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Abstract 

Monensin, a polyether ionophore widely used in veterinary medicine, has recently emerged as a 

multimodal anticancer candidate. This review provides a comprehensive overview of preclinical 

studies showing that monensin exerts selective cytotoxic and anti-progression effects across a wide 

range of malignancies. Its activity spans breast cancer to leukemia, reflecting both versatility and 

significant therapeutic potential. In breast cancer, monensin reduces proliferation, induces apoptosis, 

and enhances chemosensitivity, suggesting a role in combination therapies. In prostate cancer, it 

disrupts androgen receptor signaling, induces oxidative stress, and triggers mitochondria-dependent 

apoptosis. In pancreatic cancer, it suppresses EGFR signaling and promotes programmed cell death, 

while in ovarian and cervical cancers, it inhibits proliferation, migration, and invasion by modulating 

EGFR and MEK/ERK pathways and enhancing SUMOylation. In renal carcinoma, monensin induces 

cell-cycle arrest, autophagy, and apoptosis, whereas in bladder and squamous cell carcinoma, it 

interferes with EGFR-related signaling and lectin-mediated interactions. It selectively kills liver 

cancer cells through intracellular Na⁺ overload and mitochondrial damage, and in thyroid cancer, it 

disrupts cellular respiration and AMPK/mTOR signaling. In glioblastoma, it exhibits both anti-tumor 

and anti-angiogenic effects, while in hematologic malignancies such as leukemia and lymphoma, it 

induces apoptosis, cell-cycle arrest, and glycosylation alterations. Collectively, these findings 

highlight monensin as a highly promising, broad-spectrum anticancer candidate. Its multifaceted 

mechanisms of action and consistent efficacy across diverse tumor types provide a compelling 

rationale for continued preclinical evaluation and potential clinical translation. These insights 

position monensin as an innovative therapeutic avenue, offering new hope for the development of 

versatile and effective cancer treatments. 

Keywords: ionophore antibiotics; apoptosis; cell-cycle arrest; EGFR/MEK/ERK signaling; oxidative 

stress; breast cancer; prostate cancer; glioblastoma 

 

1. Introduction 

Cancer remains one of the most significant health challenges in the world, with nearly ten 

million deaths per year, and is the second most common cause of death in every population [1]. 

Despite the tremendous advances in early diagnosis, targeted therapy, and immunotherapy, 

resistance to treatment and tumor heterogeneity continue to limit long-term outcomes [2]. Therefore, 

there is a significant need to identify new anticancer approaches that are effective and ready for 

translation into the clinical setting. In this regard, drug repurposing offers an innovative opportunity 

to develop new cancer therapies in a time- and cost-efficient manner, and to exploit agents that are 

already efficacious and use-approved in other indications as effective anticancer therapies. 
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Isolated from Streptomyces cinnamonensis, Monensin is a polyether ionophore antibiotic that 

has been used in veterinary medicine for many years [3]. Monensin is well recognized as a treatment 

for coccidial infections, a means to improve feed efficiency in ruminants, and a strategy to enhance 

growth performance in poultry [4]. Monensin has been administered to animals for decades, and it 

has a well-established pharmacological profile, which includes consideration of previously and well-

studied ion-transporting properties that allow for the selective movement of cations across biological 

membranes [5]. Historically, Monensin has been primarily considered in discussions of animal 

health; however, evidence is beginning to emerge from preclinical cancer studies, suggesting that 

Monensin demonstrates impressive anticancer activity [6]. 

There are possibly several methods by which Monensin exhibits anticancer activity, as 

summarized below. The specific mechanism by which Monensin disrupts Na⁺ and H⁺ gradients leads 

to a disruption of cell ion homeostasis [7], typically accompanied by intracellular acidification, 

associated mitochondrial toxicity, and evident cell death [9]. Monensin can also exacerbate oxidative 

stress initiated by other agents, such as antibiotics, which produce reactive oxygen species (ROS) [8] 

and activate an associated set of stress-handling transcription factors, including ATF3 and CHOP, 

thereby increasing the apoptosis of malignancies [10–12]. Monensin does not solely demonstrate 

generalized cytotoxicity; instead, it acts within a complex network of oncogenic and chemotactic 

signaling pathways that include the PI3K/Akt/mTOR, Wnt/β-catenin, MAPK/ERK, STAT3, and NF-

κB pathways, which are associated with cancer progression, therapy resistance, and metastasis [13–

15]. 

In addition to its direct anti-proliferative effects, Monensin has direct activity against tumor 

invasion and metastasis, including the inhibition of matrix metalloproteinases (MMPs) and the 

epithelial–mesenchymal transition (EMT) [16–19]. Another very enticing aspect of Monensin is its 

ability to overcome multidrug resistance (MDR) by modulating drug efflux pumps and also inducing 

chemosensitization of tumor cells to conventional cytotoxic agents, including doxorubicin, cisplatin, 

paclitaxel, and gemcitabine [20]. Monensin has also shown considerable promise for synergistic 

combination in preclinical studies, suggesting That It can be developed as either an anticancer 

compound or applied as an adjuvant to existing chemotherapy agents [21]. 

Even with the encouraging data above, there are challenges associated with considering its use 

in human applications. Monensin is known to have cardiotoxicity and neurotoxicity at high 

concentrations and raises questions regarding its therapeutic window for use in humans [22]. 

However, developments in drug delivery systems, including nanoparticle encapsulation, liposomal 

formulations, and targeted formulations, could offer an avenue to circumvent these concerns while 

harnessing Monensin's strong anti-cancer potential. Thus, it is critical to consider monensin not only 

as a veterinary antibiotic but also as a translational research target in oncology. 

In summary, Monensin represents a notable example of drug repurposing in oncology. It has 

multiple mechanisms of action, including disrupting ion transport systems and antagonizing 

signaling pathways, placing it as one of the most promising therapeutic agents against cancer. In this 

review, we present a comprehensive examination of the pharmacological domain, molecular 

mechanisms, and preclinical data supporting the anticancer application of Monensin, along with its 

limitations and future directions for clinical use. 

2. Pharmacological Background of Monensin 

Monensin is a polyether ionophore antibiotic isolated initially from Streptomyces 

cinnamonensis in the 1960s [23]. Due to its ability to selectively transport monovalent cations across 

biological membranes, it has been extensively used in veterinary medicine as a coccidiostat and 

growth promoter. The pharmacological uniqueness of monensin arises from its function as an 

ionophore: it forms lipid-soluble complexes with sodium (Na⁺) and other cations, exchanging them 

for protons (H⁺) across lipid bilayers. This activity disrupts transmembrane ion gradients, 

intracellular pH regulation, and ultimately cellular homeostasis [24]. 
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Monensin’s pharmacological effects are not limited to ionic transport. Once localized in 

membranes, endosomes, and the Golgi apparatus, monensin alters vesicular trafficking and protein 

secretion. It interferes with N-glycosylation and glycoprotein processing, resulting in the 

accumulation of immature proteins in intracellular compartments. These effects are particularly 

detrimental to highly proliferative cells, which rely on efficient protein synthesis, trafficking, and 

secretion to sustain malignant growth and intercellular signaling [25,26]. 

At the mitochondrial level, monensin increases Na⁺ influx, which disrupts mitochondrial 

membrane potential, decreases oxidative phosphorylation, and leads to ATP depletion and oxidative 

stress. These bioenergetic alterations selectively compromise the survival of metabolically active 

cancer cells, while exerting minimal toxicity toward normal, slowly proliferating cells [27]. 

