular Calcium Ion Change Detection. Biosensors. 2023;14:16. [DOI] 
[PubMed] [PMC]

78.     

Liu Q, Hu M, Li S, Zhang X, Zhang R, Lyu H, et al. TRPM channels in human cancers: regulatory 
mechanism and therapeutic prospects. Biomark Res. 2024;12:152. [DOI] [PubMed] [PMC]

79.     

Marini M, Titiz M, Souza Monteiro de Araújo D, Geppetti P, Nassini R, De Logu F. TRP Channels in 
Cancer: Signaling Mechanisms and Translational Approaches. Biomolecules. 2023;13:1557. [DOI] 
[PubMed] [PMC]

80.     

Pliushcheuskaya P, Künze G. Recent Advances in Computer-Aided Structure-Based Drug Design on 
Ion Channels. Int J Mol Sci. 2023;24:9226. [DOI] [PubMed] [PMC]

81.     

Amarger CD, Rabello MIS, Skaf SC, Moura F, Cassoli JPB, Taranto P, et al. Response to trastuzumab-
deruxtecan in metastatic triple-negative breast cancer with both HER2 mutation and low expression. 
Einstein (São Paulo). 2025;24:eRC1689. [DOI] [PubMed] [PMC]

82.     

Xiao S, Shi Y, Li R. Surgical treatment of IIIb (N2), ROS1(+) non-small cell lung cancer after 
neoadjuvant chemotherapy combined with targeted therapy: a case report. AME Case Rep. 2025;9:
83. [DOI] [PubMed] [PMC]

83.     

Zhang S, Huang Y, Chen M, Huang G, Zheng B, Chen C. Immunochemotherapy includes 
pembrolizumab for stage IIIB lung squamous cell carcinoma: a case report. Ann Transl Med. 2022;
10:1028. [DOI] [PubMed] [PMC]

84.     

Ngoi NYL, Westin SN, Yap TA. Targeting the DNA damage response beyond poly(ADP-ribose) 
polymerase inhibitors: novel agents and rational combinations. Curr Opin Oncol. 2022;34:559–69. 
[DOI] [PubMed] [PMC]

85.     

Kang B, Lee SJ, Seol KH, Jeong YY, Choi JH, Choi BH, et al. Trabectedin Induces Synthetic Lethality via 
the p53-Dependent Apoptotic Pathway in Ovarian Cancer Cells Without BRCA Mutations When Used 
in Combination with Niraparib. Int J Mol Sci. 2025;26:2921. [DOI] [PubMed] [PMC]

86.     

Tani M, Hatano K, Ishizuya Y, Oka T, Kanaki T, Inoguchi S, et al. Development of a Synthetic 
Lethality-Based Combination Therapy Using LIG1 and PARP Inhibitors for Prostate Cancer. Cancer 
Sci. 2025;116:3403–16. [DOI] [PubMed] [PMC]

87.     

Sun C, Jing W, Xiong G, Ma D, Lin Y, Lv X, et al. Inhibiting Src-mediated PARP1 tyrosine 
phosphorylation confers synthetic lethality to PARP1 inhibition in HCC. Cancer Lett. 2022;526:
180–92. [DOI] [PubMed]

88.     

Ye BJ, Li DF, Li XY, Hao JL, Liu DJ, Yu H, et al. Methylation synthetic lethality: Exploiting selective drug 
targets for cancer therapy. Cancer Lett. 2024;597:217010. [DOI] [PubMed]

89.     

Wang J, Wen Y, Zhang Y, Wang Z, Jiang Y, Dai C, et al. An interpretable artificial intelligence 
framework for designing synthetic lethality-based anti-cancer combination therapies. J Adv Res. 
2024;65:329–43. [DOI] [PubMed] [PMC]

90.     

Cai C, Zhang Q, Ye J, Yao S, Li Q, Fan Z, et al. Tumor microenvironment modulation innovates 
combinative cancer therapy via a versatile graphene oxide nanosystem. Biomater Sci. 2025;13:
3123–48. [DOI] [PubMed]

91.     

Tada A, Minami T, Kitai H, Higashiguchi Y, Tokuda M, Higashiyama T, et al. Combination therapy with 
anti-programmed cell death 1 antibody plus angiokinase inhibitor exerts synergistic antitumor effect 
against malignant mesothelioma via tumor microenvironment modulation. Lung Cancer. 2023;180:
107219. [DOI] [PubMed]

92.     

