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Abstract


4-Thiazolidinone derivatives, a group of compounds with a broad spectrum of activity and anticancer properties, are used in medicine as anti-inflammatory, antiviral, antibacterial, antidiabetic, and blood pressure-lowering drugs; some of them are now in phase II and III clinical trials as anticancer drugs. Here, we evaluated the anticancer potential of 4-thiazolidinones (2b, 12b, 14b) targeting tubulin and metastasis-related pathways in breast cancer models. Molecular docking revealed that compound 14b exhibited the strongest binding affinity to the paclitaxel-binding site of β-tubulin, outperforming 2b and 12b, though slightly weaker than Taxol. Biological assays confirmed significant tubulin inhibition, with 14b reducing β-tubulin levels up to eight-fold in MCF-7 cells and two-fold in MDA-MB-231 cells. All compounds promoted tubulin polymerization, showing paclitaxel-like activity, with comparable the maximum velocity (Vmax) values. Cell cycle analysis demonstrated G2/M arrest in MCF-7 cells and S-phase accumulation in MDA-MB-231 cells. Overall, compound 14b demonstrated the most promising multitarget anticancer activity in vitro.
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1. Introduction


Breast cancer is the second most common cancer worldwide, after lung cancer with 0.67 million deaths in 2022 [1]. Estrogen-positive breast cancer is the most common, accounting for 70–75% of diagnoses [1,2]. Currently, cancer treatment includes radiotherapy, surgical removal of the tumor, targeted therapy, immunotherapy, and chemotherapy [3]. Cancer cells which divide rapidly as compared to normal cells are more susceptible to tubulin-inhibiting agents [4]. Microtubules, as elements of the cytoskeleton in eukaryotic cells, play a vital role in cell division, signal transmission, mitosis, cell motility, and the maintenance of cell morphology. Hence, microtubules have become a key target in drug design and cancer treatment [5]. Among the compounds widely used in cancer treatment are anti-mitotic compounds, such as toxoids (paclitaxel and docetaxel) and vinca alkaloids (vincristine and vinblastine) [6]. However, the development of new chemotherapy drugs for breast cancer is essential to overcome treatment resistance and improve survival, as many tumors eventually become refractory to existing therapies and show limited response rates [7]. Moreover, novel agents are needed to reduce systemic toxicity and enhance therapeutic efficacy, enabling more durable and personalized treatment outcomes for patients. 4-thiazolidinones represent a promising backbone for novel drugs used in therapeutic applications not only for anticancer drugs but also for antidiabetic, anticonvulsant, anti-inflammatory, and blood pressure-lowering agents [8]. Furthermore, thiazolidinones are characterized by a multidirectional mechanism of action as PPARγ agonists, tubulin inhibitors, reactive oxygen species (ROS) generators, mitogen-activated protein kinase (MAPK) activators, and inhibitors of Bcl-2/Bcl-xL, which makes them promising compounds for overcoming limitations such as drug resistance and the limited bioavailability of administered chemotherapy [8,9,10].



We have previously analyzed 15 new 4-thiazolidinones with a 5-nitrofuranpropenylidene moiety at C5 position of the core heterocycle and various carboxylic acid moieties at the N3 position [11]. Compounds 2b, 12b, and 14b, with 2-propanoic acid, 3-propanoic acid, and 6-hexanoic acid, respectively, attached to the N3-position of the 4-thiazolidinone core, were identified as the most promising compounds, exhibiting the highest cytotoxicity against two breast cancer cell lines, MCF-7 and MDA-MB-231, and inducing apoptosis in them [11]. This effect was dose- and time-dependent, especially against the MDA-MB-231 cell line, in which the cytotoxicity of the compounds was highest after 72 h (Figures S1–S3). We assayed the compounds against proliferating non-tumor cells (BJ cell line, which represents fibroblasts). As expected, their half-maximal inhibitory concentration (IC50) values were similar to those of breast cancer cells (Figure S4). Indeed, microtubule-targeting agents exert their antitumor activity primarily by disrupting microtubule dynamics required for mitotic spindle assembly and chromosome segregation. Consequently, these agents preferentially affect actively dividing cells, irrespective of whether they are malignant or normal. Rapidly proliferating normal tissues, such as the bone marrow, gastrointestinal epithelium, hair follicles, and germinal cells, are therefore highly susceptible, explaining the characteristic toxicities of neutropenia, mucositis, alopecia, and infertility. In contrast, quiescent (G0) or slowly proliferating cells are generally less sensitive [12]. To obtain additional information on the mechanism of action of 2b, 12b, and 14b, based on the revealed results from DNA biosynthesis, which clearly indicate that the compounds affect the genetic material of the cell and that, as previously described, 4-thiazolidinone derivatives have tubulin inhibiting properties [13], we decided to evaluate the potential activity against tubulin of the compounds and observed that they inhibit tubulin polymerization and decrease β-tubulin concentration in breast cancer cells.