Pharmacologically, monensin also intersects with key oncogenic pathways. By altering 

endosomal and Golgi pH, it modulates receptor trafficking and degradation, thereby influencing 

pathways such as the EGFR, mTOR, STAT3, and Wnt/β-catenin pathways. These pleiotropic effects 

contribute to cell cycle arrest, induction of apoptosis, and inhibition of migration and invasion in 

diverse cancer models. Significantly, its synergistic interactions with established chemotherapeutics 

and targeted agents (e.g., EGFR inhibitors, oxaliplatin, and rapamycin) further demonstrate its 

therapeutic potential and justify its potential repurposing in oncology [28–31]. 

In summary, the pharmacological background of monensin highlights a compound that exerts 

multi-faceted cellular stress through ion imbalance, mitochondrial dysfunction, and disruption of 

protein trafficking. These distinct mechanisms create vulnerabilities in cancer cells that can be 

therapeutically exploited, positioning monensin as a unique candidate for anticancer drug 

development. 

3. Molecular and Cellular Mechanisms of Anticancer Action 

3.1. Induction of Cell Death Pathways 

Monensin induces multiple forms of programmed cell death, primarily apoptosis. By disrupting 

ionic balance and mitochondrial integrity, it triggers the activation of Bax, the release of cytochrome 

c, and the caspase cascade, culminating in apoptotic cell death. In glioma and other solid tumors, 

monensin sensitized cells to TRAIL-mediated apoptosis by promoting endoplasmic reticulum (ER) 

stress, upregulating death receptor 5 (DR5), and downregulating c-FLIP, thereby overcoming 

resistance mechanisms. In some models, monensin also induces autophagic cell death through Golgi 

stress and impaired vesicular trafficking. Together, these mechanisms highlight its ability to 

selectively eliminate malignant cells via distinct cell death pathways [32,33]. 

Together, these data suggest that monensin activates both intrinsic and extrinsic apoptotic 

pathways. 

3.2. Oxidative Stress and Mitochondrial Dysfunction 

Monensin enhances reactive oxygen species (ROS) generation, either independently or 

synergistically with other agents, leading to oxidative stress and mitochondrial toxicity. ROS 

accumulation activates stress-responsive transcription factors such as ATF3 and CHOP, which 

promote apoptosis in tumor cells. At the mitochondrial level, sodium influx driven by monensin 

destabilizes the membrane potential, impairs oxidative phosphorylation, and reduces ATP 

production, rendering metabolically active cancer cells more susceptible to damage than quiescent 

normal cells. The ability of antioxidants to attenuate monensin-induced cytotoxicity in prostate 

cancer further underscores the central role of ROS in its anticancer mechanism [34,35]. 

3.3. Disruption of Ion Homeostasis 

As a sodium ionophore, monensin perturbs intracellular Na⁺/H⁺ gradients, causing cytoplasmic 

acidification and subsequent bioenergetic collapse. This ionic imbalance also interferes with calcium 
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homeostasis, further amplifying mitochondrial dysfunction and apoptosis. In hepatocellular 

carcinoma (HCC), tumor cells with inherently elevated sodium levels display selective sensitivity to 

monensin, which exacerbates Na⁺ overload and induces cell death without harming normal 

hepatocytes. Such ion-based vulnerabilities provide a tumor-selective therapeutic window for 

monensin [36–38]. 

3.4. Modulation of Oncogenic Signaling Pathways 

Monensin disrupts multiple oncogenic pathways critical for tumor progression. It interferes 

with receptor trafficking in the Golgi and endosomal compartments, thereby inhibiting EGFR 

signaling and enhancing the efficacy of EGFR inhibitors in breast, ovarian, and pancreatic cancers. 

Monensin also downregulates the PI3K/Akt/mTOR axis and STAT3 signaling, resulting in the 

suppression of proliferation and survival. Furthermore, it inhibits canonical Wnt/β-catenin signaling 

by promoting LRP6 degradation, reducing β-catenin levels, and downregulating target genes such 

as cyclin D1 and SP5, effects validated in colorectal and cervical cancer models. These pleiotropic 

actions make monensin a potent modulator of signaling plasticity in cancer cells [39–41]. 

These findings confirm that monensin exerts pleiotropic effects on oncogenic signaling, 

highlighting its potential as a signaling modulator in cancer therapy. 

3.5. Inhibition of Tumor Progression and Metastasis 

Monensin exhibits anti-metastatic activity by targeting processes such as epithelial–

mesenchymal transition (EMT) and extracellular matrix remodeling. It suppresses EMT-driven 

motility by altering Golgi pH, inducing exocytosis of GOLIM4, and thereby impairing cytoskeletal 

dynamics. Additionally, monensin reduces the activity of matrix metalloproteinases (MMPs), such 

as MMP7, and inhibits the secretion of pro-metastatic cytokines. Through modulation of ADAMTS-

1 localization and riboflavin/endosomal trafficking, it further limits the migration and invasiveness 

of cancer cells. Collectively, these findings position monensin as a multi-targeted inhibitor of invasion 

and metastasis [42,43]. 

By targeting both intracellular signaling and extracellular matrix remodeling, monensin 

effectively interferes with metastatic processes. 

3.6. Overcoming Drug Resistance 

One of the most clinically relevant properties of monensin is its ability to overcome multidrug 

resistance (MDR). By modulating drug efflux pumps such as P-glycoprotein, monensin restores 

intracellular accumulation of chemotherapeutics like doxorubicin and vincristine. In colon cancer, it 

re-establishes nuclear localization of doxorubicin in ATP7A-expressing resistant cells, thereby 

reversing drug resistance. Moreover, monensin synergizes with conventional chemotherapeutics 

(such as cisplatin, paclitaxel, and gemcitabine) and targeted agents (including EGFR and mTOR 

inhibitors), thereby enhancing cytotoxicity and chemosensitivity in resistant cancers. This capacity to 

sensitize tumors to therapy underscores its translational value as an adjuvant in oncology [44]. Thus, 

monensin represents a promising adjuvant capable of reversing MDR and enhancing therapeutic 

efficacy. 
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Figure 1. Types of human cancers investigated for the anticancer effects of monensin. 

The illustration summarizes the spectrum of malignancies in which monensin has been studied 

in preclinical research, including breast, prostate and bladder, colorectal, liver (hepatocellular 

carcinoma), leukemia, lymphoma, pancreatic, gastric, ovarian and cervical, lung (NSCLC and SCLC), 

glioblastoma, melanoma, renal cell carcinoma, multiple myeloma, thyroid cancer, and squamous cell 

carcinoma. Reported effects across these tumor types include inhibition of proliferation, induction of 

apoptosis, disruption of signaling pathways, and chemosensitization. 

4. Preclinical Evidence in Specific Cancer Types 

4.1. Breast Cancer 

Triple-Negative Breast Cancer (TNBC) 

Breast cancer remains the most commonly diagnosed malignancy among women worldwide, 

with aggressive subtypes such as triple-negative breast cancer (TNBC) and therapy-resistant HER2-

positive tumors continuing to present major therapeutic challenges. Recently, monensin has gained 

considerable attention for its anticancer potential across multiple breast cancer models. In an 

organoid-based system, Monensin and several synthetic analogs—particularly compound 12—

exhibited more potent and more selective cytotoxicity compared to Monensin itself. These 

compounds induced DNA fragmentation, inhibited cell migration, reduced the CD44⁺/CD24⁻/low 

stem-like subpopulation, and downregulated SOX2 expression, thereby impairing the self-renewal 

of these cells. Proteomic analysis revealed the dysregulation of extracellular matrix–related pathways 

and a strong upregulation of the tumor suppressor TIMP2, supporting its potential as an anti-

metastatic agent [45]. 

