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Clotrimazole inhibits growth 
of multiple myeloma cells in vitro 
via G0/G1 arrest and mitochondrial 
apoptosis
Yang Song 1, Hui Zhang 2, Jie Geng 2, Haoran Chen 2, Yang Bo 3 & Xuechun Lu 3*

Patients with multiple myeloma (MM) experience relapse and drug resistance; therefore, novel 
treatments are essential. Clotrimazole (CTZ) is a wide-spectrum antifungal drug with antitumor 
activity. However, CTZ’s effects on MM are unclear. We investigated CTZ’s effect on MM cell 
proliferation and apoptosis induction mechanisms. CTZ’s effects on MM.1S, NCI- H929, KMS-11, 
and U266 cell growth were investigated using Cell Counting Kit-8 (CCK-8) assay. The apoptotic cell 
percentage was quantified with annexin V-fluorescein isothiocyanate/7-amino actinomycin D staining. 
Mitochondrial membrane potential (MMP) and cell cycle progression were evaluated. Reactive oxygen 
species (ROS) levels were measured via fluorescence microscopy. Expression of apoptosis-related 
and nuclear factor (NF)-κB signaling proteins was analyzed using western blotting. The CCK-8 assay 
indicated that CTZ inhibited cell proliferation based on both dose and exposure time. Flow cytometry 
revealed that CTZ decreased apoptosis and MMP and induced G0/G1 arrest. Immunofluorescence 
demonstrated that CTZ dose-dependently elevated in both total and mitochondrial ROS production. 
Western blotting showed that CTZ enhanced Bax and cleaved poly ADP-ribose polymerase and 
caspase-3 while decreasing Bcl-2, p-p65, and p-IκBα. Therefore, CTZ inhibits MM cell proliferation 
by promoting ROS-mediated mitochondrial apoptosis, inducing G0/G1 arrest, inhibiting the NF-κB 
pathway, and has the potential for treating MM.
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Multiple myeloma (MM) is a serious hematologic malignancy that causes an abnormal proliferation of plasma 
cells in the bone marrow and an excessive production of monoclonal immunoglobulins or light chains1,2. MM 
is responsible for approximately 17% of all hematologic malignancies3. Clinical manifestations include exten-
sive bone destruction, anemia, recurrent infections, hypercalcemia, and renal failure4. According to the Global 
Cancer Observatory database, approximately 180,000 new cases of MM were diagnosed in 2020, and 117,000 
deaths occurred worldwide, posing a significant health and socioeconomic burden5 Over the past 10–15 years, 
advances in treatment, such as new drugs, have dramatically enhanced the survival rate of individuals with MM6. 
However, no cure is currently available. Patients experience relapse and drug resistance7. Therefore, identifying 
novel drug treatments for MM is essential.

Clotrimazole (CTZ) is a synthetic imidazole antifungal medication with a wide spectrum of activity that is 
used in the management of Candida albicans and a variety of other fungal infections8. This drug targets ergosterol 
biosynthesis, disrupting fungal cell wall structure and function by causing cell wall leakage9. CTZ also has anti-
bacterial, antiviral, and antiparasitic activity10–12. By modulating the ERK-p65 signaling pathway, CTZ inhibits 
hepatocellular carcinoma cell migration and invasion13. CTZ induced the repolarization of macrophages and 
exhibited anticancer activity in a murine model of melanoma14. Furthermore, CTZ inhibits the proliferation of 
breast, oral, and endometrial cancer cells15–17. However, the effects of CTZ in MM have not been reported in 
previous studies.

Research has suggested the potential of CTZ as a treatment for MM. One study examined the effect of clotri-
mazole on the migration and invasion capabilities of the U266 cell line, suggesting its potential as a treatment for 
multiple myeloma. However, this report was limited to a single cell line and focused on tumor cell migration and 

OPEN

1Chinese People’s Liberation Army Medical School, Beijing  100853, China. 2School of Basic Medicine, Shanxi 
Medical University, Taiyuan  030000, China. 3Department of Hematology, Second Medical Center, People’s 
Liberation Army General Hospital, Beijing 100853, China. *email: luxuechun@301hospital.com.cn

http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-024-66367-5&domain=pdf


2

Vol:.(1234567890)

Scientific Reports |        (2024) 14:15406  | https://doi.org/10.1038/s41598-024-66367-5

www.nature.com/scientificreports/

invasion18. Another study discussed the clinical efficacy of bisphosphonates in reducing fracture risk in patients 
with multiple myeloma or osteoporosis and determined that antifungal drugs such as clotrimazole could be used 
if necessary, suggesting its potential safety for patients with MM19.

Drug repurposing expands the use of existing drugs, with comparatively lower development costs and shorter 
development time20,21. CTZ is a safe, old drug that has been in clinical use for many years, making it a good candi-
date for use in other diseases (Table 1). This study investigated the effect of CTZ on the proliferation of MM cells 
and the underlying mechanisms. The discovery sheds light on the mechanism of how CTZ inhibits cancer growth 
and underscores its promising potential for a novel approach to the treatment of MM and other malignancies.

Results
CTZ inhibits MM cell proliferation
CTZ decreased MM cell viability based on both dosage and time, exhibiting statistical significance (p ≤ 0.05) 
(Fig. 1). IC50 values in NCI-H929, MM.1S, KMS-11, U266 cells were 35.04 ± 1.63 μM, 40.05 ± 1.23 μM, 
38.76 ± 1.3 μM, and 35.79 ± 1.91 μM after 24-h treatment and 18.25 ± 0.92 μM, 32.77 ± 0.35 μM, 20.51 ± 0.37 μM, 
and 23.85 ± 0.53 μM after 48-h treatment, respectively. These findings demonstrate that CTZ inhibits MM cell 
proliferation.