2. Materials and Methods


2.1. Studied Compounds


Studied compounds 2b, 12b, and 14b were synthesized in accordance with the protocol described previously [11].




2.2. Cell Culture


Human breast cancer cell lines (MCF-7 and MDA-MB-231) used in this study were obtained from the American Type Culture Collection (ATCC) (Manassas, VA, USA). Cells were cultured in Dulbecco’s Modified Eagle Medium (DMEM) (Corning, Kennebunk, ME, USA) with 10% fetal bovine serum (FBS) (Gibco, Grand Island, NY, USA) and 1% penicillin-streptomycin antibacterial solution (Corning, Kennebunk, ME, USA). All cells were cultured in tissue culture dishes (Sarstedt, Numbrecht, Germany) at 37 °C in an atmosphere with 5% CO2. Before detachment, cells were washed with phosphate-buffered saline (PBS) (Corning, Kennebunk, ME, USA), and then 0.05% trypsin containing 0.02% EDTA (Corning, Kennebunk, ME, USA) was added. A Scepter 3.0 cell counter (Merck Millipore, Burlington, MA, USA) was used to calculate the number of cells before seeding them for the tests.




2.3. Determination of β-Tubulin Concentrations


Using a SimpleStep Enzyme-Linked Immunosorbent Assay (ELISA) kit (Abcam, Cambridge, UK) we determined the concentration of β-tubulin protein. The level of β-tubulin protein in cells treated with compounds 2b, 12b, and 14b was determined in both tested cell lines at 1 and 5μM and 5 and 10μM for the MCF-7 and MDA-MB-231 lines, respectively. Doxorubicin, as a reference compound, was used in two concentrations, 1 and 5μM, in both cell lines. The test was performed according to the protocol included with the appropriate manufacturer’s kit.




2.4. Cell Cycle Analysis


To conduct cell cycle analysis, we seeded cells in 12-well plates and added compounds 2b, 12b, and 14b at 1, 5, and 5, 10 μM for the MCF-7 and MDA-MB-231 cells, respectively, and incubated the cells for 24 h. After this time, the cells were harvested, centrifuged at room temperature (RT), washed with PBS, and then 2 mL of ice-cold 70% ethanol was added to each sample, after which the samples were and frozen overnight. The next day, the cells were centrifuged, washed with PBS, and then resuspended in 300 μL of PBS, and 5 μL of RNAse and 5 μL of propidium iodide were added. After a 10 min incubation, the cells were analyzed using a BD Accuri C6 Plus (Becton Dickinson Biosciences, San Jose, CA, USA) flow cytometer. The obtained results were analyzed using Floreada.io (https://floreada.io; accessed on 16 September 2025).




2.5. Tubulin Polymerization Assay


To conduct the tubulin polymerization assay, the manufacturer’s protocol for Cytoskeleton (Cat# BK006P) was used. The plate was pre-warmed at 37 °C, then the tested compounds (2b, 12b, 14b), the positive control Paclitaxel, and the negative control Combretastatin A4 (CA4) were prepared at a 10-fold concentration in the assay buffer. An amount of 10 µL of the prepared solutions were pipetted into a 96-well plate it. The concentrations of all tested compounds were 10 µM. Assay buffer was added as a control. Afterwards, 100 µL of the diluted tubulin solution (containing 3 mg/mL of tubulin in 80 mM PIPES, pH 6.9, 2 mM MgCl2, 0.5 mM EGTA, 1 mM GTP, and 7% glycerol), was pipetted into the 96-well plate, which was immediately placed in the plate reader. Absorbance was measured at 340 nm every minute for 61 readings using a Tecan Spark multimode plate reader (Tecan, Männedorf, Switzerland).