In triple-negative breast cancer (TNBC), a highly aggressive subtype with limited therapeutic 

options, monensin disrupted Na⁺ homeostasis. In vivo, administration of 8 mg/kg resulted in a 

marked increase in intracellular Na⁺ levels in tumor tissue, leading to tumor shrinkage and extensive 

necrosis, without affecting healthy organs. This cytotoxicity was Na⁺-dependent, confirming a tumor-

specific mechanism of action [46]. 
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Beyond its ionophore activity, monensin can also induce Golgi stress, triggering selective 

autophagy (Golgi phagy) and impairing cancer cell proliferation [47,48]. High expression of the 

Golgi-resident receptor TM9SF3, which is essential for Golgiphagy, is associated with a poor 

prognosis in breast cancer, further underscoring the therapeutic relevance of this pathway [48]. 

When combined with the EGFR inhibitor erlotinib, monensin synergistically suppressed the 

proliferation, migration, invasion, and stemness markers (SOX2 and CD133) in TNBC. This effect was 

mediated by simultaneous inhibition of EGFR/ERK and PI3K/AKT/mTOR signaling pathways [49]. 

Moreover, in an orthotopic breast cancer model, nanoparticle-based delivery of monensin (Hyb-NP 

system) significantly inhibited metastasis by forming a Golgi-associated drug reservoir, enhancing 

intracellular retention and blocking secretion of metastasis-related cytokines [50]. 

Several mechanistic insights further support monensin’s anticancer role. It interferes with 

epithelial-to-mesenchymal transition (EMT) and CSC survival by targeting Golgi function [51]. It 

regulates the compartmentalization of ADAMTS-1, thereby reducing mesenchymal cell migration 

[52]. It was also identified as one of the effective lysosome-targeting drugs against invasion in HER2-

positive, drug-resistant cancers [53]. In addition, monensin suppresses proliferation and migration 

by downregulating UBA2 [54], disrupts sodium-dependent phosphate transport to reduce 

invasiveness [55], and alters riboflavin homeostasis by interfering with endosomal trafficking [56]. 

Collectively, these findings highlight monensin as a multi-targeted agent against breast cancer, 

with effects on CSCs, EMT, Golgi-associated stress responses, and key oncogenic signaling pathways. 

4.2. Prostate Cancer 

Prostate cancer is one of the most frequently diagnosed malignancies in men, and despite 

advances in androgen-deprivation therapy, resistance and progression to advanced stages remain 

significant challenges. Current treatments for advanced prostate cancer are limited, prompting the 

need for new therapeutic strategies. 

Several studies have demonstrated that monensin exhibits potent anticancer activity in prostate 

cancer cells through multiple mechanisms. At very low doses, monensin reduces androgen receptor 

(AR) levels, induces apoptosis, and increases oxidative stress. Significantly, its cytotoxic effects are 

enhanced when combined with antiandrogen drugs but are attenuated by antioxidants such as 

vitamin C, underscoring the role of ROS in its mechanism of action [57]. 

In vitro analyses further revealed that monensin strongly inhibits prostate cancer cell growth by 

reducing viability in a dose-dependent manner, inducing G1-phase cell-cycle arrest, and triggering 

apoptosis. Mechanistically, monensin disrupts Ca²⁺ homeostasis and enhances ROS production, 

leading to mitochondrial-dependent apoptosis. The reversal of these effects by ROS inhibitors and 

calcium channel blockers confirmed that monensin acts via ROS- and Ca²⁺-mediated pathways [58]. 

Resistance to radiation therapy poses another significant clinical problem, affecting 20–30% of 

prostate cancer patients. Studies investigating monensin as a radiosensitizer have demonstrated that 

it enhances radiation-induced cytotoxicity in LNCaP (P53⁺/AR⁺) cells but not in PC3 (P53⁻/AR⁻) cells, 

with Bcl-xL overexpression likely contributing to the observed resistance in PC3 models [59,60]. 

Beyond apoptosis induction, monensin exerts broader effects on prostate cancer biology. It 

suppresses AR activity and downregulates oncogenes such as MYC and ERG, while also reducing 

cancer stem cell markers, promoting cell differentiation, and decreasing cell motility. These effects 

collectively impair tumor growth and metastatic potential [61,62]. 

Taken together, monensin demonstrates promising therapeutic potential in prostate cancer by 

combining direct cytotoxic effects, radiosensitization, and suppression of oncogenic signaling 

pathways. Its activity is particularly compelling when used in combination with agents that augment 

oxidative stress, highlighting its value as a candidate for novel therapeutic strategies in advanced 

prostate cancer. 

4.3. Colorectal Cancer 
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Colorectal cancer (CRC) remains one of the most prevalent and lethal malignancies worldwide, 

and several studies have explored the potential of monensin as a repurposed anticancer agent in this 

context. Recent findings demonstrate that monensin modulates innate immune signaling pathways 

by decreasing the expression of TLR4, TLR7, and IRF3 mRNA in CRC cells in a dose- and time-

dependent manner, suggesting that its anticancer activity may involve the suppression of TLR/IRF3-

driven inflammatory signaling [63]. 

In addition to its immunomodulatory effects, monensin directly interferes with the proliferation 

and survival of cancer cells. It has been shown to significantly inhibit cell proliferation, migration, 

and cell cycle progression, while inducing apoptosis and G1 arrest in CRC cells. Mechanistically, 

monensin downregulated IGF1R expression and impacted multiple oncogenic transcriptional 

regulators, including Elk1, AP-1, and Myc/Max, further supporting its potential as a therapeutic 

candidate for CRC [64]. 

One of the most significant findings comes from studies linking monensin to Wnt/β-catenin 

signaling, a pathway frequently deregulated in colorectal carcinogenesis. Monensin was identified as 

a potent inhibitor of the Wnt pathway, as it blocked LRP6 phosphorylation, promoted LRP6 

degradation, reduced intracellular β-catenin levels, and downregulated Wnt target genes, such as 

cyclin D1 and SP5. These molecular effects resulted in reduced proliferation of CRC cells, and in vivo, 

monensin suppressed tumor growth in multiple intestinal neoplasia (Min) mice, underscoring its 

translational potential [65]. 

Earlier mechanistic work further confirmed that monensin induces cell cycle arrest at the G1 or 

G2/M phases in colon cancer cells, mediated by reduced expression of CDK2, CDK4, CDK6, cyclin 

D1, and cyclin A, along with increased p27 expression and enhanced CDK binding. This was 

associated with Rb hypophosphorylation, reduced kinase activity, and induction of apoptosis 

through mitochondrial dysfunction, Bax activation, and caspase-3 cleavage [66]. 

Interestingly, monensin also influences drug resistance mechanisms. In colon cancer, expression 

of the copper-transporting ATPase ATP7A is associated with multidrug resistance (MDR) against 

agents such as cisplatin, paclitaxel, etoposide, SN-38, and doxorubicin. Remarkably, monensin was 

able to alter doxorubicin distribution, restoring its nuclear localization in ATP7A-expressing cells, 

and thereby counteracting resistance mechanisms [67]. However, other studies indicate that by 

mimicking Na⁺/H⁺ exchanger (NHE) activity, monensin can increase intracellular pH and decrease 

drug accumulation in resistant HT29 colon carcinoma cells, highlighting its complex role in 

chemoresistance [69]. 

