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Abstract  
 Esophageal squamous cell carcinoma (ESCC) is an aggressive malignancy with poor chemotherapy outcomes, 
necessitating safer and more effective anticancer agents. Swertiamarin (STM), a natural compound, demonstrates 
anticancer potential, but its cytotoxicity and associated molecular mechanisms in ESCC remain unclear. To evaluate 
STM’s drug-likeness, cytotoxicity, and molecular mechanisms in ESCC using in vitro and in silico approaches. STM's 
physicochemical properties, pharmacokinetics, and toxicity profile were predicted via SwissADME and ProTox 3.0.  
Cytotoxicity was assessed by MTT assay in ESCC KYSE-150 cells and 2 normal cell lines (HET-1A and Vero), alongside 
cisplatin and 5-fluorouracil (5-FU) as controls. Molecular docking was used to predict STM's binding affinities with 
proteins involved in apoptosis, necroptosis, ferroptosis, and pyroptosis. STM showed a favorable drug-likeness and 
predicted class 4 toxicity. It exhibited the concentration-dependent cytotoxicity with half-maximal inhibitory 
concentration (IC50) values of 43.75 µM (KYSE-150 cells), 190 µM (HET-1A cells), and 41.61 µM (Vero cells), causing 
selectivity indices (SI) of 4.343 (HET-1A/KYSE-150) and 0.951 (Vero/KYSE-150), outperforming cisplatin (SI = 0.668). 
Docking revealed strong binding to key proteins, notably pro-apoptotic APAF-1 (−12.3 kcal/mol), anti-ferroptotic FSP1 
(−12.1 kcal/mol), anti-apoptotic Hsp70 (−11 kcal/mol), and necroptotic MLKL (−10.8 kcal/mol). Detailed topological 
analysis with APAF-1 and FSP1 confirmed stable interactions via hydrogen and hydrophobic bonds. STM demonstrates 
promising cytotoxicity and selectivity against KYSE-150 cells and targets multiple cell death pathways, supporting its 
potential as a candidate for ESCC chemotherapy and deserve further preclinical investigations. 
 
Keywords: Swertiamarin, Esophageal squamous cell carcinoma, Cytotoxicity, Selectivity index, Molecular mechanism, 
Molecular docking, Multi-death pathway targets 
 
Introduction 
 Esophageal cancer is a highly aggressive 
malignancy with a disproportionately high mortality 
rate, accounting for approximately 600,000 global 
diagnoses annually [1,2]. Esophageal squamous cell 
carcinoma (ESCC) is the most prevalent subtype, 
representing 90% of worldwide cases, primarily 

concentrated in Asia and South Africa [3-7]. ESCC 
pathogenesis involves a multistep progression driven by 
the interaction of environmental exposures and 
molecular alterations. The major risk of complexity in 
ESCC is mainly influenced by lifestyle factors such as 
tobacco use and excessive alcohol consumption. At the 
molecular level, ESCC is often associated with the 
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dysregulations of key regulatory genes like TP53, 
NOTCH1, and PIK3CA [8-11]. The prognosis of ESCC 
remains poor, with 5-year survival rates dropping to 
only 5% for distant metastatic disease [12]. This 
unfavorable outcome is driven by rapid recurrence, 
metastasis, and the clinical limitations of current 
therapeutic strategies [13]. While localized ESCC may 
be managed through endoscopic resection or 
radiochemotherapy, palliative chemotherapy remains 
the standard of care for advanced cases. To date, 
cisplatin and 5-fluorouracil (5-FU) continue to serve as 
the first-line chemotherapeutic agents for ESCC [14]. 
 Despite being the first-line treatment for advanced 
ESCC, cisplatin and 5-FU encounter several limitations. 
Their cytotoxic mechanisms lack specificity, leading to 
dose-limiting toxicities in healthy cells and organs. This 
includes nephrotoxicity, ototoxicity, and myelosuppres-
sion from cisplatin, and liver, kidney, lung, and 
neurological toxicities from 5-FU [15-17]. Furthermore, 
the development of resistance in cancer cells also 
obstructs their efficacy. Cancer cells have developed the 
ability to reduce drug entry by reducing transporters and 
channels on the cell surface, employing DNA repair 
mechanisms, and altering gene expression and 
intracellular signaling pathway to inhibit cytotoxicity 
[18,19]. These challenges contribute to the modest 20% 
- 50% response rates of combination therapy in ESCC 
patients, therefore leading to greater risk of recurrence 
and metastasis, and ultimately, poor prognosis [14,20]. 
Considering these challenges, there is an urgent need to 
develop more effective and selective therapeutic agents.  
 Naturally occurring, seco-iridoid glycosides such 
as swertiamarin (STM) have been intensively re-
searched for its abundant occurrence in medicinal plants 
and its various pharmacological properties. STM can be 
obtained from plants of the Gentianaceae family, 
particularly from the genus Enicostemma. This 
glycoside has been reported to possess numerous 
properties including analgesic, anti-inflammatory, 
antioxidant, and anticancer [21]. It has exerted great in 
vitro anticancer activity against human cancer cells, 
such as cervical (HeLa), lung (A549), and liver (HepG2, 
Huh7) [22-24]. Its anticancer properties are also 
reflected in hepatic injuries-induced mice [24-26]. 
Current research also suggests STM’s role in 
modulating signaling pathways such as the 
FRAT1/Wnt/β-catenin signaling axis, MEK/ERK, and 