2.6. Molecular Docking


Molecular docking analysis was performed using Schrödinger Suite (2024-4 release) software. The structure of the protein of β-tubulin bound with Taxol (5SYF [14]) was downloaded from the Protein Data Bank (PDB; http://www.rcsb.org/; accessed on 10 June 2024). Proteins and ligands were prepared for docking as documented in our previous work [15]. The studied compounds were docked in the grid of the original ligand via Glide standard precision docking in the Schrödinger suit. Obtained results are displayed as docking scores in kcal/mol. Visualization of docked structures and molecular interactions was performed using the Maestro interface of the Schrödinger suit.




2.7. Confocal Microscopy


MCF-7 and MDA-MB-231 cells were seeded on glass coverslips in 6-well plates at a concentration of 4 × 105 cells per well and incubated overnight. Afterwards cells were treated with 2b, 12b, 14b at 5 and CA4 at 0.1 µM concentrations. Control was treated with vehicle substance—DMSO for 24 h. Cells were fixed with 4% paraformaldehyde for 15 min, permeabilized with 0.1% Triton X-100 for 2 min, and blocked with 2% Bovine Serum Albumin (BSA) for 30 min at room temperature. Subsequently, the cells were incubated with the anti-β-tubulin antibody conjugated to Alexa Fluor 647 (EPR19591, Abcam, Cambridge, UK) (1:1000 dilution) for 1 h at room temperature in the dark. After staining, 10 µg/mL 4′,6-diamidino-2-phenylindole (DAPI) (Sigma-Aldrich, St. Louis, MO, USA) was applied for 5 min. Imaging was performed using a Stellaris 5 system (Leica Microsystems, GmbH, Wetzlar, Germany), and data analysis was carried out with ImageJ software version 1.54k.





3. Results


3.1. Molecular Docking Assessment of Compounds Binding Affinity Towards Tubulin


Molecular docking was applied to analyze the effect of the tested compounds 2b, 12b, 14b on paclitaxel binding site. To perform this analysis, we utilized tubulin complex with paclitaxel from the PDB (5SYF). The docking site for this analysis was generated in the place of the original ligand (Figure 1). The compound 14b exhibited the most promising results with −6.829 kcal/mol, outperforming both 2b (−5.916 kcal/mol) and 12b (−5.624 kcal/mol). Those results, however, were lower than that of Taxol (−7.709 kcal/mol; Table 1; Figure 1).



Analyzing the molecular interactions of compounds 2b, 12b, 14b, and the original ligand (Taxol), certain observations can be made. Taxol had the highest number of interactions with amino acids and produced the highest docking score. Compound 14b had the second-best docking score and demonstrated more interactions than the other two 4-thiazolidinone derivatives, which can be attributed to its longer carbon chain. Notably, 14b formed two salt bridges with GLU 27 and ARG 278 at both ends of the structure, while Taxol displayed only positively charged interaction with those residues. However, the original ligand compensated for this by exhibiting a π–π stacking interaction with HIE 229 and two H-bonds with ARG 369 and THR 276. In contrast, 14b had either a polar or a positively charged contact with those residues. Thus, the two compounds exhibit different crucial molecular interactions at the Taxol binding site rather than mimicking each other. Compounds 2b and 12b also exhibited interesting interactions with amino acids at the Taxol binding site. For instance, similarly to Taxol, 12b showcased one π–π stacking interaction, albeit with a different amino acid (PHE 272), formed two H-bonds (ARG 278 and HIE 229) and formed one salt bridge (ARG 278) with amino acids different from those interacting with both 14b and Taxol. Altogether, 12b exhibited a notably weaker docking score than 14b. In comparison, 2b displayed a profile more similar to that of 14b, with two H-bonds with SER 236 and THR 276 and, more importantly, one salt bridge with GLU 27 involving the nitrogen atom of the nitrofuran moiety. With those interactions, 2b displayed a docking score similar to 12b. This might suggest that GLU 27 in the Taxol binding site is an important residue for 4-thiazolidinones with nitrofuran moieties (Table 2, Figure 1, Figure S5, Supplementary Materials).