Furthermore, monensin was reported to modulate the tumor microenvironment by inhibiting 

the secretion of metalloproteinases (MMPs) and urokinase plasminogen activator (uPA), both of 

which are critical mediators of invasion and metastasis. At the same time, monensin increased uPAR 

release, mainly from normal cells, suggesting context-dependent effects on protease regulation [68]. 

Another promising application is the use of monensin as a potentiator of immunotoxin 

therapies. Studies demonstrated that liposomal or antibody-targeted formulations of monensin 

significantly enhanced the cytotoxicity of transferrin receptor- and CEA-directed immunotoxins 

against CRC cells, both in vitro and in vivo [70–73]. Notably, monensin accelerated protein synthesis 

inhibition and increased immunotoxin potency by more than 100-fold in some models, without 

increasing off-target toxicity, making it a potent adjuvant to targeted toxin-based therapies. 

Finally, broad pharmacological screenings confirmed the exceptional potency of monensin, with 

EC₅₀ values below 0.1 µM, ranking it among the most active agents against colon tumor cell 

proliferation compared to other drug classes [74]. 

Collectively, these findings suggest that monensin acts on multiple critical oncogenic processes 

in CRC, including: 

• Immune signaling modulation (TLR/IRF3) 

• Growth and survival pathways (IGF1R, Elk1, AP-1, Myc/Max) 

• Canonical Wnt/β-catenin signaling 

• Cell cycle regulation and apoptosis 
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• Drug resistance mechanisms (ATP7A, NHE) 

• Invasion and metastasis (MMPs, uPA/uPAR) 

• Potentiation of immunotoxins 

Together, these data strongly support monensin as a multifunctional therapeutic candidate with 

the potential to be repurposed for the treatment of colorectal cancer. 

4.4. Liver Cancer (Hepatocellular Carcinoma, HCC) 

Hepatocellular carcinoma (HCC) is the most common primary liver malignancy and is 

associated with poor prognosis due to late diagnosis and limited effective therapies. HCC cells exhibit 

altered ion homeostasis, characterized by elevated intracellular sodium (Na⁺) levels compared to 

normal hepatocytes, which may represent a selective vulnerability. 

Recent studies have shown that monensin selectively targets HCC cells by further increasing 

intracellular Na⁺. This leads to mitochondrial Na⁺ overload, energy depletion, impaired oxygen 

consumption, and enhanced intracellular water lifetime, ultimately inducing cell death and tumor 

regression. Importantly, monensin exhibits minimal effects on normal hepatocytes or healthy liver 

tissue, highlighting Na⁺ homeostasis as a druggable and selective target for HCC therapy [75,76]. 

These findings suggest that monensin holds promise as a therapeutic agent for HCC, exploiting 

the unique ionic vulnerabilities of tumor cells while sparing healthy liver tissue. Its selective 

mechanism provides a potential strategy to improve treatment efficacy and reduce systemic toxicity 

in liver cancer management. 

4.5. Leukemia 

Leukemia represents a heterogeneous group of hematologic malignancies characterized by 

uncontrolled proliferation of abnormal white blood cells, leading to impaired hematopoiesis and 

immune dysfunction. Among them, acute myeloid leukemia (AML) is particularly aggressive, with 

a poor prognosis and limited therapeutic options due to frequent relapse and drug resistance. Novel 

therapeutic agents with selective cytotoxicity against leukemic cells are therefore urgently needed. 

Monensin has demonstrated vigorous anti-leukemic activity in both in vitro and in vivo models. 

In AML cells, monensin inhibits proliferation at low micromolar concentrations (IC₅₀ ~0.5 µM) by 

inducing G1/G2-M cell cycle arrest through the modulation of CDKs, cyclins, and p27, while 

simultaneously promoting apoptosis via the Bax, caspase, and mitochondrial pathways. In AML 

mouse models, monensin treatment significantly reduced tumor growth and increased the 

expression of apoptotic markers. Similar inhibitory effects were observed in myeloma and lymphoma 

cells, reinforcing its broad efficacy across hematologic malignancies [77,78]. 

Mechanistically, monensin acts as a novel MYB inhibitor, suppressing the proliferation of AML 

cells while sparing normal hematopoietic cells, suggesting potential as a targeted therapy [79]. 

Beyond direct cytotoxicity, monensin blocks the morphogenesis of Friend murine leukemia virus, 

thereby preventing viral-driven leukemogenesis [80]. In HL-60 leukemia cells, it disrupts 

myeloperoxidase maturation and trafficking within the ER–Golgi pathway, highlighting an 

additional mechanism interfering with leukemic differentiation [81]. Evidence from uveal melanoma 

models further suggests that monensin-mediated suppression of RhoA signaling may also contribute 

to its anti-leukemic effects [82]. 

Clinically, monensin enhanced the intracellular delivery and cytotoxicity of the anti-CD5 

immunotoxin T101-RTA in B-cell chronic lymphocytic leukemia (B-CLL), overcoming drug 

resistance and supporting its potential role as an adjuvant in targeted immunotherapies [83]. 

4.6. Lymphoma 

Lymphomas are a heterogeneous group of hematologic malignancies arising from B- or T-

lymphocytes and represent a significant clinical challenge due to their diverse biology and resistance 
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mechanisms. Monensin, a Na⁺ ionophore, has been extensively studied for its anticancer effects in 

lymphoma, demonstrating potent activity through multiple mechanisms. 

At the cellular level, monensin strongly inhibits the proliferation of human lymphoma cell lines 

with an IC₅₀ of ~0.5 µM, inducing cell cycle arrest at G1 and/or G2-M phases. This is mediated by the 

modulation of key regulatory proteins, including CDK4, cyclin A, cdc2, p21, and p27, resulting in 

reduced CDK- and cdc2-associated kinase activity. In addition, monensin triggers apoptosis by 

inducing loss of mitochondrial membrane potential, indicating that it suppresses lymphoma growth 

through a dual mechanism of cell cycle arrest and apoptosis [84,88]. 

In B-cell lymphomas, monensin has been shown to increase CD20 surface expression by 

downregulating MYC, a repressor of the MS4A1 gene that encodes CD20. This effect enhances the 

efficacy of anti-CD20 monoclonal antibodies and CAR-T cell therapies, offering a promising strategy 

to overcome therapeutic resistance in non-Hodgkin lymphoma [85]. 

In T-cell lymphoma, monensin alters cell surface glycosylation, decreasing terminal 

modifications such as sialylation and fucosylation while increasing high-mannose glycans. Although 

surface antigen expression (e.g., Thy-1) remains unchanged, these glycosylation alterations impair 

tumor cell migration and homing, as evidenced by reduced spleen localization after intravenous 

injection [86,87]. 

Additional studies highlight other mechanisms of action. Monensin functions as an ER stress 

inducer in B lymphoma cells (CH12), where loss of TFG (a regulator of ER homeostasis and 

autophagy) sensitizes cells to apoptosis, revealing its potential to exploit ER stress vulnerabilities [89]. 

It also interferes with receptor trafficking, such as blocking endosome–lysosome degradation of ovine 

prolactin in Nb2 lymphoma cells, thereby altering hormone signaling [90]. Moreover, monensin 

blocks the endocytic uptake of synthetic alkyl-lysophospholipids, such as Et-18-OCH₃, thereby 

preventing the inhibition of phosphatidylcholine biosynthesis and reducing apoptosis, which 

underscores its role in modulating membrane-mediated apoptotic pathways [91]. 