https://dx.doi.org/10.3389/fmolb.2024.1341727
http://www.ncbi.nlm.nih.gov/pubmed/39193219
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC11347279
https://dx.doi.org/10.3390/bios14010016
http://www.ncbi.nlm.nih.gov/pubmed/38248393
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10813757
https://dx.doi.org/10.1186/s40364-024-00699-2
http://www.ncbi.nlm.nih.gov/pubmed/39633507
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC11616203
https://dx.doi.org/10.3390/biom13101557
http://www.ncbi.nlm.nih.gov/pubmed/37892239
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10605459
https://dx.doi.org/10.3390/ijms24119226
http://www.ncbi.nlm.nih.gov/pubmed/37298178
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10253043
https://dx.doi.org/10.31744/einstein_journal/2026rc1689
http://www.ncbi.nlm.nih.gov/pubmed/41538481
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC12714068
https://dx.doi.org/10.21037/acr-24-151
http://www.ncbi.nlm.nih.gov/pubmed/40761203
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC12319613
https://dx.doi.org/10.21037/atm-22-3769
http://www.ncbi.nlm.nih.gov/pubmed/36267777
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9577729
https://dx.doi.org/10.1097/cco.0000000000000867
http://www.ncbi.nlm.nih.gov/pubmed/35787597
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9371461
https://dx.doi.org/10.3390/ijms26072921
http://www.ncbi.nlm.nih.gov/pubmed/40243501
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC11989182
https://dx.doi.org/10.1111/cas.70194
http://www.ncbi.nlm.nih.gov/pubmed/40957713
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC12666468
https://dx.doi.org/10.1016/j.canlet.2021.11.005
http://www.ncbi.nlm.nih.gov/pubmed/34762994
https://dx.doi.org/10.1016/j.canlet.2024.217010
http://www.ncbi.nlm.nih.gov/pubmed/38849016
https://dx.doi.org/10.1016/j.jare.2023.11.035
http://www.ncbi.nlm.nih.gov/pubmed/38043609
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC11519055
https://dx.doi.org/10.1039/d5bm00202h
http://www.ncbi.nlm.nih.gov/pubmed/40314424
https://dx.doi.org/10.1016/j.lungcan.2023.107219
http://www.ncbi.nlm.nih.gov/pubmed/37146474


Explor Drug Sci. 2026;4:1008176 | https://doi.org/10.37349/eds.2026.1008176 Page 32

Park SJ, Kweon S, Moyo MK, Kim HR, Choi JU, Lee NK, et al. Immune modulation of the liver 
metastatic colorectal cancer microenvironment via the oral CAPOX-mediated cGAS-STING pathway. 
Biomaterials. 2024;310:122625. [DOI] [PubMed]

93.     

Liu Y, Wang L, Wei F, Tian Y, Mou J, Yang S, et al. Modulation of hypoxia and redox in the solid tumor 
microenvironment with a catalytic nanoplatform to enhance combinational chemodynamic/
sonodynamic therapy. Biomater Sci. 2023;11:1739–53. [DOI] [PubMed]

94.     

Cheng X, Du XF, Long J, Nie Y, Du Y, Cheng L, et al. Multifunctional cisplatin-loaded polydopamine/
MnO2 nanomedicine circumvents drug resistant tumor microenvironment for enhanced chemo-
photothermal therapy. Colloids Surf B: Biointerfaces. 2026;262:115505. [DOI] [PubMed]

95.     

Zanker T, Sacco J, Prota J, Palma M, Viola Lee KA, Wang RR, et al. Medical Marijuana for Pain 
Management in Hospice Care as a Complementary Approach to Scheduled Opioids: A Single Arm 
Study. Am J Hosp Palliat Med. 2023;41:1002–10. [DOI] [PubMed]

96.     

Gilron I, Robb S, Tu D, Holden RR, Milev R, Towheed T. Combination analgesic development for 
enhanced clinical efficacy (the CADENCE trial): a double-blind, controlled trial of an alpha-lipoic 
acid–pregabalin combination for fibromyalgia pain. Pain. 2023;164:1783–92. [DOI] [PubMed]

97.     

Mancianti N, Tripodi SA, Pascucci A, Calatroni M, La Porta E, Guarnieri A, et al. Immunohistochemical 
Evaluation of Renal Biopsy with Anti-PD1 and p53 to Solve the Dilemma between Platinum- and 
Pembrolizumab-Induced AKI: Case Report and Review. J Clin Med. 2024;13:1828. [DOI] [PubMed] 
[PMC]

98.     

Deben C, Boullosa LF, Fortes FR, De La Hoz EC, Le Compte M, Seghers S, et al. Auranofin repurposing 
for lung and pancreatic cancer: low CA12 expression as a marker of sensitivity in patient-derived 
organoids, with potentiated efficacy by AKT inhibition. J Exp Clin Cancer Res. 2024;43:88. [DOI] 
[PubMed] [PMC]

99.     

Zarei P, Ghasemi F. The Application of Artificial Intelligence and Drug Repositioning for the 
Identification of Fibroblast Growth Factor Receptor Inhibitors: A Review. Adv Biomed Res. 2024;13:
9. [DOI] [PubMed] [PMC]

100.     

Yu K, Basu A, Yau C, Wolf DM, Goodarzi H, Bandyopadhyay S, et al. Computational drug repositioning 
for the identification of new agents to sensitize drug-resistant breast tumors across treatments and 
receptor subtypes. Front Oncol. 2023;13:1192208. [DOI] [PubMed] [PMC]

101.     

Flanary VL, Fisher JL, Wilk EJ, Howton TC, Lasseigne BN. Computational Advancements in Cancer 
Combination Therapy Prediction. JCO Precis Oncol. 2023;7:e2300261. [DOI] [PubMed] [PMC]

102.     

Shahab M, Waqas M, Fahira A, Sharma BP, Zhang H, Zheng G, et al. Machine learning-based screening 
and molecular simulations for discovering novel PARP-1 inhibitors targeting DNA repair 
mechanisms for breast cancer therapy. Mol Divers. 2025;29:3323–43. [DOI] [PubMed]

103.     

Pillai U J, Singh P, Maan M, Nidagodu Jayakumar M, Donakonda S, Iype E, et al. Drug repurposing 
identifies novel Wee1 kinase inhibitors for triple negative breast cancer therapeutics. Eur J Med 
Chem. 2026;302:118340. [DOI] [PubMed]

104.     