CTZ induces G0/G1 cell cycle arrest in MM.1S and NCI‑H929 cells
The percentage of MM.1S cells in the G0/G1 phase following 24-h treatment with 0, 5, 10, and 15 μM CTZ was 
35.77%, 42.60%, 53.07%, and 69.26%, respectively. The proportion of NCI-H929 cells in the G0/G1 phase after 
24-h exposure to these concentrations was 34.11%, 53.16%, 67.20%, and 71.60%, respectively (Fig. 2). These 
results indicate that CTZ induces G0/G1 arrest.

Table 1.   Overview of clotrimazole’s antitumor effects in different types of cancer. ERK Extracellular signal-
regulated kinase, EMT Epithelial–mesenchymal transition, PI3K Phosphoinositide 3-kinase, TAM Tumor-
associated macrophages, MMP Matrix metalloproteinase, IK Inwardly rectifying potassium channels, OSCC 
Oral squamous cell carcinoma.

Author(s), year and 
refs Cancer type Cancer cell lines Main findings Mechanism of action

Dosage and 
administration Conclusion

Liu et al. 202213 Hepatocellular 
carcinoma

MHCC-97H, SMCC 
7721, Hep3B, HuH7

Clotrimazole inhibits 
HCC cell migration and 
invasion

Inhibition of ERK 
phosphorylation and 
EMT

20 μM clotrimazole in 
HCC cells

Clotrimazole inhibits 
HCC metastasis 
through the 
suppression of EMT via 
the ERK pathway

Ochioni et al. 202114 Melanoma B16F10

Clotrimazole inhibits 
tumor growth, 
reduces lactate 
levels in the tumor 
microenvironment, 
and decreases vascular 
endothelial growth 
factor expression

Inhibition of the PI3K 
pathway, reduction 
of glycolysis, and 
repolarization of tumor-
associated macrophages 
cells

200 mg/kg/day in vivo

Clotrimazole exerts 
anticancer effects by 
modulating the tumor 
microenvironment and 
TAM polarization

Bae et al. 201815 Breast cancer MCF-7, MDA-MB-231
Clotrimazole inhibited 
cell proliferation and 
invasiveness of breast 
cancer cells

Induction of apoptosis, 
G1 phase arrest, 
inhibition of MMP9

50 μM clotrimazole 
in breast cancer cells; 
100 mg/kg/day in vivo

Clotrimazole shows 
strong antitumor 
activity. It has the 
potential to be 
repositioned as a cancer 
therapy

Wang et al. 201416 Oral squamous cell 
carcinoma CAL27, SCC25, UM1

Clotrimazole inhibited 
cell viability, colony 
formation, induced 
apoptosis, and reduced 
tumor growth

Induction of G0/G1 
cell cycle arrest, down-
regulation of Bcl-2, 
up-regulation of Bax

40 μM clotrimazole 
in vitro; 150 mg/kg/day 
in vivo

Clotrimazole shows 
potential as a 
therapeutic agent for 
OSCC by inducing 
apoptosis and inhibiting 
cell proliferation

Adinolfi et al. 201532 Melanoma A375

Clotrimazole induces 
cytotoxicity in A375 
human melanoma 
cells, induces cell cycle 
arrest at the G1-S 
phase transition, and 
alters membrane-
bound protein V 
responsiveness

Inhibits hexokinase, 
induces cell cycle arrest, 
induces apoptosis

10 μM Clotrimazole in 
A375 Cells

Clotrimazole has a 
pro-apoptotic effect on 
melanoma cells

Zuccolini et al. 202333 Melanoma, pancreatic 
cancer WM266-4, Panc-1

Clotrimazole causes a 
decrease in cell viability 
and migration in 
WM266-4 and Panc-1 
cells, independent of IK 
expression levels

IK Independence effect 30 μM Clotrimazole in 
WM266-4 Cells

The effect of 
clotrimazole on cancer 
cells may be due to 
off-target effects on 
other cellular targets or 
blockade of IK channels 
located in intracellular 
organelles
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CTZ induces apoptosis in MM.1S and NCI‑H929 cells
CTZ dose-dependently increased the proportion of both the early and late apoptotic cells (Fig. 3a,b), demonstrat-
ing that CTZ induces apoptosis in MM cells.

CTZ regulates expression of apoptosis proteins in MM.1S and NCI‑H929 cells
Apoptosis, triggered by drugs, is a critical mechanism for cancer cell extinction22, and Bax and Bcl-2 are key 
mediators of apoptosis23. Western blot analysis demonstrated that CTZ dose-dependently raised the levels of the 
pro-apoptotic protein Bax and lowered the levels of the anti-apoptotic protein Bcl-2 in MM.1S and NCI-H929 
cells, leading to an increased Bax/Bcl-2 ratio (with a maximal increase of 6.0-fold in MM.1S cells and 9.3-fold 
in NCI-H929 cells) compared to the control (Fig. 3c,e–h). Statistical analysis confirmed that these changes were 
significant. The results showed that CTZ decreased the protein expression of Bcl-2 (with a maximal decrease of 
0.5-fold in MM.1S cells and 0.4-fold in NCI-H929 cells) while increasing the protein expression of Bax (with a 
maximal increase of 3.0-fold in MM.1S cells and 3.5-fold in NCI-H929 cells) compared to the control. PARP, 
an enzyme involved in DNA repair, is cleaved by caspases into cleaved PARP, which is inactive24. CTZ dose-
dependently increased cleaved PARP as well as cleaved caspase-3 protein levels in both cell types in this study 
(Fig. 3d–f). Statistical analysis confirmed that these changes were significant. The results showed that elevated 
levels of cleaved caspase-3 (with an increase of 2.2-fold in MM.1S cells and 4.5-fold in NCI-H929 cells) and 
cleaved PARP (with an increase of 3.2-fold in MM.1S cells and 2.4-fold in NCI-H929 cells) were observed after 
15 μM CTZ treatment compared to the control.

CTZ increases total and mitochondrial ROS levels in NCI‑H929 cells
Mitochondria generate ROS25. Excessive ROS induce oxidative damage, leading to mitochondrial events, includ-
ing apoptosis. In this study, CTZ dose-dependently increased the fluorescence intensity of DCFH-DA and Mito-
SOX, demonstrating that CTZ raised both the total ROS and mitochondrial ROS at levels in NCI-H929 cells 
(Fig. 4a). Quantification of fluorescence intensity showed a significant increase in ROS levels with higher doses 
of CTZ, indicating that CTZ effectively induces oxidative stress in these cells (Fig. 4b).