3.2. Inhibition of Tubulin Protein Concentration in MCF-7 and MDA-MB-231


Tubulin inhibitors affect its synthesis, turnover, and degradation [16,17]. We therefore decided to analyze the effects of the compounds 2b, 12b, and 14b at concentrations of 1, 5, and 10 µM on tubulin concentrations in MCF-7 and MDA-MB-231 breast cancer cells by ELISA [18] (Figure 2). Combretastatin A4, a potent tubulin inhibitor, was used as a reference compound. Compound 14b at 5 µM reduced β-tubulin levels eight-fold vs. untreated control at 24 h (412.67 ± 83.28 vs. 2950.33 ± 255.6 pg/mL, respectively) in MCF-7 cells. In MDA-MB-231 cells, 14b at a concentration of 10 µM was also most active in MDA-MB-231, reducing β-tubulin levels two-fold (6947.67 ± 1117.0 vs. 14,445.3 ± 284.5 pg/mL).




3.3. Tested Compounds Promoted Tubulin Polymerization


As the compounds 2b, 12b, and 14b reduced tubulin protein concentration in both MCF-7 and MDA-MB-231 cell lines, we further analyzed their effects on tubulin polymerization. Different drugs may either inhibit tubulin polymerization (Combretastatin A4) or promote it (Paclitaxel) [19]. To analyze the effects of 2b, 12b, and 14b, we carried out an in vitro tubulin polymerization assay (Figure 3) that analyzes fluctuations in optical density (OD) caused by the polymerization of tubulin over one hour, with one reading per minute. Tubulin polymerizing agents cause a spike in optical density, while tubulin depolymerizing compounds decrease OD in comparison to the control. We measured Vmax for each compound by calculating the highest value of the slope created by non-linear regression for OD values. All three compounds and a reference compound promoted polymerization of tubulin, with Vmax values of 15.54 ± 2.11, 14.26 ± 0.51, 15.68 ± 1.16, and 15.88 ± 0.72 mOD/min for 2b, 12b, 14b, and Paclitaxel, respectively (Table 3).




3.4. Compounds 2b, 12b, and 14b Induce Cell Cycle Arrest


Tubulin inhibition affects cell cycle; therefore, we analyzed the cell cycles of MCF-7 and MDA-MB-231 cells treated with compounds 2b, 12b, and 14b at concentrations of 1 to 10 µM and CA4 at 0.1 and 0.5 µM as a reference compound that arrests cells primarily in the G2/M phase. CA4 arrested MCF-7 cells in the G2/M phase, with 41.2% and 38.8% at 0.1 and 0.5 µM, respectively, in comparison with 25.7% of cells in the G2/M phase in the control. Compounds 2b, 12b, and 14b also arrested cells in the G2/M phase, albeit to a lesser degree (30.6% to 35.4% of cells in the G2/M phase). Similar effects of CA4 were observed in MDA-MB-231 cells, with 43.9% and 46.5% in G2/M cells at 0.1 and 0.5 µM, respectively, while compounds 2b, 12b, and 14b mostly arrested MDA-MB-231 cells in the S phase (28.1% to 34.5% vs. 17.8% of cells in the S phase cells in the untreated control) (Figure 4). Microtubules are increasingly recognized as regulators of nuclear organization, intracellular trafficking of replication factors, and checkpoint signaling. In MDA-MB-231 cells, S phase arrest has previously been observed with the microtubule-disrupting agent 9-(4-vinylphenyl) noscapine [20].