To KKW, Cho WC. Drug Repurposing to Circumvent Immune Checkpoint Inhibitor Resistance in 
Cancer Immunotherapy. Pharmaceutics. 2023;15:2166. [DOI] [PubMed] [PMC]

105.     

Angeli S, Neophytou C, Charalambous A, Voutouri C, Themistokleous P, Stylianopoulos T, et al. 
Modulating tumor mechanics and vascular barriers to enhance chemotherapy efficacy in pancreatic 
tumors and melanoma. J Control Release. 2026;390:114546. [DOI] [PubMed] [PMC]

106.     

Eckhart L, Lenhof K, Herrmann L, Rolli LM, Lenhof HP. How to predict effective drug combinations – 
moving beyond synergy scores. iScience. 2025;28:112622. [DOI] [PubMed] [PMC]

107.     

Tanoli Z, Vähä-Koskela M, Aittokallio T. Artificial intelligence, machine learning, and drug 
repurposing in cancer. Expert Opin Drug Discov. 2021;16:977–89. [DOI] [PubMed]

108.     

Golriz Khatami S, Mubeen S, Bharadhwaj VS, Kodamullil AT, Hofmann-Apitius M, Domingo-
Fernández D. Using predictive machine learning models for drug response simulation by calibrating 
patient-specific pathway signatures. NPJ Syst Biol Appl. 2021;7:40. [DOI] [PubMed] [PMC]

109.     

https://dx.doi.org/10.1016/j.biomaterials.2024.122625
http://www.ncbi.nlm.nih.gov/pubmed/38820768
https://dx.doi.org/10.1039/d2bm01251k
http://www.ncbi.nlm.nih.gov/pubmed/36648208
https://dx.doi.org/10.1016/j.colsurfb.2026.115505
http://www.ncbi.nlm.nih.gov/pubmed/41666770
https://dx.doi.org/10.1177/10499091231213359
http://www.ncbi.nlm.nih.gov/pubmed/38100655
https://dx.doi.org/10.1097/j.pain.0000000000002875
http://www.ncbi.nlm.nih.gov/pubmed/36877492
https://dx.doi.org/10.3390/jcm13071828
http://www.ncbi.nlm.nih.gov/pubmed/38610593
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC11012688
https://dx.doi.org/10.1186/s13046-024-03012-z
http://www.ncbi.nlm.nih.gov/pubmed/38515178
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10958863
https://dx.doi.org/10.4103/abr.abr_170_23
http://www.ncbi.nlm.nih.gov/pubmed/38525398
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10958741
https://dx.doi.org/10.3389/fonc.2023.1192208
http://www.ncbi.nlm.nih.gov/pubmed/37384294
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10294228
https://dx.doi.org/10.1200/po.23.00261
http://www.ncbi.nlm.nih.gov/pubmed/37824797
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC12012855
https://dx.doi.org/10.1007/s11030-025-11119-4
http://www.ncbi.nlm.nih.gov/pubmed/39899126
https://dx.doi.org/10.1016/j.ejmech.2025.118340
http://www.ncbi.nlm.nih.gov/pubmed/41240473
https://dx.doi.org/10.3390/pharmaceutics15082166
http://www.ncbi.nlm.nih.gov/pubmed/37631380
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10459070
https://dx.doi.org/10.1016/j.jconrel.2025.114546
http://www.ncbi.nlm.nih.gov/pubmed/41407207
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC12848565
https://dx.doi.org/10.1016/j.isci.2025.112622
http://www.ncbi.nlm.nih.gov/pubmed/40502690
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC12152377
https://dx.doi.org/10.1080/17460441.2021.1883585
http://www.ncbi.nlm.nih.gov/pubmed/33543671
https://dx.doi.org/10.1038/s41540-021-00199-1
http://www.ncbi.nlm.nih.gov/pubmed/34707117
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8551267


Explor Drug Sci. 2026;4:1008176 | https://doi.org/10.37349/eds.2026.1008176 Page 33

Anderson E, Havener TM, Zorn KM, Foil DH, Lane TR, Capuzzi SJ, et al. Synergistic drug combinations 
and machine learning for drug repurposing in chordoma. Sci Rep. 2020;10:12982. [DOI] [PubMed] 
[PMC]

110.     

Gao Y, Chen W, Zarogoulidis P, Yallapu MM, Nikolic MV, Vaishnani DK, et al. Multiomics and 
experimental validation reveal theophylline’s mechanism targeting IL1A/ACTB/TLR4 and identify 
synergistic drugs in hepatocellular carcinoma. J Pharmacol Exp Ther. 2026;393:103836. [DOI] 
[PubMed]

111.     

Meneceur S, Grunewald CM, Niegisch G, Hoffmann MJ. Epigenetic Priming and Development of New 
Combination Therapy Approaches. Methods Mol Biol. 2023;2684:259–81. [DOI] [PubMed]

112.     

Hu Q, Feng J, Qi L, Jin Y. Stromal Reprogramming Optimizes KRAS-Specific Chemotherapy Inducing 
Antitumor Immunity in Pancreatic Cancer. ACS Appl Mater Interfaces. 2024;16:61583–98. [DOI] 
[PubMed]

113.     

Amengual JE. Can we use epigenetics to prime chemoresistant lymphomas? Hematology. 2020;2020:
85–94. [DOI] [PubMed] [PMC]

114.     