CTZ alters MMP in MM.1S and NCI‑H929 cells
The mitochondrial pathway is associated with programmed cell death26. In the process of mitochondrial 
respiration and oxidation, the energy generated is stored in the inner mitochondrial membrane as electrochemical 
potential energy, creating an asymmetric distribution of protons and other ions on either side of the membrane 
to form the MMP27. A decrease in MMP is a hallmark feature of the early phases of apoptosis28. The potential 
involvement of the mitochondrial pathway in CTZ-induced cell death in MM.1S and NCI-H929 cells was 
investigated using JC-1 staining and FCM. We observed a dose-dependent decrease in MMP with increasing 

Figure 1.   Impact of clotrimazole on the growth of multiple myeloma cells. Cells were cultured with 
clotrimazole for 24 or 48 h, using Cell Counting Kit-8 to evaluate cell viability. Growth curves of MM.1S (a), 
NCI-H929 (b), KMS-11 (c), and U266 (d) cells are shown. Each data point represents the mean ± standard 
deviation from three independent experiments conducted in triplicate.
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concentrations of CTZ. Specifically, treatment with 5, 10, and 15 μM CTZ resulted in a significant reduction of 
MMP in both MM.1S and NCI-H929 cells. The percentage loss of MMP was significantly elevated at the 15 μM 
dose, indicating a strong dose-dependent effect of CTZ on mitochondrial dysfunction (Fig. 4c–e).

CTZ induces apoptosis in MM.1S and NCI‑H929 cells by inhibiting the NF‑κB signaling pathway
The NF-KB pathway is a classic pathway in the development of MM. Next, we determined whether CTZ regulates 
the NF-κB pathway in MM.1S and NCI-H929 cells by measuring the protein expression of IκBα, phosphorylated 
IκBα, p65, and phosphorylated p65 (Fig. 5a,c). CTZ dose-dependently decreased the levels of phosphorylated 
p65 (with a maximal decrease of 0.3-fold in MM.1S cells and 0.2-fold in NCI-H929 cells) and phosphorylated 
IκBα (with a maximal increase of 0.3-fold in MM.1S cells and 0.4-fold in NCI-H929 cells) compared with the 
control, suggesting its inhibition of the NF-κB pathway in MM cells (Fig. 5b,d). Statistical analysis showed that 
these decreases were significant.

In addition, the protein level of IκBα did not change in MM.1S and NCI-H929 cells. For the expression level 
of p65 protein, there was no change in the 0–10 μM CTZ treated group in both cell lines. In 15 μM CTZ-treated 
MM.1S cells, the level of p65 was significantly reduced (to 0.7-fold of the control) with a p-value of less than 
0.05, while in 15 μM CTZ-treated NCI-H929 cells, there was no statistically significant difference in the level of 
p65, although it was also reduced (to 0.8-fold of the control) (Fig. 5e,f). The results showed that CTZ decreased 
the p-IκBα/IκBα ratio (with a maximal decrease of 0.2-fold in MM.1S cells and 0.4-fold in NCI-H929 cells) and 
the p-p65/p65 ratio (with a maximal decrease of 0.4-fold in MM.1S cells and 0.3-fold in NCI-H929 cells) at the 
highest concentration (Fig. 5g,h). Significant reductions were observed at 10 μM and 15 μM CTZ (p < 0.001), 
indicating CTZ inhibits NF-κB pathway activity in both cell lines. These results indicate that CTZ effectively 
inhibits the phosphorylation of key proteins in the NF-κB pathway.

Figure 2.   Effect of clotrimazole on the cell cycle of MM.1S and NCI-H929 multiple myeloma cells. (a) Cell 
cycle progression of MM.1S and NCI-H929 cells cultured with clotrimazole (0, 5, 10, 15 μM) for 12 h. (b,c) 
Cell cycle progression of MM.1S and NCI-H929 cells. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 versus 
controls. ns not significant (p ≥ 0.05).
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Figure 3.   Effect of clotrimazole (CTZ) on inducing apoptosis in MM.1S and NCI-H929 multiple myeloma 
cells. (a) Flow cytometric analysis of the apoptosis rate in CTZ-treated cells stained with Annexin V-FITC/7-
ADD. (b) Rate of apoptosis in CTZ-treated cells. (c) Western blot analysis of the expression of Bax and Bcl-2 in 
CTZ-treated cells. (d) Western blot analysis of the expression of cleaved caspase-3 and cleaved PARP in CTZ-
treated cells. (e,f) Bax/Bcl-2 ratios and semiquantitative analyses of the relative protein expression of cleaved 
caspase-3 and cleaved PARP in MM.1S and NCI-H929 cells. (g,h) Western blot analysis of the expression of Bax 
and Bcl-2 in CTZ-treated MM.1S and NCI-H929 cells. The data are expressed as the mean ± standard deviation 
of three independent sets of assays conducted in triplicate. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 
versus controls. ns not significant (p ≥ 0.05).
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Figure 4.   Alterations in reactive oxygen species (ROS) levels and mitochondrial membrane potential (MMP) 
by CTZ in multiple myeloma cells. (a) Fluorescence microscopy analysis of total ROS and mitochondrial 
ROS production in NCI-H929 cells treated with clotrimazole (CTZ). Scale bar: 10 μm. (b) Quantification of 
Fluorescence Intensity of DCFH-DA and MitoSOX in NCI-H929 cells treated with different concentrations of 
CTZ. (c) Using flow cytometry, MMP in MM.1S and NCI-H929 cells were cultured by different concentrations 
of CTZ and stained with JC-1 dye. (d,e) Rate of MMP loss in CTZ-treated cells. *p < 0.05, **p < 0.01, ***p < 0.001, 
****p < 0.0001 versus controls. ns not significant (p ≥ 0.05).
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Figure 5.   Regulation of NF-κB signaling pathway by CTZ in MM.1S and NCI-H929 cells. (a,c) Western blot 
analysis was performed to evaluate the levels of NF-κB pathway signaling components, including p65, p-p65, 
IκBα, and p-IκBα in MM.1S and NCI-H929 cells treated with CTZ. (b,d,e,f) Semiquantitative analysis of 
Western blot results showing the expression levels of p65, p-p65, IkBa, and p-IκBα in MM.1S and NCI-H929 
cells after CTZ treatment. (g,h) Quantitation of the p-IκBα/IκBα and p-p65/p65 ratios in MM.1S and NCI-H929 
cells treated with different concentrations of CTZ. The data are presented as the mean ± standard deviation from 
three independent experiments conducted in triplicate. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. ns not 
significant (p ≥ 0.05).
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Discussion
Over the past few years, the clinical use of proteasome inhibitors and immuno-modulators has significantly 
enhanced the prognosis of patients with MM29. Nevertheless, cases of relapsed and refractory MM are common. 
Moreover, the time to remission in patients with relapsed MM shortens as treatment progresses30. Therefore, MM 
is incurable, underscoring the need to develop effective therapeutic agents with few side effects. Drug repurposing 
in cancer is more cost-effective than developing new drugs31.