3.5. Compounds 2b, 12b, and 14b Affect Microtubule Cytoskeleton


Cells were treated with either combretastatin A4 or compounds 2b, 12b, and 14b, followed by fixation and immunofluorescence staining for β–tubulin (red) and counterstaining with DAPI (blue) (Figure 5). In the control cells, both MCF-7 and MDA-MB-231 exhibited an extensive and well-organized microtubule network in the cytoplasm. Treatment with combretastatin A4 or compounds 2b, 12b, and 14b resulted in marked disruption of the microtubule architecture, accompanied by cell rounding and reduced organization in the β–tubulin pattern. The observed changes are consistent with the tubulin-targeting activity of the tested compounds.





4. Discussion


In this study, we analyzed tubulin-inhibiting properties of 2b, 12b, and 14b in MCF-7 and MDA-MB-231 breast cancer cell lines. We first assessed β-tubulin concentration after treatment using the ELISA method. While molecular docking results showed lower binding affinity for 14b in comparison to Taxol (−6.829 vs. −7.709 kcal/mol), the in vitro analysis showed a much more promising result, with 14b causing an eight-fold reduction in β-tubulin levels in MCF-7 cells. This contributes to the existing limitation of the molecular docking assessment of potential binding affinity of novel structures towards the expected molecular targets, which may not correspond the actual biological affinity in living cells. Thus, such results should be treated as theoretical in nature and have to be confirmed via in vitro and/or in vivo assessment. All compounds significantly (up to eight-fold) inhibited β-tubulin concentration in both cell lines. As there are two main ways compounds can affect tubulin, namely, by decreasing its polymerization, similarly to Combretastatin A4, or by increasing its polymerization (Paclitaxel), we used the tubulin polymerization assay to demonstrate that our compounds exhibited Paclitaxel-like effects and increased tubulin polymerization (Figure 6). When microtubule polymerization occurs, there is a decrease in the concentration of free, unpolarized β-tubulin, which we observed in the ELISA test [21]. Additionally, by visualizing β-tubulin via confocal microscopy, we found that the tested compounds disrupted the organization of microtubules in cancer cells in both tested lines. Further research will be carried out to determine the exact mechanism of tubulin inhibition by the compounds 2b, 12b, and 14b, and whether they can achieve antitumor efficacy within an acceptable safety margin in vivo. Given their promising anticancer activity against MCF-7 and MDA-MB-231 breast cancer cell lines, further evaluation of their safety profile is warranted. Tubulin-targeting agents traditionally have a narrow therapeutic window because microtubules are ubiquitous across all eukaryotic cells. Tubulin-targeting drugs primarily target rapidly dividing cells to stop cancer growth; therefore, it is not surprising that they also target dividing non-cancerous cells. Since most healthy adult cells are in a G0 phase of the cell cycle, they are largely spared from the drug’s mechanisms. Conversely, the IC50 values of our compounds against normal cells are similar to those of doxorubicin, another cytostatic drug commonly used in the treatment of breast cancer. In vitro studies have demonstrated the enormous potential of 4-thiazolidinone derivatives for multi-targeted cancer cell control across multiple cell lines. Given these promising results, the next step would be to conduct safety testing of the tested compounds in vitro and in animal models.




5. Conclusions


The three most active derivatives, 2b, 12b, and 14b, from the series of 5-((5-nitrofuran-2-yl)allylidene)-2-thioxo-4-thiazolidinones with cytotoxic properties against cancer cells were examined in a series of studies for tubulin inhibition on the MCF-7 and MDA-MB-231 breast cancer lines. Promising molecular docking results encouraged further analysis of those compounds’ effects against tubulin. A series of in vitro experiments were performed to provide further confirmation of the activity of 2b, 12b, and 14b on tubulin. An in vitro kinetic tubulin polymerization assay and ELISA assessment of tubulin protein concentrations post-treatment showed that all tested compounds exhibited tubulin-polymerizing capabilities and reduced tubulin protein levels post-treatment.
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Abbreviations


The following abbreviations are used in this manuscript:





	Bcl-2
	B-cell lymphoma 2



	Bcl-xL
	B-cell lymphoma-extra large



	CA4
	Combretastatin A4



	BSA
	Bovine serum albumin



	DAPI
	4′,6-diamidino-2-phenylindole



	DMEM
	Dulbecco’s Modified Eagle Medium



	DMSO
	Dimethyl Sulfoxide



	DNA
	Deoxyribonucleic acid



	DOX
	Doxorubicin



	EDTA
	Ethylenediaminetetraacetic Acid



	EGTA
	Ethylene glycol-bis(beta-aminoethyl ether)-N,N,N’,N’-tetraacetic acid



	ELISA
	Enzyme-Linked Immunosorbent Assay



	FBS
	Fetal bovine serum



	GTP
	Guanosine triphosphate



	MAPK
	Mitogen-Activated Protein Kinase



	IC50
	Half-maximum inhibitory concentration



	OD
	Optical density



	PBS
	Phosphate-Buffered Saline



	PDB
	Protein Data Bank



	PIPES
	piperazine-N,N′-bis(2-ethanesulfonic acid



	PPARγ
	Peroxisome proliferator-activated receptor gamma



	ROS
	Reactive Oxygen Species



	RT
	Room temperature



	SD
	Standard deviation



	Vmax
	Maximum velocity



	ATCC
	the American Type Culture Collection
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Figure 1. Analyzed 4-thiazolidinone derivatives: (A) representation of molecular docking of compound 14b in Taxol binding site; (B) β-tubulin amino acids interactions with analyzed compounds at Taxol binding site: 14b (C), original ligand (D). 
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Figure 2. Effect of compounds 2b, 12b, and 14b on β-tubulin concentration. ELISA test in MCF-7 (A) and MDA-MB-231 (B) cell lines incubated with either compounds 2b, 12b, and 14b or combretastatin A4 for 24 h. ANOVA tests were performed to demonstrate statistical significance. ** p ≤ 0.01; **** p ≤ 0.0001. Data are shown as means ± SD; N = 3. 
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Figure 3. Effect of compounds 2b, 12b, 14b, paclitaxel, CA4, and the control (DMSO) on tubulin polymerization, mOD/min. N = 2. 






Figure 3. Effect of compounds 2b, 12b, 14b, paclitaxel, CA4, and the control (DMSO) on tubulin polymerization, mOD/min. N = 2.



[image: Scipharm 94 00087 g003]







[image: Scipharm 94 00087 g004] 





Figure 4. Representative cytograms of cell cycle assessment via flow cytometry after 24 h of treatment with compounds 2b, 12b, 14b, and CA4 in MCF-7 cells (A) and MDA-MB-231 cells (C). Graphical representation of cell cycle assessment in MCF-7 cells (B) and MDA-MB-231 cells(D). Blue—G1 phase, green—S phase, and red—G2 phase of the cell cycle. N = 3. 
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Figure 5. Representative confocal microscope images of MCF-7 and MDA-MB-231 cell lines treated with combretastatin A4 and compounds 2b, 12b, and 14b. Blue (left) indicates cell nuclei stained with DAPI, red indicates tubulin (middle), and the merged channels are presented on the (right). Scale bar: 50µM. 
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Figure 6. Compounds 2b, 12b, and 14b inhibit tubulin and promote apoptosis. 
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Table 1. Molecular docking results for the compounds 2b, 12b, 14b, and Taxol (5SYF). Results are displayed in kcal/mol. OL—original ligand.
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	Compound
	Docking Score, kcal/mol





	Taxol
	−7.709 (OL)



	14b
	−6.829



	2b
	−5.916



	12b
	−5.624










 





Table 2. Molecular interactions of 2b, 12b, 14b, and Taxol with β-tubulin in the Taxol binding pocket.
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	Molecular Interaction/

Compound
	Taxol
	2b
	12b
	14b





	Hydrophobic contacts
	VAL 23, LEU 217, LEU 219, LEU 230, LEU 275, LEU 371, ALA 233, PRO 274, PRO 360, PHE 272
	VAL 23, LEU 217, LEU 275, LEU 371, ALA 233, PRO 274, PRO 360, PHE 272
	VAL 23, LEU 217, LEU 219, LEU 230, LEU 275, LEU 371, ALA 233, PRO 274, PRO 360
	VAL 23, LEU 217, LEU 219, LEU 230, LEU 275, LEU 371, ALA 233, PRO 360, PHE 272