Ocaña-Paredes B, Rivera-Orellana S, Ramírez-Sánchez D, Montalvo-Guerrero J, Freire MP, Espinoza-
Ferrao S, et al. The pharmacoepigenetic paradigm in cancer treatment. Front Pharmacol. 2024;15:
1381168. [DOI] [PubMed] [PMC]

115.     

Tripathi S, Gupta E, Galande S. Statins as anti-tumor agents: A paradigm for repurposed drugs. 
Cancer Rep. 2024;7:e2078. [DOI] [PubMed] [PMC]

116.     

Vickram S, Infant SS, Sivasubramanian M, Anbalagan S, Marimuthu MMC, Chopra H. Epigenetic 
modulation in cancer drug discovery: promising targets and clinical applications. Pharmacol Rep. 
2025;78:45–64. [DOI] [PubMed]

117.     

Farani MR, Sarlak M, Gholami A, Azaraian M, Binabaj MM, Kakavandi S, et al. Epigenetic drugs as new 
emerging therapeutics: What is the scale’s orientation of application and challenges? Pathol Res 
Pract. 2023;248:154688. [DOI] [PubMed]

118.     

Sofi S, Jan N, Masoodi G, Mir AA, Mir MA. Combating chemoresistance in breast cancer: exploring 
tumour microenvironment, combination therapies and drug repurposing strategies. J Drug Target. 
2025;34:336–57. [DOI] [PubMed]

119.     

Rastegar-Pouyani N, Abdolvahab MH, Farzin MA, Zare H, Kesharwani P, Sahebkar A. Targeting 
cancer-associated fibroblasts with pirfenidone: A novel approach for cancer therapy. Tissue Cell. 
2024;91:102624. [DOI] [PubMed]

120.     

Yuan Y, Liu J, Yu X, Liu X, Cheng Y, Zhou C, et al. Tumor-targeting pH/redox dual-responsive 
nanosystem epigenetically reverses cancer drug resistance by co-delivering doxorubicin and GCN5 
siRNA. Acta Biomater. 2021;135:556–66. [DOI] [PubMed]

121.     

Brown JR, Chan DK, Shank JJ, Griffith KA, Fan H, Szulawski R, et al. Phase II clinical trial of metformin 
as a cancer stem cell–targeting agent in ovarian cancer. JCI Insight. 2020;5:e5. [DOI] [PubMed] [PMC]

122.     

El-Khayat SM, Abouegylah M, Abdallah D, Geweil AG, Elenbaby AM, Zahra OS. The effect of metformin 
when combined with neoadjuvant chemotherapy in breast cancer patients. Med Oncol. 2021;39:1. 
[DOI] [PubMed]

123.     

Singh AR, Gu JJ, Zhang Q, Torka P, Sundaram S, Mavis C, et al. Metformin sensitizes therapeutic 
agents and improves outcome in pre-clinical and clinical diffuse large B-cell lymphoma. Cancer 
Metab. 2020;8:10. [DOI] [PubMed] [PMC]

124.     

Pelly VS, Moeini A, Roelofsen LM, Bonavita E, Bell CR, Hutton C, et al. Anti-Inflammatory Drugs 
Remodel the Tumor Immune Environment to Enhance Immune Checkpoint Blockade Efficacy. 
Cancer Discov. 2021;11:2602–19. [DOI] [PubMed] [PMC]

125.     

Cecil DL, Gad EA, Corulli LR, Drovetto N, Lubet RA, Disis ML. COX-2 Inhibitors Decrease Expression of 
PD-L1 in Colon Tumors and Increase the Influx of Type I Tumor-infiltrating Lymphocytes. Cancer 
Prev Res. 2022;15:225–31. [DOI] [PubMed] [PMC]

126.     

https://dx.doi.org/10.1038/s41598-020-70026-w
http://www.ncbi.nlm.nih.gov/pubmed/32737414
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7395084
https://dx.doi.org/10.1016/j.jpet.2026.103836
http://www.ncbi.nlm.nih.gov/pubmed/41763175
https://dx.doi.org/10.1007/978-1-0716-3291-8_16
http://www.ncbi.nlm.nih.gov/pubmed/37410240
https://dx.doi.org/10.1021/acsami.4c10404
http://www.ncbi.nlm.nih.gov/pubmed/39480275
https://dx.doi.org/10.1182/hematology.2020000092
http://www.ncbi.nlm.nih.gov/pubmed/33275728
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7727522
https://dx.doi.org/10.3389/fphar.2024.1381168
http://www.ncbi.nlm.nih.gov/pubmed/38720770
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC11076712
https://dx.doi.org/10.1002/cnr2.2078
http://www.ncbi.nlm.nih.gov/pubmed/38711272
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC11074523
https://dx.doi.org/10.1007/s43440-025-00770-1
http://www.ncbi.nlm.nih.gov/pubmed/40890561
https://dx.doi.org/10.1016/j.prp.2023.154688
http://www.ncbi.nlm.nih.gov/pubmed/37494800
https://dx.doi.org/10.1080/1061186x.2025.2550589
http://www.ncbi.nlm.nih.gov/pubmed/40838744
https://dx.doi.org/10.1016/j.tice.2024.102624
http://www.ncbi.nlm.nih.gov/pubmed/39581071
https://dx.doi.org/10.1016/j.actbio.2021.09.002
http://www.ncbi.nlm.nih.gov/pubmed/34496281
https://dx.doi.org/10.1172/jci.insight.133247
http://www.ncbi.nlm.nih.gov/pubmed/32369446
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7308054
https://dx.doi.org/10.1007/s12032-021-01599-3
http://www.ncbi.nlm.nih.gov/pubmed/34739637
https://dx.doi.org/10.1186/s40170-020-00213-w
http://www.ncbi.nlm.nih.gov/pubmed/32647571
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7336499
https://dx.doi.org/10.1158/2159-8290.cd-20-1815
http://www.ncbi.nlm.nih.gov/pubmed/34031121
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7611767
https://dx.doi.org/10.1158/1940-6207.capr-21-0227
http://www.ncbi.nlm.nih.gov/pubmed/34987061
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8983455