Collectively, these findings indicate that monensin exerts multi-faceted antitumor effects in 

lymphoma, including cell cycle regulation, apoptosis induction, modulation of glycosylation and 

trafficking, and enhancement of immunotherapy efficacy. Such pleiotropic actions highlight its 

promise as a candidate for therapeutic strategies in lymphoma treatment. 

4.7. Pancreatic Cancer 

Pancreatic cancer is one of the most lethal malignancies, characterized by late diagnosis, 

aggressive progression, and poor responsiveness to chemotherapy. Resistance to conventional 

chemotherapeutic agents, such as gemcitabine, remains a significant barrier to effective treatment. 

Hence, novel therapeutic strategies targeting key oncogenic pathways are urgently needed. 

Monensin has been reported to exert potent anticancer effects in chemo-resistant pancreatic 

cancer cells by interfering with epidermal growth factor receptor (EGFR) signaling. Wang et al. (2018) 

demonstrated that monensin significantly inhibited cell proliferation and colony formation in 

resistant pancreatic cancer cell lines. Mechanistically, monensin reduced the phosphorylation of 

EGFR and its downstream effectors, thereby disrupting critical pathways involved in survival and 

proliferation [92]. 

In addition to its in vitro effects, monensin also suppressed tumor growth in vivo, further 

supporting its therapeutic potential. By specifically targeting the EGFR pathway—a central driver of 

pancreatic cancer progression and chemoresistance—monensin offers a promising avenue for 

overcoming drug resistance in this highly aggressive malignancy. 

Collectively, these findings suggest that monensin may serve as an effective adjuvant agent in 

pancreatic cancer therapy, particularly for patients with disease that is resistant to conventional 

treatments. Future studies should focus on exploring its synergistic potential with standard 

chemotherapeutics and elucidating its role in the broader signaling network that drives pancreatic 

tumorigenesis. 
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4.8. Gastric Cancer 

Gastric cancer (GC) remains one of the most lethal malignancies worldwide, mainly due to late 

diagnosis, therapeutic resistance, and tumor heterogeneity. In recent years, particular attention has 

been directed toward the role of cancer stem-like cells (CSCs) in driving tumor initiation, metastasis, 

and resistance to standard therapies. Several studies have highlighted the potential of monensin to 

target these aggressive subpopulations in gastric tumors selectively. 

Recent work demonstrated that HMGA1, a chromatin-binding protein frequently upregulated 

in GC, enhances cancer stem-like features such as self-renewal, migration, and drug resistance. 

Importantly, HMGA1-overexpressing gastric cancer cells exhibited increased sensitivity to 

monensin, indicating that this ionophore may exploit vulnerabilities associated with CSC phenotypes 

[93]. Similarly, the use of a SOX2 reporter system identified gastric CSCs that were highly responsive 

to monensin treatment. In these models, monensin significantly impaired the viability and 

clonogenicity of CSCs, suggesting that it may serve as a valuable adjunct for targeting stemness-

driven disease progression [94]. 

Beyond its role in CSC modulation, monensin’s unique ability to interfere with vesicular 

trafficking and membrane dynamics may also enhance targeted drug delivery in gastric cancer. A 

classic study on the RS-1541 compound, delivered via the low-density lipoprotein (LDL) pathway, 

revealed efficient uptake and cytotoxicity in St-4 human gastric cancer cells. This finding underscores 

the potential of exploiting vesicular transport mechanisms, a process in which monensin is known to 

play a modulatory role [95]. 

Taken together, these studies position monensin as a promising candidate in the treatment of 

gastric cancer, with dual potential: (i) targeting CSC populations that drive therapy resistance and 

recurrence, and (ii) modulating intracellular trafficking pathways to improve drug delivery 

efficiency. Future research should focus on integrating monensin into combination therapies with 

CSC-targeted agents and LDL-based nanocarriers, aiming to overcome the major therapeutic hurdles 

in gastric cancer. 

4.9. Ovarian Cancer 

Ovarian cancer is the most lethal gynecologic malignancy, often diagnosed at advanced stages 

and associated with poor prognosis due to high rates of recurrence and the development of 

chemotherapy resistance. Despite improvements in surgery and systemic therapy, most patients 

relapse within 12–24 months, underscoring the urgent need for new therapeutic approaches. 

Recent studies have highlighted monensin as a promising agent for the treatment of ovarian 

cancer. In vitro experiments on multiple ovarian cancer cell lines have demonstrated that monensin 

suppresses cell proliferation, migration, invasion, and DNA replication in a dose- and time-

dependent manner. At concentrations as low as 0.2 µM, monensin reduced proliferation, while higher 

doses (5 µM) completely blocked growth within 24 hours. Monensin also impaired cell motility and 

wound healing capacity, and induced G2/M phase arrest. Mechanistically, it enhanced MEK1 

SUMOylation, leading to inhibition of the MEK-ERK signaling pathway, which was further validated 

in xenograft models where monensin significantly suppressed tumor growth [96]. 

Complementary evidence shows that monensin also inhibits ovarian cancer cell proliferation by 

inducing G1 arrest and apoptosis, while suppressing multiple cancer-related signaling pathways, 

including Elk1/SRF, AP1, NF-κB, STAT, and Wnt/β-catenin. Notably, it reduced EGFR expression 

and synergized with both EGFR inhibitors and the chemotherapeutic drug oxaliplatin, leading to 

enhanced suppression of cell proliferation and tumor growth in xenograft studies [97]. 

In addition, lysosome-targeting properties of monensin have attracted interest as part of broader 

strategies to inhibit tumor invasion, including in treatment-resistant HER2-positive cancers, further 

underscoring its potential as a repositioned anti-cancer agent [98]. 

Together, these findings establish monensin as a potent inhibitor of ovarian cancer progression, 

acting through multi-pathway suppression, induction of SUMOylation, and synergism with existing 
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therapies, making it a strong candidate for therapeutic development in resistant ovarian 

malignancies. 

4.10. Cervical Cancer 

Cervical cancer remains one of the most prevalent gynecological malignancies worldwide, often 

associated with persistent human papillomavirus (HPV) infection and dysregulation of multiple 

oncogenic signaling pathways. Among these, the Wnt/β-catenin pathway plays a pivotal role in 

promoting proliferation, survival, epithelial-mesenchymal transition (EMT), and therapy resistance 

in cervical cancer cells. 

Recent evidence has shown that monensin effectively inhibits the Wnt/β-catenin signaling 

cascade in cervical cancer models. Fu et al. (2024) reported that monensin treatment led to a marked 

reduction in β-catenin activity and its downstream transcriptional targets, resulting in suppressed 

cell growth and induction of apoptosis [99]. By targeting this pathway, monensin disrupts key 

molecular mechanisms that sustain cervical cancer progression, particularly those associated with 

cell cycle regulation and tumor invasiveness. 

The inhibition of Wnt/β-catenin by monensin is particularly significant, as this pathway is 

frequently activated in HPV-driven carcinogenesis and contributes to chemoresistance. Thus, 

monensin not only exhibits direct cytotoxic effects but may also enhance the sensitivity of cervical 

cancer cells to conventional chemotherapeutics by modulating signaling plasticity. 

Collectively, these findings suggest that monensin holds therapeutic promise in cervical cancer 

by selectively targeting the Wnt/β-catenin signaling pathway, a central driver of tumor survival and 

progression. Future studies should focus on validating its efficacy in vivo and exploring its potential 

use in combination therapy strategies for the management of cervical cancer. 