CTZ is a synthetic azole antifungal drug commonly used topically to treat tinea pedis, vulvovaginal, and 
oropharyngeal candidiasis8. It inhibits fungal growth by targeting ergosterol biosynthesis and is safe and well-
tolerated with few adverse effects. Studies have shown that CTZ inhibits the proliferation of cancer cells through 
multiple mechanisms. For instance, Liu et al. reported that CTZ suppresses hepatocellular carcinoma cell 
migration and invasion by inhibiting ERK phosphorylation and epithelial-mesenchymal transition13. In breast 
cancer cell lines (MCF-7 and MDA-MB-231), Bae et al. observed that CTZ induces apoptosis and G1 phase 
arrest while inhibiting MMP9, thus reducing cell proliferation and invasiveness15. Further research by Wang et al. 
demonstrated that CTZ significantly reduces cell viability, colony formation, and tumor growth in oral squamous 
cell carcinoma both in vitro and in vivo, primarily through G0/G1 cell cycle arrest and modulation of apoptosis-
related proteins16. In melanoma models, Ochioni et al. and Adinolfi et al. found that CTZ not only inhibits tumor 
growth but also modulates the tumor microenvironment by repolarizing tumor-associated macrophages and 
inducing apoptosis through hexokinase inhibition14,32. Additionally, Zuccolini et al. highlighted the potential 
off-target effects of CTZ on IK channels, affecting the viability and migration of melanoma and pancreatic cancer 
cells33. As evidenced by CCK-8 assays, CTZ suppresses the proliferation of MM cells in a concentration- and 
time-dependent manner.

Cancer is a condition characterized by uncontrolled cell growth due to dysregulation of the normal cell cycle, 
which affects the speed of cell proliferation34. The duration of the cell phase differs between cell types and is 
largely influenced by the duration of the G1 phase. Earlier research has demonstrated that CTZ causes G0/G1 cell 
cycle arrest in A375 human melanoma cells14 and oral squamous carcinoma cells16. We found that CTZ induced 
G0/G1 arrest in MM.1S and NCI-H929 cells, leading us to hypothesize that CTZ induces apoptosis in MM. The 
difference in cell cycle states observed between MM.1S and NCI-H929 cells could be attributed to the intrinsic 
variations in their cellular machinery and signaling pathways. For instance, differences in the expression levels of 
cyclins, cyclin-dependent kinases (CDKs), and CDK inhibitors could affect the sensitivity of these cells to CTZ-
induced G0/G1 arrest. Additionally, the presence of mutations or differential activation of upstream regulatory 
pathways, such as the p53 and Rb pathways, may also contribute to the observed differences in cell cycle arrest.

Apoptosis maintains physiological homeostasis35 and eliminates cancer cells in response to external 
stimuli, such as small-molecule drugs36,37. Apoptosis involves decreased MMP and caspase-3 activation38. The 
externalization of PS was evaluated via annexin V-FITC/7-AAD staining. Moreover, the translocation of PS to 
the outer membrane is stimulated by apoptosis. Annexin V possesses a great binding capacity for PS. The effects 
of CTZ on apoptosis in MM cells were assessed using annexin V-FITC/7-AAD staining combined with flow 
cytometry. We found that 12-h treatment with 15 μM CTZ increased the apoptosis rate of MM.1S and NCI-
H929 cells.

Apoptotic pathways can be either extrinsic or intrinsic39. Upon stimulation, Bcl-2 family proteins activate 
MMPs, which leads to the liberation of cytochrome c from the mitochondria, initiation of the caspase cascade, 
and eventual cell death40,41. CTZ induces apoptosis via Bcl-2 family proteins. Similarly, in oral squamous cell 
carcinoma, CTZ induces apoptosis by upregulating Bax and downregulating Bcl-216. We found that CTZ 
suppressed Bcl-2 expression, raised Bax levels, and triggered cleavage of PARP and caspase-3, indicating CTZ’s 
engagement in the intrinsic apoptotic pathway. The significant increase in Bax and decrease in Bcl-2 levels in 
MM.1S and NCI-H929 cells treated with 15 μM CTZ (p-values < 0.01) underscores the role of CTZ in driving 
apoptosis via the intrinsic pathway. Elevated levels of cleaved caspase-3 and cleaved PARP in both cell lines 
(p-values < 0.001) further affirm this mechanism. Cleaved caspase-3, a principal executor of apoptosis, and 
cleaved PARP, a substrate of caspase-3, are essential indicators of apoptosis42. Their heightened levels signify 
the activation of the intrinsic apoptotic pathway, substantiating the involvement of CTZ in apoptosis induction.