Explor Drug Sci. 2026;4:1008176 | https://doi.org/10.37349/eds.2026.1008176 Page 34

Yamada J, Fukui T, Yatani A, Mimura C, Fukuda K, Hazama D, et al. Impact of concurrent medications 
on the outcome of immunotherapy in non-small cell lung carcinoma. Thorac Cancer. 2024;15:
1228–36. [DOI] [PubMed] [PMC]

127.     

Skouras P, Markouli M, Strepkos D, Piperi C. Advances on Epigenetic Drugs for Pediatric Brain 
Tumors. Curr Neuropharmacol. 2023;21:1519–35. [DOI] [PubMed] [PMC]

128.     

Dhanush Y, Ganesh VS. Non-oncologic to oncologic drug: A systematic review of drug repurposing in 
cancer. Cancer Chemother Pharmacol. 2025;95:91. [DOI] [PubMed]

129.     

Liu M, Wang Y, Chen X, Zeng Y, Huang W, Yang J, et al. A novel approach to enhance glioblastoma 
multiforme treatment efficacy: non-coding RNA targeted therapy and adjuvant approaches. Clin 
Epigenetics. 2025;17:108. [DOI] [PubMed] [PMC]

130.     

Meleiro M, Henrique R. Epigenetic Alterations in Glioblastoma Multiforme as Novel Therapeutic 
Targets: A Scoping Review. Int J Mol Sci. 2025;26:5634. [DOI] [PubMed] [PMC]

131.     

Zhang J, Mao J, Hu Y, Huang X, You J, Luo L. Metformin-Sensitized Chemotherapy of Docetaxel 
Nanoemulsions Based on a Sequential Administration. Pharmaceutics. 2025;17:812. [DOI] [PubMed] 
[PMC]

132.     

Kaur G, Sinha N, Vale N, Mendes RA. Targeted Therapies in Oral and Oropharyngeal Cancer: An 
Overview of Emerging and Repurposed Agents. Cancers. 2025;17:3761. [DOI] [PubMed] [PMC]

133.     

Baldi S, Alnaggar M, Al-Mogahed M, Khalil KAA, Zhan X. Monoclonal antibody immune therapy 
response instrument for stratification and cost-effective personalized approaches in 3PM-guided 
pan cancer management. EPMA J. 2025;16:465–503. [DOI] [PubMed] [PMC]

134.     

Taoum C, Devaux A, Rouanet P, Colombo PE, Boucher D, Bonnet M. Gut microbiota and 
chemoradiotherapy response in rectal cancer: Biomarker opportunities. Crit Rev Oncol Hematol. 
2025;216:104974. [DOI] [PubMed]

135.     

Liu X, Wang P, Liu G. NRI and SIRI are the optimal combinations for prognostic risk stratification in 
patients with non-small cell lung cancer after EGFR-TKI therapy. Clin Transl Oncol. 2024;27:
1529–38. [DOI] [PubMed] [PMC]

136.     

Gerratana L, Kocherginsky M, Davis AA, D'Amico P, Reduzzi C, Puglisi F, et al. Circulating Tumor Cells 
Prediction in Hormone Receptor Positive HER2-Negative Advanced Breast Cancer: A Retrospective 
Analysis of the MONARCH 2 Trial. Oncologist. 2023;29:123–31. [DOI] [PubMed] [PMC]

137.     

Corsello SM, Nagari RT, Spangler RD, Rossen J, Kocak M, Bryan JG, et al. Discovering the anticancer 
potential of non-oncology drugs by systematic viability profiling. Nat Cancer. 2020;1:235–48. [DOI] 
[PubMed] [PMC]

138.     

Sakis N, Slone M, Michaan N, Ben-Eliyahu S. Advancing the human right to health in cancer care 
through drug repurposing strategies. Int J Equity Health. 2025;24:227. [DOI] [PubMed] [PMC]

139.     

McMahon A, Chen W, Li F. Old wine in new bottles: Advanced drug delivery systems for disulfiram-
based cancer therapy. J Control Release. 2020;319:352–9. [DOI] [PubMed]

140.     

Zhang HL, Lin Z, Zhang Y. Developments in research and commercialization of PI3K and AKT targets: 
a patent-based landscape. Pharm Pat Anal. 2025;13:217–24. [DOI] [PubMed] [PMC]

141.     

Okamoto K, Saito Y, Yamaguchi A, Narumi K, Kobayashi M. Relationship between magnesium dosage 
and the preventive effect on cisplatin-induced nephrotoxicity: meta-analysis and meta-regression 
analysis. Int J Clin Oncol. 2024;29:1817–24. [DOI] [PubMed]

142.     

Liu T, Su M, Wang Y, Gao A, Jiang K, Xu L, et al. A patent review of CHK1 inhibitors (2019 – present). 
Expert Opin Ther Pat. 2025;35:915–31. [DOI] [PubMed]

143.     