	Polar
	SER 236, SER 277, GLN 281
	SER 277, GLN 281, HIE 229
	SER 277, THR 276
	SER 277, THR 276, HIE 229



	Positively charged
	ARG 278, ARG 320
	ARG 320, ARG 369, ARG 278
	-
	ARG 320, ARG 369



	Negatively charged
	GLU 22, GLU 27, ASP 26, ASP 226
	GLY 237
	-
	GLY 237



	H-bond
	ARG 369, THR 276
	SER 236, THR 276
	ARG 278, HIE 229
	SER 236, ARG 278



	π–π Stacking
	HIE 229
	-
	PHE 272
	-



	Salt bridge
	-
	GLU 27
	ARG 278
	GLU 27, ARG 278



	Glycine
	GLY 237, GLY 370
	GLY 237
	-
	GLY 237










 





Table 3. Effect of compounds 2b, 12b, 14b, paclitaxel, and CA4 on tubulin polymerization: Vmax (mOD/min) and percentage inhibition in comparison to the untreated control, in %.
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	Compound
	Vmax, mOD/min
	Percentage of Inhibition, %





	Control
	9.05 ± 0.26
	100.00 ± 4.02



	Paclitaxel
	15.88 ± 0.72
	175.40 ± 11.29



	CA4
	0.87 ± 0.22
	9.56 ± 3.53



	2b
	15.68 ± 1.16
	173.20 ± 18.12



	12b
	14.26 ± 0.51
	157.60 ± 7.95



	14b
	15.54 ± 2.11
	171.70 ± 32.94
















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2026 by the authors. Published by MDPI on behalf of the Österreichische Pharmazeutische Gesellschaft. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license.



























media/file4.png
Concentration of B-tubulin [pg/mL]

4000-

3000+

2000+

1000

% %k % %k

% % %k %k

% % 2% %

%k %k %k %k

* %k

* % %k %k

* %k

Concentration of B-tubulin [pg/mL]

20,000

15,000+

10,000+

5000

0=

% %k k %k

%k %k %k k

%k %k %k k

% %k k%

* %

* Xk






nav.xhtml


  scipharm-94-00087


  
    		
      scipharm-94-00087
    


  




  





media/file2.png
) Charged (negative) . Polar Distance —e Pi-cation

« Charged (positive) « Unspecified residue -+ H-bond - Salt bridge
Glycine Water ~= Halogen bond Solvent exposure

) Hydrophobic Hydration site Metal coordination

o Metal X Hydration site (displacedp— Pi-Pi stacking





media/file13.png





media/file5.jpg
oD

05

03

030
Time, h

00

050

100

SRR

Control
Paclitaxel
cAs

2

120

140





media/file3.jpg





media/file1.jpg





media/file7.jpg
QL
L

Event count

\r

L'
l I

Evetcount






media/file10.png
50 um

50 ym

50 ym

50 ym

50 pm

50 ym

50 ym

50 ym

50 ym






media/file12.png
Stabilized
microtubule





media/file9.jpg
MDA-MB-231
cell line






media/file8.png
>

Event count

Event count

Control

I 14b 1uM

CA40.1pM

12b 1pM

' Control
‘ 14b 5pM

12b 5pM

Percentage of cells, %

Percentage of cells, %

125=

100=

0=

125=

100=

-
(3]
1

o
o
1

0=

MCF-7 24 HOURS

MDA-MB-231 24 HOURS

42,9

Compounds, concentrations

e G2
= S

== G1

e G2
= S

== G1

: 444
40.9






media/file11.jpg
Stabilized

microtubule





media/file6.png
” ~%- Control
- Paclitaxel
------- - CA4
054 0000 R ses sty i
vvvvvvvvvm .
- 14b
0.4
0.3 ARG WY | |4, s bbsdhhbbbAAMAMAARARSIARKARS REAEE e
e : . ' I T |
0:00 0:10 0:20 0:30 0:40 0:50 1:00