4.11. Lung Cancer (NSCLC, SCLC) 

Lung cancer remains the leading cause of cancer-related mortality worldwide, and despite 

significant advances in targeted therapies and immunotherapy, resistance and tumor recurrence 

continue to pose substantial challenges. Recent studies have highlighted monensin as a promising 

adjuvant agent that can interfere with multiple oncogenic processes in both non-small cell lung cancer 

(NSCLC) and small cell lung cancer (SCLC). 

One of the most extensively studied mechanisms is the ability of monensin to function as an 

inhibitor of autophagy. By disrupting autophagosome–lysosome fusion, monensin blocks the 

autophagic process at its final stage. While its standalone cytotoxicity is limited, combination therapy 

with standard anticancer agents has demonstrated notable synergistic effects. For instance, co-

treatment with rapamycin or erlotinib significantly enhanced cell cycle arrest and apoptosis in lung 

cancer cells, as evidenced by increased expression of pro-apoptotic proteins (Bax, cleaved caspase-3, 

and PARP) and downregulation of anti-apoptotic markers (Bcl-2 and Bcl-xL). DNA content analysis 

further revealed an accumulation of cells in the G1 phase, indicating that autophagy suppression may 

potentiate the efficacy of mTOR and EGFR inhibitors [100]. 

Another critical mechanism involves the suppression of epithelial–mesenchymal transition 

(EMT), a process strongly linked to metastasis and drug resistance in NSCLC. Monensin partially 

inhibited TGF-β–induced EMT, as reflected by reduced vimentin and ZEB1 expression and the 

preservation of E-cadherin. Functionally, this translated into a restoration of osimertinib sensitivity 

in EGFR-mutant NSCLC cells that had undergone EMT, suggesting that monensin may help 

overcome therapy resistance mediated by phenotypic plasticity [101]. Complementary findings 

revealed that monensin also disrupts EMT-driven migration by altering Golgi pH and inducing 

exocytosis of GOLIM4. This scaffold protein regulates the trafficking of talin 1 (TLN1), a protein 

involved in adhesion. This impairment of motility highlights a unique mechanism by which 

monensin affects lung cancer cell invasiveness [102]. 

Beyond EMT, monensin has been shown to alter receptor trafficking. In NSCLC cells harboring 

EGFR mutations, monensin caused perinuclear accumulation of EGFR by blocking its exit from the 
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endocytic recycling compartment. This aberrant trafficking reduced the availability of mutant EGFR 

at the plasma membrane, potentially diminishing oncogenic signaling and interaction with Src 

kinases, while sparing wild-type EGFR-expressing cells [103]. 

Resistance to chemotherapy in lung cancer is often mediated by multidrug resistance (MDR) 

transport systems such as P-glycoprotein. In drug-resistant NSCLC cell lines, monensin disrupted 

ATP-dependent vesicular sequestration of chemotherapeutic agents, thereby enhancing nuclear 

accumulation of doxorubicin and vincristine. This suggests that monensin could act as a 

chemosensitizer in multidrug-resistant phenotypes [104]. 

Monensin has also been implicated in the regulation of tumor dormancy and reactivation. In a 

study of dormant tumor cells (DTCs) in the lung, monensin blocked the TGF-β1/SNAI2-mediated 

switch that reactivated dormant cells into a proliferative state, highlighting its potential role in 

preventing metastatic recurrence [105]. 

Finally, in the context of small cell lung cancer (SCLC), monensin was found to inhibit the 

secretion of laminin, a key extracellular matrix protein frequently dysregulated in SCLC. This effect 

reflects its broader impact on protein trafficking and secretion pathways, which could contribute to 

alterations in tumor-microenvironment interactions [106]. 

Taken together, these findings demonstrate that monensin exerts multifaceted effects in lung 

cancer, ranging from inhibiting autophagy and inducing apoptosis to suppressing EMT, disrupting 

receptor trafficking, reversing drug resistance, inhibiting dormant cell reactivation, and modulating 

extracellular matrix components. While preclinical evidence is compelling, clinical translation 

remains unexplored, positioning monensin as a promising but underutilized candidate for lung 

cancer therapy [100–107]. 

4.12. Glioblastoma 

Glioblastoma Multiform (GBM) 

Glioblastoma (GBM) is the most aggressive and common primary brain tumor in adults, 

characterized by rapid proliferation, high vascularization, and marked resistance to conventional 

therapies. Despite surgery, radiotherapy, and chemotherapy, the prognosis remains dismal, with a 

median survival of around 15 months. This highlights the urgent need for novel therapeutic strategies 

targeting both tumor cells and the supportive tumor microenvironment. 

Monensin and its analogs have emerged as promising agents against GBM. In organoid models, 

monensin induced apoptosis, DNA damage, autophagy, and PARP degradation, while reducing 

migration and suppressing critical oncogenic pathways, including STAT3, Akt, and GSK3β. 

Treatment of co-cultured cerebral organoids further demonstrated a significant reduction in tumor 

size, underscoring the therapeutic potential of monensin analogs [108]. Additionally, monensin 

demonstrated anti-angiogenic activity, effectively inhibiting GBM endothelial cell proliferation, 

migration, and capillary-like network formation at nanomolar concentrations. Mechanistically, these 

effects were mediated through suppression of VEGFR- and EGFR-driven signaling, with in vivo 

studies confirming reduced tumor vascularization and growth at tolerable doses [109]. 

Further insights reveal that monensin impacts endosomal pH regulation, mimicking NHE9 

activity to alkalinize endosomes, thereby modulating receptor tyrosine kinase stability and stemness 

pathways such as STAT3/Oct4/Nanog [110]. It also interferes with N-glycan processing in 

glioblastoma cells, reducing glycoprotein surface expression, adhesion, and proliferation [111]. 

Monensin enhances the efficacy of anti-transferrin receptor immunotoxins by disrupting endosomal 

trafficking and facilitating the release of cytosolic toxins. Encapsulation in liposomes further 

enhanced its bioavailability and stability, resulting in potent in vitro and in vivo activity [112–115]. 

Other studies demonstrate that monensin can inhibit TGF-β maturation, suppressing 

downstream Smad2 signaling and potentially reducing tumor invasiveness [116]. It also blocks the 

secretion of tumor-promoting proteins such as α2-macroglobulin-like factors. It disrupts receptor 
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recycling processes, including neuromedin B receptor (NMB-R) trafficking, thereby prolonging 

receptor desensitization and reducing glioblastoma cell signaling and proliferation [117,118]. 

Taken together, these findings suggest that monensin exhibits multi-targeted anti-GBM effects, 

including the induction of apoptosis, inhibition of angiogenesis, suppression of stemness, and 

interference with protein trafficking and receptor signaling. Such pleiotropic mechanisms highlight 

its potential as a candidate for therapeutic repositioning in glioblastoma treatment, particularly when 

combined with immunotoxins or other targeted therapies. 

4.13. Melanoma 

Melanoma is the most aggressive and lethal cutaneous malignancy, characterized by poor 

response to chemotherapy and a high degree of drug resistance, which calls for new therapeutic 

strategies urgently. Drug repurposing has emerged as a promising approach, and in this context, 

monensin has shown significant anti-melanoma activity. 

Experimental studies have demonstrated that monensin is selectively toxic to melanoma cells 

while sparing normal human cells. It effectively inhibits proliferation and colony/sphere formation, 

promotes apoptosis, and induces terminal differentiation of melanoma stem cells, thereby reducing 

their stemness properties. Monensin treatment increases melanogenesis and arrests cells in the G0/G1 

phase, decreasing S/G2/M populations in a dose-dependent manner, ultimately leading to growth 

inhibition [119]. 