Oxidative stress has an essential role in cancer therapy43. Excessive ROS causes mitochondrial membrane 
permeabilization, ultimately triggering apoptosis44. Previous studies have revealed that CTZ inhibits the growth 
of Leishmania parasites by impairing mitochondrial function and increasing ROS production12. CTZ also 
increases ROS production in fungal cells45. However, little information is available on the impact of CTZ on ROS 
production in MM cells. In this study, we evaluated overall and mitochondrial levels of ROS using DCFH-DA 
and MitoSOX staining. CTZ dose-dependently increased total and mitochondrial ROS generation while reducing 
MMP in MM.1S and NCI-H929 cells.

NF-κB consists of a dimerization complex involving either p50 (NF-κB1) or p52 (NF-κB2), along with various 
members of the Rel family (P65, c-Rel, and Rel-B) and functions as a transcription factor46. The NF-κB pathway 
is inactive in normal cells and activated in tumors, including MM47–49. IκB inhibits NF-κB, thereby inhibiting 
its movement to the nucleus. Upon phosphorylation, IκB releases NF-κB, which subsequently undergoes 
phosphorylation and translocation to the nucleus, inducing gene transcription50. In MM.1S and NCI-H929 
cells, the dose-dependent reduction in phosphorylated p65 and phosphorylated IκBα (p < 0.0001) demonstrates 
that CTZ effectively inhibits the NF-κB pathway. Importantly, the protein level of IκBα remained unchanged, 
indicating that CTZ specifically targets the phosphorylation states rather than the overall protein levels of these 
components. Regarding the expression level of p65 protein, no alteration was observed in the 0–10 μM CTZ 
treated groups across both cell lines. In 15 μM CTZ-treated MM.1S cells, the level of p65 was significantly 
decreased (p-value < 0.05), whereas in 15 μM CTZ-treated NCI-H929 cells, a reduction in p65 levels was noted, 
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although it did not reach statistical significance. These findings support that CTZ’s inhibition of the NF-κB 
pathway contributes to its apoptotic effects in MM cells.

The differential sensitivities of MM.1S and NCI-H929 cells to CTZ treatment might stem from their distinct 
regulatory mechanisms or cellular environments, meriting further exploration. Various cell lines may possess 
unique gene expression profiles and signalling pathways, potentially influencing the ratios of p-IkBα/IkBα and 
p-65 NF-κB/NF-κB. Factors such as growth stage, proliferation status, and environmental conditions could also 
result in variations in protein expression levels. Moreover, despite our efforts to maintain consistent experimental 
conditions, minor variations during the experimental process could impact protein expression levels.

This study also has some limitations. Our apoptosis assay did not include essential positive and negative 
controls, such as ZVAD and staurosporine, which are critical for validating the results. We intend to incorporate 
these controls in our future experiments to enhance the robustness of our findings. Additionally, human 
mononuclear cells (PBMC) were not included as a negative control in the CCK-8 study. We acknowledge that 
incorporating PBMC cells allows for a more comprehensive assessment of drug toxicity. We will refine this 
experiment in our subsequent studies. Furthermore, our study did not include in vivo experiments, which are 
critical for validating the clinical relevance of our findings. The effects of CTZ were only tested on a limited 
number of MM cell lines, which may not fully represent the diversity of MM in patients. Additionally, we did 
not evaluate the long-term effects of CTZ treatment or potential mechanisms of resistance that may develop 
with prolonged exposure. Future studies should include long-term assays and analyze resistance mechanisms. 
Another limitation is that we did not evaluate the potential synergistic effects of combining CTZ with other 
chemotherapeutic agents. Exploring combination therapies may improve treatment efficacy and reduce side 
effects. Finally, although CTZ is known to be safe for its antifungal use, its safety profile in cancer treatment, 
including optimal dosage and potential side effects, requires thorough preclinical evaluation.

In the future, we intend to conduct a series of in vivo animal studies to further explore the role of clotrimazole 
in multiple myeloma and to verify its efficacy and safety. Additionally, we will explore the possibility of combining 
clotrimazole with other chemotherapeutic agents to develop more effective treatment strategies through this 
comprehensive research approach. These studies will not only help validate the efficacy of clotrimazole but also 
offer new directions and ideas for clinical treatment.

In conclusion, CTZ inhibits MM by regulating the expression of critical apoptosis proteins, including cleaved 
caspase-3, cleaved PARP, Bcl2, and Bax, through increased ROS production, G0/G1 arrest, and NF-κB signaling 
inhibition. These findings demonstrate that CTZ has a high potential to treat MM and other cancers.

Methods
Materials
CTZ (Aladdin Biological Technology, Shanghai, China) was stored at − 80 °C after being resolved in dimethyl 
sulfoxide (Sigma, MO, USA). Cell Counting Kit-8 (CCK-8) was offered by Dojindo (Kumamoto, Japan). We 
acquired basal RPMI-1640 medium, penicillin–streptomycin solution, and fetal bovine serum (FBS) by Gibco 
(Grand Island, NE, USA). The fluorescein isothiocyanate (FITC)-annexin V Apoptosis Detection Kit, which 
includes 7-amino actinomycin D (7-AAD), was procured from BD Biosciences (Franklin Lakes, NJ, USA). 
Mitochondrial Membrane Potential Assay Kit (including JC-1), Cell Apoptosis and Cycle Assay Kit, DCFH-DA, 
DAPI, MitoSOX Red, poly-l-lysine, RIPA buffer, proteinase, and phosphatase inhibitor cocktail, and a high-
sensitivity ECL chemiluminescence kit were sourced from Beyotime Biotechnology (Shanghai, China). A 
BCA protein assay kit was offered by Thermo Fisher Scientific (Waltham, MA, USA). Polyvinylidene fluoride 
(PVDF) membranes were supplied by Merck (Rowe, NJ, USA). Primary antibodies against cleaved caspase-3, 
Bax, Bcl-2, cleaved poly ADP-ribose polymerase (PARP), p65, IκBα, p-p65, p-IκBα, and β-actin were provided 
by CST (Boston, MA, USA). Secondary antibodies, anti-rabbit immunoglobulin (Ig)G and anti-mouse IgG, were 
obtained from Beyotime Biotechnology (Shanghai, China).