Shukla YK, Vandana, Mandal V, Asati V, Keservani RK, Bharti SK. An updated patent review on 
rational combinations of HDAC inhibitors for cancer chemotherapy (2020 – present): part 2-patent 
published. Expert Opin Ther Pat. 2025;35:875–900. [DOI] [PubMed]

144.     

Shukla YK, Vandana, Mandal V, Asati V, Keservani RK, Bharti SK. An updated patent review on 
rational combinations of HDAC inhibitors for cancer chemotherapy (2020 – present): part 1-patent 
granted. Expert Opin Ther Pat. 2025;35:1001–38. [DOI] [PubMed]

145.     

https://dx.doi.org/10.1111/1759-7714.15294
http://www.ncbi.nlm.nih.gov/pubmed/38622898
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC11128370
https://dx.doi.org/10.2174/1570159x20666220922150456
http://www.ncbi.nlm.nih.gov/pubmed/36154607
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10472812
https://dx.doi.org/10.1007/s00280-025-04822-4
http://www.ncbi.nlm.nih.gov/pubmed/41014361
https://dx.doi.org/10.1186/s13148-025-01900-5
http://www.ncbi.nlm.nih.gov/pubmed/40544306
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC12181852
https://dx.doi.org/10.3390/ijms26125634
http://www.ncbi.nlm.nih.gov/pubmed/40565099
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC12192589
https://dx.doi.org/10.3390/pharmaceutics17070812
http://www.ncbi.nlm.nih.gov/pubmed/40733021
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC12298434
https://dx.doi.org/10.3390/cancers17233761
http://www.ncbi.nlm.nih.gov/pubmed/41374963
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC12691468
https://dx.doi.org/10.1007/s13167-025-00403-w
http://www.ncbi.nlm.nih.gov/pubmed/40438490
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC12106254
https://dx.doi.org/10.1016/j.critrevonc.2025.104974
http://www.ncbi.nlm.nih.gov/pubmed/41038411
https://dx.doi.org/10.1007/s12094-024-03735-7
http://www.ncbi.nlm.nih.gov/pubmed/39304598
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC12000150
https://dx.doi.org/10.1093/oncolo/oyad293
http://www.ncbi.nlm.nih.gov/pubmed/37935631
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10836323
https://dx.doi.org/10.1038/s43018-019-0018-6
http://www.ncbi.nlm.nih.gov/pubmed/32613204
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7328899
https://dx.doi.org/10.1186/s12939-025-02598-w
http://www.ncbi.nlm.nih.gov/pubmed/40842013
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC12369116
https://dx.doi.org/10.1016/j.jconrel.2020.01.001
http://www.ncbi.nlm.nih.gov/pubmed/31911155
https://dx.doi.org/10.1080/20468954.2025.2470102
http://www.ncbi.nlm.nih.gov/pubmed/39993965
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC12367088
https://dx.doi.org/10.1007/s10147-024-02629-6
http://www.ncbi.nlm.nih.gov/pubmed/39317811
https://dx.doi.org/10.1080/13543776.2025.2545792
http://www.ncbi.nlm.nih.gov/pubmed/40820497
https://dx.doi.org/10.1080/13543776.2025.2516785
http://www.ncbi.nlm.nih.gov/pubmed/40474435
https://dx.doi.org/10.1080/13543776.2025.2546595
http://www.ncbi.nlm.nih.gov/pubmed/40792589


Explor Drug Sci. 2026;4:1008176 | https://doi.org/10.37349/eds.2026.1008176 Page 35

Hong K, Nugent B, Bandukwala A, Schuck R, Tomita Y, Pepe S, et al. Pivotal trial characteristics and 
types of endpoints used to support Food and Drug Administration rare disease drug approvals 
between 2013 and 2022. Clin Trials. 2025;22:352–60. [DOI] [PubMed]

146.     

Tanoli Z, Fernández-Torras A, Özcan UO, Kushnir A, Nader KM, Gadiya Y, et al. Computational drug 
repurposing: approaches, evaluation of in silico resources and case studies. Nat Rev Drug Discov. 
2025;24:521–42. [DOI] [PubMed]

147.     

Yao S, Shang Q, Ouyang M, Zhou H, Yao Z, Liu Y, et al. Designing Single-Arm Clinical Trials: Principles, 
Applications, and Methodological Considerations. Ann Clin Epidemiol. 2025;7:90–8. [DOI] [PubMed] 
[PMC]

148.     

Bhadana R, Rani V. A Patent Review on Cardiotoxicity of Anticancerous Drugs. Cardiovasc Hematol 
Agents Med Chem. 2024;22:28–39. [DOI] [PubMed]

149.     

Sohail M, Sun Z, Li Y, Gu X, Xu H. Research progress in strategies to improve the efficacy and safety of 
doxorubicin for cancer chemotherapy. Expert Rev Anticancer Ther. 2021;21:1385–98. [DOI] 
[PubMed]

150.     

Salvati A, Melone V, Giordano A, Lamberti J, Palumbo D, Palo L, et al. Multi-omics based and AI-driven 
drug repositioning for epigenetic therapy in female malignancies. J Transl Med. 2025;23:837. [DOI] 
[PubMed] [PMC]

151.     

Ding J, Blencowe M, Nghiem T, Ha SM, Chen YW, Li G, et al. Mergeomics 2.0: a web server for multi-
omics data integration to elucidate disease networks and predict therapeutics. Nucleic Acids Res. 
2021;49:W375–87. [DOI] [PubMed] [PMC]

152.     