In uveal melanoma, which is the most common primary intraocular malignancy, monensin was 

found to suppress cell viability, inhibit migration, and induce apoptosis. Importantly, it synergized 

with chemotherapy by inhibiting RhoA-mediated signaling, highlighting its potential as a 

radiosensitizer and a combination therapy agent [120]. 

At the molecular level, monensin interferes with Golgi apparatus-dependent glycosylation 

processes in melanoma cells. It disrupts the biosynthesis and secretion of tumor-associated 

fibronectin, alters the glycosylation of tissue plasminogen activator (t-PA), and selectively blocks the 

N-glycan processing of tyrosinase-related proteins (TRP-1 and TRP-2), which are critical for melanin 

synthesis and immune recognition [121,123,124]. Furthermore, monensin enhances tyrosinase 

enzymatic activity and stimulates L-tyrosine transport, both of which are closely linked to melanin 

biosynthesis [126,127]. 

Monensin also exerts its anti-melanoma effect by inhibiting the canonical Wnt/β-catenin 

signaling pathway, a pathway widely implicated in melanoma progression, stemness, and therapy 

resistance. Inhibition of this pathway reduces the expression of downstream targets such as cyclin 

D1 and SP5, thereby decreasing proliferation and tumorigenic potential [122]. 

In metastatic settings, monensin has been shown to potentiate the efficacy of immunotoxin 

therapies. Specifically, when combined with ricin A-chain immunotoxin, monensin significantly 

reduced pulmonary metastases both in vitro and in vivo, indicating a possible role as an adjuvant in 

immunotherapy [125]. 

Collectively, these findings demonstrate that monensin exerts multifaceted anti-melanoma 

activities, including the induction of apoptosis, promotion of differentiation, inhibition of stemness, 

disruption of glycoprotein processing, and modulation of key oncogenic pathways, such as the 

Wnt/β-catenin and RhoA pathways. These pleiotropic effects highlight its promise as a potential 

therapeutic or adjuvant agent in both cutaneous and uveal melanoma. 

4.14. Renal Cell Carcinoma (RCC) 

Renal cell carcinoma (RCC) is the most common type of kidney cancer in adults and 

encompasses multiple subtypes, including clear cell RCC (ccRCC) and TFE3-translocated RCC. RCC 

is often resistant to conventional chemotherapy, highlighting the need for novel targeted therapies. 

Monensin has demonstrated significant anti-RCC activity across different subtypes. In TFE3-

translocated RCC (UOK146), monensin induces cell death, disrupts mitochondrial function, activates 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 22 September 2025 doi:10.20944/preprints202509.1829.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202509.1829.v1
http://creativecommons.org/licenses/by/4.0/


 14 of 26 

 

autophagy, reduces cell migration, and downregulates the PRCC–TFE3 fusion transcript, suggesting 

its potential as a therapeutic candidate for this aggressive subtype [128]. 

In general, RCC cell lines, such as ACHN and Caki-2, are inhibited from proliferating by 

monensin, with an IC50 of approximately 2.5 µM, which induces cell cycle arrest at the G1 or G2-M 

phases. This is associated with downregulation of CDK2, CDK6, cdc2, cyclin A, and cyclin B1, along 

with upregulation of the cell cycle inhibitors p21 and p27, resulting in reduced Rb phosphorylation. 

Monensin also triggers mitochondria-mediated apoptosis, characterized by modulation of Bcl-2 

family proteins, caspase activation, and loss of mitochondrial membrane potential [129]. 

Furthermore, bioinformatics analyses of ccRCC datasets identified CTLA4 as a prognostic 

biomarker and potential immunotherapeutic target. Connectivity Map (CMap) analyses suggested 

that monensin, along with quercetin and fenbufen, may be potential small-molecule drugs for ccRCC, 

although direct experimental validation is still needed [86=130]. 

These findings collectively indicate that monensin exerts anti-proliferative, pro-apoptotic, and 

autophagy-inducing effects in RCC, supporting its promise as a targeted therapeutic strategy for 

multiple RCC subtypes. 

4.15. Multiple Myeloma 

Multiple myeloma (MM) is a malignant plasma cell disorder characterized by the clonal 

proliferation of myeloma cells in the bone marrow, resulting in skeletal destruction, immune 

suppression, and systemic complications. Despite advances in proteasome inhibitors, 

immunomodulatory agents, and monoclonal antibodies, relapse and drug resistance remain 

significant challenges, highlighting the need for novel therapeutic strategies. Recent evidence 

suggests that monensin, a polyether ionophore antibiotic, may exert potent anti-myeloma effects 

through distinct mechanisms. 

Early preclinical studies demonstrated that monensin induces growth inhibition and apoptosis 

in myeloma cell lines. In NCI-H929 myeloma cells, monensin triggered cell cycle arrest at the G1 

phase, along with a significant increase in apoptotic cell populations. Mechanistically, these effects 

were accompanied by mitochondrial dysfunction, caspase activation, and PARP cleavage, 

underscoring the pro-apoptotic activity of monensin in plasma cell malignancies [131]. 

More recently, novel insights have been gained into how myeloma cells internalize extracellular 

signals and interact with their microenvironment. A 2024 study identified a retrotransposon-derived 

DNA “zip code” that drives the internalization of myeloma cells via clathrin- and Rab5a-mediated 

endocytosis. Interestingly, monensin treatment was shown to disrupt this process, suggesting that it 

may interfere with tumor cell trafficking and microenvironmental interactions crucial for myeloma 

progression [132]. By altering endocytic trafficking, monensin may reduce the ability of myeloma 

cells to internalize survival-promoting signals, thereby sensitizing them to apoptosis and limiting 

their growth potential. 

Taken together, these findings provide compelling evidence that monensin exerts dual anti-

myeloma activity: (i) direct cytotoxicity through cell cycle arrest and apoptosis induction, and (ii) 

disruption of endocytosis-dependent survival pathways that are unique to malignant plasma cells. 

Although these findings are still limited to preclinical settings, they point toward the potential of 

monensin as an adjuvant therapeutic candidate in multiple myeloma, either alone or in combination 

with existing anti-myeloma agents. 

4.16. Thyroid Cancer 

Thyroid cancer is the most common endocrine malignancy, encompassing several histological 

subtypes, including papillary, follicular, medullary, and the highly aggressive anaplastic thyroid 

carcinoma (ATC). While most differentiated thyroid cancers respond well to surgery and radioactive 

iodine therapy, ATC remains refractory to conventional treatments, with a median survival of only a 

few months. This highlights the urgent need for novel therapeutic strategies targeting ATC and other 

resistant thyroid tumors. 
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Preclinical studies have shown that monensin exerts potent anti-thyroid cancer activity across 

multiple thyroid cancer cell lines, with the strongest sensitivity observed in ATC cells. 

Mechanistically, monensin disrupts mitochondrial respiration, leading to oxidative stress and 

mitochondrial damage. This is accompanied by AMPK activation and subsequent mTOR inhibition, 

ultimately suppressing cell proliferation and triggering apoptosis in ATC cells. These findings 

identify mitochondrial metabolism as a critical target for monensin in thyroid cancer, supporting its 

repurposing as a potential anti-ATC therapy [133]. 

In follicular thyroid carcinoma (FTC) models, monensin has also been shown to perturb Golgi 

complex integrity and alter intracellular protein localization. Specifically, in FTC133A cells, treatment 

with monensin caused expansion of the Golgi apparatus and a redistribution of PDE4A splice variant 

RD1 immunofluorescence from a polarized nuclear focus to a more diffuse perinuclear and 

cytoplasmic pattern. Similar effects were observed for the Tex1 antigen, consistent with disruption of 

the Golgi apparatus. These findings indicate that, in addition to mitochondrial dysfunction, 

monensin can modulate cellular organization and protein trafficking in thyroid cancer cells [134]. 