Cell culture
The human MM cell lines (U266, NCI-H929, KMS-11, MM.1S) were supplied from the Chinese Academy of 
Medical Sciences (Beijing, China) and cryopreserved using liquid nitrogen. Cells were incubated in RPMI-1640 
medium, which included 10% FBS and 1% penicillin–streptomycin. Cells were placed in a humidified incubator 
set at 37 °C with a CO2 concentration of 5%. Cells in the logarithmic growth phase were selected for subsequent 
assays.

Cell viability assay
CCK-8 assays were conducted to measure the impact of CTZ on cell viability. MM cells were plated at a dose 
of 1.0 × 104 cells/well in 96-well plates following exposure to different concentrations of CTZ (0, 10, 20, 30, 40, 
60, 80, and 100 μM) for either 24 or 48 h. After incubation at 37 °C for 2 h, 10 µL of CCK-8 reagent was added 
to each microwell. The measurement of absorbance at 450 nm was performed utilizing a microplate reader 
(Multiskan SkyHigh; Thermo Fisher Scientific, Waltham, MA, USA). Cell viability was determined according to 
the equation [(As − Ab)/(Ac − Ab)] × 100%, in which As represents the absorbance in the test wells, Ac indicates 
the absorbance in the control wells, and Ab shows the absorbance in the blank wells. Dose–response curves were 
plotted using GraphPad Prism version 9.0, and IC50 values were calculated.

Cell cycle analysis
MM.1S and NCI-H929 cells (5.0 × 105 cells/well) were plated in 6-well dishes and incubated with CTZ at a dose 
of 0, 5, 10, or 15 μM for 12 h. After collection by centrifugation, they were resuspended in PBS, immobilized in 
70% ethanol, and left overnight at 4 °C. Subsequently, cells were cultured for 30 min in the dark at 37 °C with a 
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mixture consisting of buffer, RNase A, and propidium iodide as instructed by the manufacturer. Flow cytometry 
(FACS Canto II; BD Biosciences, Franklin Lakes, NJ, USA) was performed for the cell cycle. Data handling and 
statistical analysis were performed with Modfit software (version 6.0).

Cell apoptosis assay
In 12-well plates, MM.1S and NCI-H929 cells were plated at a concentration of 1.0 × 105 cells/well and exposed 
for 12 h to CTZ at concentrations of 0, 5, 10, or 15 μM. Five microliters of FITC-conjugated Annexin V and an 
additional 5 µL of 7-AAD were then inoculated into each well. Subsequently, the wells were kept at 25 °C for 
15 min. Apoptosis was analyzed using FCM, and data were processed and analyzed using the FlowJo software 
(version 9).

Evaluation of ROS production
To measure the total ROS production in NCI-H929 cells, cells were grown in 12-well dishes and exposed to 0, 5, 
10, or 15 μM CTZ for 6 h. In the dark, Cells were dyed with DCFH-DA and DAPI at 37 °C for 30 min. Following 
that, cells were gathered by centrifugation, washed three times with serum-free medium, and seeded in confocal 
dishes (Thermo Fisher Scientific) coated with poly-l-lysine for 6 h. Cells were imaged on a confocal microscope 
(Olympus FV3000, Tokyo, Japan).

To measure mitochondrial ROS production, NCI-H929 cells were plated in 12-well dishes and exposed to 
CTZ at concentrations of 0, 5, 10, or 15 μM for 6 h. Cells were dyed with MitoSOX Red and DAPI at 37 °C for 
10 min in the dark. MitoSOX produces red fluorescence upon reacting with ROS. After centrifugation, the cells 
were washed with Hank’s balanced salt solution to seed confocal dishes coated with poly-L-lysine. Cells were 
imaged on a confocal microscope (Olympus FV3000, Tokyo, Japan).

MMP analysis
MM.1S and NCI-H929 cells in 6-well plates were seeded and exposed to treatment with CTZ (0, 5, 10, or 15 μM) 
for a duration of 12 h. Cells were collected by centrifugation, resuspended in RPMI-1640 basal medium, and dyed 
with JC-1 staining agent for 25 min at 37 °C in the dark. Cells were analyzed using FCM. When MMP is elevated, 
JC-1 accumulates within the mitochondrial matrix, resulting in the generation of red fluorescence. In cases of low 
MMP, JC-1 fails to aggregate within the mitochondrial matrix, resulting in the generation of green fluorescence.

Western blot analysis
MM.1S and NCI-H929 cells were cultured with different concentrations of CTZ for 24  h, collected by 
centrifugation, and lysed utilizing a lysis solution comprising proteinase and phosphatase inhibitors. The lysate 
was placed on ice for 25 min before being spun at 12,000 rpm for 20 min at 4 °C. Protein quantification was 
conducted using a BCA protein assay kit. After separation using 12% sodium dodecyl sulfate–polyacrylamide 
gel electrophoresis, proteins were transferred onto PVDF membranes via electro-transference. These membranes 
underwent blocking with 5% skim milk for 2 h at 37 °C, followed by overnight exposure at 4 °C to primary 
antibodies directed against Bcl-2, Bax, cleaved PARP, cleaved caspase-3, nuclear factor (NF)-κB p65, NF-κB 
p-p65, IκBα, and p-IκBα. The membranes were rinsed with TBS and subsequently incubated with secondary 
antibodies (either goat anti-rabbit or goat anti-mouse) for 2 h at 25 °C. Immunoreactive bands were captured 
using a chemiluminescence imaging system (Tanon-4200, Shanghai, China). The integrated optical density of 
the signals was measured semi-quantitatively using ImageJ software (version 1.5.3).