Lee SY, Song MY, Lee YR, An JH. SIMD: Synergistic integration mutualistic platform based on single-
cell and proteotranscriptomics for drug repositioning. NPJ Breast Cancer. 2025;12:4. [DOI] [PubMed] 
[PMC]

153.     

Jhee JH, Lee H, Kim H, Song MY, An JH, Shin H, et al. BTOB-T: Bilateral orchesTrated deep learning 
framework based on proteogenOmics for drug-repositioning of Breast cancer Treatment. Comput 
Biol Med. 2025;199:111287. [DOI] [PubMed]

154.     

Ohnuki Y, Akiyama M, Sakakibara Y. Deep learning of multimodal networks with topological 
regularization for drug repositioning. J Cheminformatics. 2024;16:103. [DOI] [PubMed] [PMC]

155.     

Abdelsayed M. AI-Driven Polypharmacology in Small-Molecule Drug Discovery. Int J Mol Sci. 2025;
26:6996. [DOI] [PubMed] [PMC]

156.     

Elmahboub Y, Albash R, Ahmed S, Salah S. The Road to Precision Nanomedicine: An Insight on Drug 
Repurposing and Advances in Nanoformulations for Treatment of Cancer. AAPS PharmSciTech. 
2025;26:237. [DOI] [PubMed]

157.     

Ekinci M, Magne TM, Alencar LMR, Fechine PBA, Santos-Oliveira R, Ilem-Özdemir D. Molecular 
Imaging for Lung Cancer: Exploring Small Molecules, Peptides, and Beyond in Radiolabeled 
Diagnostics. Pharmaceutics. 2024;16:404. [DOI] [PubMed] [PMC]

158.     

Di Mauro A, Berretta M, Santorsola M, Ferrara G, Picone C, Savarese G, et al. Towards Post-Genomic 
Oncology: Embracing Cancer Complexity via Artificial Intelligence, Multi-Targeted Therapeutics, 
Drug Repurposing, and Innovative Study Designs. Int J Mol Sci. 2025;26:7723. [DOI] [PubMed] [PMC]

159.     

Maio M, Lahn M, Di Giacomo AM, Covre A, Calabrò L, Ibrahim R, et al. A vision of immuno-oncology: 
the Siena think tank of the Italian network for tumor biotherapy (NIBIT) foundation. J Exp Clin 
Cancer Res. 2021;40:240. [DOI] [PubMed] [PMC]

160.     

Naykwadi H, Alavala RR. Overcoming Resistance in EGFR-Mutant Cancers: A Comprehensive Review 
of Inhibitor Evolution and SAR-Based Design. Drug Dev Res. 2026;87:e70220. [DOI] [PubMed]

161.     

Solanki N, Shah P, Kewalramani S, Shah U, Patel M, Patel S, et al. Emerging Anti-Cancer and 
Repurposed Therapies for Overcoming Multidrug Resistance in Lung Cancer. Med Oncol. 2025;43:
100. [DOI] [PubMed]

162.     

Fountzilas E, Tsimberidou AM, Vo HH, Kurzrock R. Clinical trial design in the era of precision 
medicine. Genome Med. 2022;14:101. [DOI] [PubMed] [PMC]

163.     

https://dx.doi.org/10.1177/17407745241309318
http://www.ncbi.nlm.nih.gov/pubmed/39862118
https://dx.doi.org/10.1038/s41573-025-01164-x
http://www.ncbi.nlm.nih.gov/pubmed/40102635
https://dx.doi.org/10.37737/ace.25011
http://www.ncbi.nlm.nih.gov/pubmed/40697795
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC12279405
https://dx.doi.org/10.2174/1871525721666230120155734
http://www.ncbi.nlm.nih.gov/pubmed/36683367
https://dx.doi.org/10.1080/14737140.2021.1991316
http://www.ncbi.nlm.nih.gov/pubmed/34636282
https://dx.doi.org/10.1186/s12967-025-06856-x
http://www.ncbi.nlm.nih.gov/pubmed/40713639
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC12297790
https://dx.doi.org/10.1093/nar/gkab405
http://www.ncbi.nlm.nih.gov/pubmed/34048577
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8262738
https://dx.doi.org/10.1038/s41523-025-00869-x
http://www.ncbi.nlm.nih.gov/pubmed/41444222
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC12779986
https://dx.doi.org/10.1016/j.compbiomed.2025.111287
http://www.ncbi.nlm.nih.gov/pubmed/41237504
https://dx.doi.org/10.1186/s13321-024-00897-y
http://www.ncbi.nlm.nih.gov/pubmed/39180095
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC11342530
https://dx.doi.org/10.3390/ijms26146996
http://www.ncbi.nlm.nih.gov/pubmed/40725243
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC12295758
https://dx.doi.org/10.1208/s12249-025-03233-1
http://www.ncbi.nlm.nih.gov/pubmed/41053454
https://dx.doi.org/10.3390/pharmaceutics16030404
http://www.ncbi.nlm.nih.gov/pubmed/38543298
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10974586
https://dx.doi.org/10.3390/ijms26167723
http://www.ncbi.nlm.nih.gov/pubmed/40869045
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC12387099
https://dx.doi.org/10.1186/s13046-021-02023-4
http://www.ncbi.nlm.nih.gov/pubmed/34301276
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8298945
https://dx.doi.org/10.1002/ddr.70220
http://www.ncbi.nlm.nih.gov/pubmed/41486501
https://dx.doi.org/10.1007/s12032-025-03208-z
http://www.ncbi.nlm.nih.gov/pubmed/41452570
https://dx.doi.org/10.1186/s13073-022-01102-1
http://www.ncbi.nlm.nih.gov/pubmed/36045401
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9428375


Explor Drug Sci. 2026;4:1008176 | https://doi.org/10.37349/eds.2026.1008176 Page 36

Mainoli B, Assis J, Dinis J, Henrique R, Oliveira J. Pioneering the implementation of a precision 
oncology strategy in Portugal: the Precision Oncology Platform trial. Acta Oncol. 2024;63:482–6. 
[DOI] [PubMed] [PMC]

164.     