Collectively, these studies highlight the selective anti-cancer effects of monensin in thyroid 

malignancies, particularly in aggressive and treatment-resistant subtypes such as ATC, positioning 

it as a promising candidate for therapeutic repurposing. 

4.17. Bladder Cancer 

Bladder cancer is among the most prevalent malignancies of the urinary tract, with high 

recurrence rates and a strong need for novel targeted therapies. Conventional treatment strategies, 

including surgery and intravesical chemotherapy, often face limitations due to incomplete tumor 

eradication and drug resistance. Hence, the exploration of agents that modulate intracellular 

trafficking and drug uptake has gained increasing attention. 

A study using human 5637 bladder cancer cells investigated the role of plant lectins as mediators 

of targeted drug delivery and uptake. It has been demonstrated that lectins can efficiently bind to 

and internalize into bladder cancer cells via receptor-mediated pathways, highlighting the 

therapeutic potential of compounds that exploit endocytosis and vesicular trafficking for selective 

targeting [135]. 

In this context, monensin emerges as a particularly relevant candidate, given its ability to alter 

Golgi function, vesicular trafficking, and endosomal acidification. By disrupting intracellular 

transport mechanisms, monensin may enhance or interfere with the uptake of drug–carrier 

complexes such as lectins, potentially increasing the cytotoxicity of co-administered anticancer 

agents. Additionally, since bladder cancer cells exhibit high rates of receptor-mediated 

internalization, monensin’s modulatory effect on clathrin-dependent pathways could be leveraged 

to sensitize tumor cells to targeted delivery approaches. 

Although direct studies on monensin in bladder cancer remain limited, the mechanistic overlap 

between its known activity and the endocytic pathways described in 5637 bladder cancer cells 

strongly supports its exploration in this setting. Future studies should focus on combining monensin 

with lectin-based carriers or intravesical therapies to maximize drug accumulation in tumor tissue 

while reducing systemic toxicity. 

4.18. Squamous Cell Carcinoma (SCC) 

Squamous cell carcinoma (SCC) represents one of the most common epithelial malignancies, 

arising in tissues such as the skin, head and neck, and esophagus. SCC progression is tightly linked 

to aberrations in growth factor receptor signaling and membrane trafficking, processes in which 

monensin has shown significant modulatory potential. 

One of the key molecular hallmarks of SCC is dysregulation of the epidermal growth factor 

receptor (EGFR). Early studies have demonstrated that EGFR undergoes complex glycosylation 

events that are critical for its proper membrane localization and ligand-binding activity. Alterations 

in glycosylation patterns, as observed in SCC cells, can influence receptor stability, signaling output, 
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and response to therapy [136]. Additionally, investigations into the biosynthesis of EGFR in human 

SCC cell lines revealed that while some hyperproducing cells secrete truncated forms of the receptor, 

this phenomenon is not universal, highlighting the heterogeneous biology of EGFR regulation in SCC 

[137]. 

Beyond EGFR, SCC cells may also harbor genetic amplifications that affect receptor-related 

pathways. For example, UMSCC38 cells with amplification at chromosome 11q13 were found to 

synthesize a mutant, nonfunctional folate receptor, underscoring how receptor abnormalities can 

compromise cellular transport and folate metabolism in this type of cancer [138]. 

These findings are particularly relevant in the context of monensin. As a polyether ionophore 

that disrupts Golgi function, vesicular trafficking, and glycoprotein processing, monensin can 

interfere with the proper maturation and membrane localization of receptors, such as EGFR and the 

folate receptor. By perturbing these pathways, monensin may attenuate oncogenic signaling, 

sensitize SCC cells to targeted therapies, and overcome adaptive resistance mechanisms. 

Taken together, while direct experimental evidence of monensin’s efficacy in SCC remains 

limited, the overlap between its cellular targets and the molecular vulnerabilities of SCC strongly 

suggests a therapeutic potential worth further exploration. 

5. Advantages and Challenges 

Advantages 

Monensin offers several advantages as a potential candidate for repurposing as an anticancer 

drug. Its long-standing veterinary use provides a well-documented safety and pharmacological 

profile, which shortens the path to clinical evaluation compared with new drug discovery. Monensin 

acts through multiple complementary mechanisms, including disruption of ion balance, induction of 

oxidative stress, modulation of oncogenic signaling, inhibition of epithelial–mesenchymal transition 

(EMT), and reversal of multidrug resistance. These pleiotropic actions allow it to target a broad range 

of cancers. Importantly, malignant cells appear more sensitive than normal cells to monensin-

induced ionic and metabolic stress, suggesting a degree of selectivity. 

Challenges 

At the same time, several obstacles limit its clinical application. Monensin can produce 

cardiotoxic, neurotoxic, and muscular side effects at higher doses, raising concerns about its 

therapeutic window. Its poor solubility and limited bioavailability reduce systemic usability and 

demand innovative formulations. While its multi-targeted nature enhances efficacy, it also increases 

the risk of off-target effects in healthy tissues. Moreover, current evidence is confined to laboratory 

and animal studies, with no clinical validation in humans. Regulatory and ethical issues linked to 

repurposing a veterinary antibiotic also remain unresolved. 

6. Clinical Implications and Future Perspectives 

Preclinical findings highlight monensin’s potential to enhance cancer therapy, but its most 

practical role is likely in combination regimens, where it sensitizes resistant tumors to standard 

chemotherapies or targeted agents. This strategy may be particularly relevant for malignancies with 

poor prognosis and high drug resistance, such as triple-negative breast cancer, GBM, and 

hepatocellular carcinoma. 

Drug delivery innovation is central to overcoming pharmacological limitations. Nanoparticles, 

liposomes, and tumor-targeted carriers can improve solubility, bioavailability, and tumor selectivity, 

while reducing systemic toxicity. Organellar targeting, such as Golgi- or lysosome-directed systems, 

may further exploit monensin’s mechanistic strengths. 

Looking forward, several priorities emerge: 

Conduct detailed toxicological studies to define a safe therapeutic window in humans. 
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Optimize delivery strategies to enhance tumor specificity and minimize side effects. 

Design clinical trials for cancer types with a clear biological rationale, such as those characterized 

by ionic imbalance or multidrug resistance. 

Explore synergies with immunotherapies, as monensin’s signaling effects may enhance immune 

responsiveness. 

To date, no registered clinical trials have tested monensin in oncology, underscoring the 

importance of translating preclinical promise into early-phase human studies. 

7. Conclusion 

Monensin exemplifies the potential of drug repurposing in oncology. Developed initially as a 

veterinary antibiotic, it exhibits broad anticancer activity through the disruption of ion gradients, 

induction of oxidative stress, modulation of oncogenic signaling pathways, and reversal of drug 

resistance—these mechanisms collectively position monensin as a promising candidate for 

therapeutic development. 

Nevertheless, significant barriers—including toxicity, poor solubility, and the absence of clinical 

evaluation—must be addressed. Advances in targeted delivery systems and rational combination 

strategies offer practical solutions, but rigorous human studies are essential. 

In summary, monensin holds genuine promise as an adjuvant or complementary therapy 

against resistant and aggressive cancers. Its transition from preclinical promise to clinical utility will 

depend on careful optimization and well-designed clinical trials. 
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