Statistical analyses
GraphPad Prism version 9.0 (GraphPad Software Inc., San Diego, CA, USA) was used to perform statistical 
analyses. Student’s t-test was used to determine the significance of the differences between the means. Differences 
between the multiple groups were evaluated using a one-way analysis of variance. Each experiment was repeated 
independently three times, with data reported using the mean ± standard deviation. A significance level of less 
than 0.05 for the p-value was regarded as an indication of statistical significance.

Data availability
The data provided is accessible in the article.

Received: 11 April 2024; Accepted: 1 July 2024

References
	 1.	 Cowan, A. J. et al. Diagnosis and management of multiple myeloma: A review. JAMA. 327, 464–477 (2022).
	 2.	 Rajkumar, S. V. Multiple myeloma: 2022 update on diagnosis, risk stratification, and management. Am. J. Hematol. 97, 1086–1107 

(2022).
	 3.	 Siegel, R. L., Giaquinto, A. N. & Jemal, A. Cancer statistics, 2024. CA Cancer J. Clin. 74, 12–49 (2024).
	 4.	 Padala, S. A. et al. Epidemiology, staging, and management of multiple myeloma. Med. Sci. (Basel). 9, 3 (2021).
	 5.	 Sung, H. et al. Global cancer statistics 2020: GLOBOCAN estimates of incidence and mortality worldwide for 36 cancers in 185 

countries. CA Cancer J. Clin. 71, 209–249 (2021).
	 6.	 Rajkumar, S. V. & Kumar, S. Multiple myeloma current treatment algorithms. Blood Cancer J. 10, 94 (2020).
	 7.	 Kastritis, E., Terpos, E. & Dimopoulos, M. A. How I treat relapsed multiple myeloma. Blood. 139, 2904–2917 (2022).
	 8.	 Crowley, P. D. & Gallagher, H. C. Clotrimazole as a pharmaceutical: Past, present and future. J. Appl. Microbiol. 117, 611–617 

(2014).



11

Vol.:(0123456789)

Scientific Reports |        (2024) 14:15406  | https://doi.org/10.1038/s41598-024-66367-5

www.nature.com/scientificreports/

	 9.	 Mendling, W., Atef El Shazly, M. & Zhang, L. Clotrimazole for vulvovaginal candidosis: More than 45 years of clinical experience. 
Pharmaceuticals (Basel). 13, 274 (2020).

	10.	 Cortat, Y. et al. Computer-aided drug design and synthesis of rhenium clotrimazole antimicrobial agents. Antibiotics (Basel). 12, 
619 (2023).

	11.	 Torriani, G. et al. Identification of clotrimazole derivatives as specific inhibitors of arenavirus fusion. J. Virol. 93, e01744-e11718 
(2019).

	12.	 Paul, A., Roy, P. K., Babu, N. K. & Singh, S. Clotrimazole causes membrane depolarization and induces sub G0 cell cycle arrest in 
Leishmania donovani. Acta Trop. 252, 107139 (2024).

	13.	 Liu, X. et al. Clotrimazole inhibits HCC migration and invasion by modulating the ERK-p65 signaling pathway. Drug Des. Dev. 
Ther. 16, 863–871 (2022).

	14.	 Ochioni, A. C. et al. Clotrimazole presents anticancer properties against a mouse melanoma model acting as a PI3K inhibitor and 
inducing repolarization of tumor-associated macrophages. Biochim. Biophys. Acta Mol. Basis Dis. 1867, 166263 (2021).

	15.	 Furtado, C. M., Marcondes, M. C., Sola-Penna, M., de Souza, M. L. & Zancan, P. Clotrimazole preferentially inhibits human breast 
cancer cell proliferation, viability and glycolysis. PLoS One 7, e30462 (2012).

	16.	 Wang, J. et al. The in vitro and in vivo antitumor effects of clotrimazole on oral squamous cell carcinoma. PLoS One. 9, e98885 
(2014).

	17.	 Mhawech-Fauceglia, P. et al. Aldolase mRNA expression in endometrial cancer and the role of clotrimazole in endometrial cancer 
cell viability and morphology. Histopathology. 59, 1015–1018 (2011).

	18.	 Wang, L. J. et al. Relation of intermediate-conductance Ca(2+)-activated K(+) channels with ability of proliferation, migration, 
invasion and IgE secretion of multiple myeloma cells. Zhongguo Shi Yan Xue Ye Xue Za Zhi. 22, 742–746 (2014).

	19.	 Cope, D. Clinical update: A nonhealing fractured mandible. Clin. J. Oncol. Nurs. 9, 685–687 (2005).
	20.	 Usha, T. et al. Drug repurposing approaches: Existing leads for novel threats and drug targets. Curr. Protein Pept. Sci. 9, 21 (2020).
	21.	 Pushpakom, S. et al. Drug repurposing: Progress, challenges and recommendations. Nat. Rev. Drug Discov. 18, 41–58 (2019).
	22.	 Carneiro, B. A. & El-Deiry, W. S. Targeting apoptosis in cancer therapy. Nat. Rev. Clin. Oncol. 17, 395–417 (2020).
	23.	 Kashyap, D., Garg, V. K. & Goel, N. Intrinsic and extrinsic pathways of apoptosis: Role in cancer development and prognosis. Adv. 

Protein Chem. Struct. Biol. 125, 73–120 (2021).
	24.	 Slade, D. PARP and PARG inhibitors in cancer treatment. Genes Dev. 34, 360–394 (2020).
	25.	 Hernansanz-Agustín, P. & Enríquez, J. A. Generation of reactive oxygen species by mitochondria. Antioxidants (Basel). 10, 415 

(2021).
	26.	 Li, K. et al. The role of oxidative stress in tumorigenesis and progression. Cells. 13, 441 (2024).
	27.	 Kroemer, G., Galluzzi, L. & Brenner, C. Mitochondrial membrane permeabilization in cell death. Physiol. Rev. 87, 99–163 (2007).
	28.	 Fleury, C., Mignotte, B. & Vayssière, J. L. Mitochondrial reactive oxygen species in cell death signaling. Biochimie. 84, 131–141 

(2002).
	29.	 Wang, C. et al. Different evasion strategies in multiple myeloma. Front. Immunol. 15, 1346211 (2024).
	30.	 Moreau, P. et al. Treatment of relapsed and refractory multiple myeloma: Recommendations from the International Myeloma 

Working Group. Lancet Oncol. 22, e105–e118 (2021).
	31.	 Schuler, J. et al. Evaluating the performance of drug-repurposing technologies. Drug Discov. Today 27, 49–64 (2022).
	32.	 Adinolfi, B. et al. Analysis of the antitumor activity of clotrimazole on A375 human melanoma cells. Anticancer Res. 35, 3781–3786 

(2015).
	33.	 Zuccolini, P. et al. IK channel-independent effects of clotrimazole and senicapoc on cancer cells viability and migration. Int. J. Mol. 