Wang L, Lu Y, Li D, Zhou Y, Yu L, Mesa Eguiagaray I, et al. The landscape of the methodology in drug 
repurposing using human genomic data: a systematic review. Brief Bioinform. 2024;25:e25. [DOI] 
[PubMed] [PMC]

165.     

Xu Q, Zhai JC, Huo CQ, Li Y, Dong XJ, Li DF, et al. OncoPDSS: an evidence-based clinical decision 
support system for oncology pharmacotherapy at the individual level. BMC Cancer. 2020;20:740. 
[DOI] [PubMed] [PMC]

166.     

https://dx.doi.org/10.2340/1651-226x.2023.33322
http://www.ncbi.nlm.nih.gov/pubmed/38910310
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC11332531
https://dx.doi.org/10.1093/bib/bbad527
http://www.ncbi.nlm.nih.gov/pubmed/38279645
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10818097
https://dx.doi.org/10.1186/s12885-020-07221-5
http://www.ncbi.nlm.nih.gov/pubmed/32770988
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7414679

	Abstract
	Keywords
	Introduction
	Search strategy and methodology
	The scientific basis and advantages of the “repurposing old drugs” strategy
	Core concepts and historical evolution of drug repurposing
	Remarkable advantages compared to new drug R&D: cost, time, and safety
	Utilizing the multi-target properties and synergistic treatment potential
	Strategies for driving repositioning discoveries: computational biology, phenotypic screening, and clinical observation

	Key mechanisms of action of non-oncological drugs in cancer
	Targeting tumor metabolism and energy homeostasis
	Theoretical basis of tumor metabolic reprogramming and intervention
	Hypoglycemic drugs: taking metformin as an example
	Regulation of the AMPK/mechanistic target of rapamycin (mTOR) signaling pathway
	Effects on the TME and immune cell function
	Synergistic effect with chemotherapy

	Statins

	Regulation of the TME and immune response
	Theoretical basis for the regulation of the TME
	β-Blockers
	Antihistamines
	Non-steroidal anti-inflammatory drugs (NSAIDs) and glucocorticoids
	Inhibit the cyclooxygenase-2 (COX-2)/prostaglandin E2 (PGE2) pathway
	Regulate immunosuppressive cells


	Intervening in epigenetic regulation: rediscovery of histone deacetylase inhibitors (HDACi, e.g., valproic acid)
	Inducing cell death and overcoming drug resistance
	Overview of drug resistance mechanisms and intervention strategies
	Antimalarial drugs (e.g., artesunate, CQ/hydroxychloroquine [HCQ])
	CNS Drugs

	Effects on ion channels and cell signaling: the anticancer potential of cardiovascular drugs (e.g., digoxin, verapamil)
	Summary of repurposed non-oncology drugs in cancer combination therapy

	Construction principles and strategies of synergistic combination therapy
	Complementary mechanism-based synergy: simultaneously blocking upstream and downstream or parallel pathways
	Synthetic lethal synergism: exploiting tumor-specific vulnerabilities
	Microenvironment-modulating synergy: enhancing drug delivery and immune response
	Toxicity-mitigating synergy: reducing the side effects of the primary therapy

	Screening and validation strategies for drug repositioning
	Computational and data-driven discovery methods
	Application of PDTO models
	Integration from mechanistic research to population evidence

	Preclinical and clinical progress of representative combination therapies
	Combination of epigenetic modulators and chemotherapy
	Repositioning of targeted CAFs
	Representative cases of drug combinations in clinical research
	Trials of metformin combined with chemotherapy/targeted therapy in various solid tumors
	Exploration of antidepressants (such as sertraline) and targeted therapies in leukemia
	Combination of NSAIDs and immune checkpoint inhibitors
	Critical analysis of clinical trials: lessons from CQ/HCQ

	Repurposing for CNS tumors
	From clinical observation to confirmatory trials: lessons from successes and failures and the crucial role of biomarkers

	Challenges and translational barriers
	Obstacles in intellectual property and commercial development
	Determination of the optimal dose and dosing regimen: anti-cancer dose vs. dose for the original indication
	Complexity of clinical trial design: endpoint selection and patient population
	Reassessment of off-target effects and safety

	Future development directions and prospects
	Precision repositioning through the integration of artificial intelligence and multi-omics
	Optimization of novel drug delivery systems and combination strategies
	Strengthen interdisciplinary collaboration and real-world evidence collection
	Promote the regulatory and policy framework for “repurposing old drugs”
	Reflections on translational failures

	Conclusions
	Abbreviations
	Declarations
	Author contributions
	Conflicts of interest
	Ethical approval
	Consent to participate
	Consent to publication
	Availability of data and materials
	Funding
	Copyright

	Publisher’s note
	References