Sci. 24, 16285 (2023).
	34.	 Martínez-Alonso, D. & Malumbres, M. Mammalian cell cycle cyclins. Semin. Cell Dev. Biol. 107, 28–35 (2020).
	35.	 Liu, J. et al. Programmed cell death tunes tumor immunity. Front. Immunol. 13, 847345 (2022).
	36.	 Singh, P. & Lim, B. Targeting apoptosis in cancer. Curr. Oncol. Rep. 24, 273–284 (2022).
	37.	 Shahar, N. & Larisch, S. Inhibiting the inhibitors: Targeting anti-apoptotic proteins in cancer and therapy resistance. Drug Resist. 

Updat. 52, 100712 (2020).
	38.	 Morana, O., Wood, W. & Gregory, C. D. The apoptosis paradox in cancer. Int. J. Mol. Sci. 23, 1328 (2022).
	39.	 Lossi, L. The concept of intrinsic versus extrinsic apoptosis. Biochem. J. 479, 357–384 (2022).
	40.	 Asadi, M. et al. Caspase-3: Structure, function, and biotechnological aspects. Biotechnol. Appl. Biochem. 69, 1633–1645 (2022).
	41.	 Voss, A. K. & Strasser, A. The essentials of developmental apoptosis. F1000Res 9, 148 (2020).
	42.	 Yadav, P. et al. Caspase-3: A primary target for natural and synthetic compounds for cancer therapy. Chem. Biol. Drug Des. 98, 

144–165 (2021).
	43.	 Jelic, M. D., Mandic, A. D., Maricic, S. M. & Srdjenovic, B. U. Oxidative stress and its role in cancer. J. Cancer Res. Ther. 17, 22–28 

(2021).
	44.	 Nakamura, H. & Takada, K. Reactive oxygen species in cancer: Current findings and future directions. Cancer Sci. 112, 3945–3952 

(2021).
	45.	 Sellers-Moya, Á., Nuévalos, M., Molina, M. & Martín, H. Clotrimazole-induced oxidative stress triggers novel yeast Pkc1-inde-

pendent cell wall integrity MAPK pathway circuitry. J. Fungi (Basel). 7, 647 (2021).
	46.	 Zhang, T., Ma, C., Zhang, Z., Zhang, H. & Hu, H. NF-κB signaling in inflammation and cancer. Med. 2, 618–653 (2021).
	47.	 Wong, A. H., Shin, E. M., Tergaonkar, V. & Chng, W. J. Targeting NF-κB signaling for multiple myeloma. Cancers (Basel). 12, 2203 

(2020).
	48.	 Rasmi, R. R., Sakthivel, K. M. & Guruvayoorappan, C. NF-κB inhibitors in treatment and prevention of lung cancer. Biomed. 

Pharmacother. 130, 110569 (2020).
	49.	 Soleimani, A. et al. Role of the NF-κB signaling pathway in the pathogenesis of colorectal cancer. Gene 726, 144132 (2020).
	50.	 Zinatizadeh, M. R. et al. The nuclear factor kappa B (NF-kB) signaling in cancer development and immune diseases. Genes Dis. 

8, 287–297 (2021).

Acknowledgements
We extend our gratitude to the Institute of Oncology, Chinese PLA General Hospital, for providing the 
immunofluorescence microscope and facilitating flow cytometry in support of this research.

Author contributions
Investigation, Y.S. and H.Z.; completion of experiments and analysis of experimental data, Y.S. and J.G.; 
preparation of the first draft, Y.B., and X.L.; monitoring of the research process, H.C., B.Y., and X.L. All authors 
have reviewed and authorized the publication of the final manuscript.



12

Vol:.(1234567890)

Scientific Reports |        (2024) 14:15406  | https://doi.org/10.1038/s41598-024-66367-5

www.nature.com/scientificreports/

Funding
The funding for this research was provided by the National Key Research and Development Program of China 
(Grant numbers 2021YFC2701700 and 2021YFC2701704) and the Military Logistics Research Project Health 
Special Project (Grant number NCRCG-PLAGH-20230010).

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://​doi.​org/​
10.​1038/​s41598-​024-​66367-5.

Correspondence and requests for materials should be addressed to X.L.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

© The Author(s) 2024

https://doi.org/10.1038/s41598-024-66367-5
https://doi.org/10.1038/s41598-024-66367-5
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Clotrimazole inhibits growth of multiple myeloma cells in vitro via G0G1 arrest and mitochondrial apoptosis
	Results
	CTZ inhibits MM cell proliferation
	CTZ induces G0G1 cell cycle arrest in MM.1S and NCI-H929 cells
	CTZ induces apoptosis in MM.1S and NCI-H929 cells
	CTZ regulates expression of apoptosis proteins in MM.1S and NCI-H929 cells
	CTZ increases total and mitochondrial ROS levels in NCI-H929 cells
	CTZ alters MMP in MM.1S and NCI-H929 cells
	CTZ induces apoptosis in MM.1S and NCI-H929 cells by inhibiting the NF-κB signaling pathway

	Discussion
	Methods
	Materials
	Cell culture
	Cell viability assay
	Cell cycle analysis
	Cell apoptosis assay
	Evaluation of ROS production
	MMP analysis
	Western blot analysis
	Statistical analyses

	References
	Acknowledgements