PI3K/Akt/GSK3β signaling pathways, as well as 
altering the expression of proteins such as caspases and 
apoptotic proteins to exert its properties [21,24,27,28]. 
Despite increasing evidence of STM’s anticancer 
potential, its effects and molecular mechanisms in 
ESCC remain largely unexplored. 
 This study aimed to investigate the STM’s 
potential as a chemotherapeutic agent against ESCC by 
evaluating its drug-likeness and cytotoxicity effects. 
Moreover, molecular docking was utilized to understand 
the potential cell death mechanisms targeted by STM. 
 
Materials and methods 
 Chemicals 
 5-FU was purchased from MACKLIN (Shanghai, 
China). Cisplatin was purchased from BOMEi Co., Ltd. 
(Taiwan).3-(4,5-dimethylthiazol-2-yl)-2,5 diphenyltetr-
azolium bromide (MTT) and swertiamarin (STM) were 
purchased from Merck (New Jersey, USA).  
 
 Cell culture 
 Normal esophageal epithelial cell line (HET-1A) 
(iCell Bioscience iCell-h333, Shanghai, China; 
RRID:CVCL 3702), ESCC cell line (KYSE-150) (iCell 
Bioscience iCell-h245, Shanghai, China; RRID: 
CVCL_1348), and normal monkey kidney epithelial cell 
line (Vero) (ATCC CCL-81, USA; RRID:CVCL_0059) 
were used in this study. Briefly, HET-1A and Vero cells 
were cultured in Dulbecco’s Modified Eagle Medium 
(DMEM) (Nacalai Tesque, Kyoto, Japan) supplemented 
with 10% fetal bovine serum (FBS) (Gibco, USA) and 
1% penicillin-streptomycin (Pen/Step) (Gibco, USA). 
KYSE-150 cells were cultured in RPMI-1640 medium 
(Nacalai Tesque, Kyoto, Japan) supplemented with 10% 
FBS (Gibco, USA) and 1% Pen/Strep (Gibco, USA).   
 
 Drug preparation 
 STM stock solution (0.1 M) was prepared in 
dimethyl sulfoxide (DMSO). For KYSE-150 cell 
treatment, a working solution (400 µM) was prepared in 
RPMI-1640 complete media. Two-fold serial dilutions 
were performed to achieve concentrations of 1.5625, 
3.125, 6.25, 12.5, 25, 50, 100, 200, and 400 µM. The 
stock solution of 5-FU (0.1 M) was prepared using 
distilled water, and a 200 µM working solution was 
further prepared in RPMI-1640 complete media. While 
for cisplatin, a 3.33 mM stock solution was prepared in 
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distilled water, and a 200 µM working solution was 
prepared in RPMI-1640 complete media. Two-fold 
serial dilutions of 5-FU and cisplatin were then 
performed to achieve concentrations of 1.5625, 3.125, 
6.25, 12.5, 25, 50, 100 and 200 µM. The working 
concentrations of STM, 5-FU, and cisplatin were then 
used for treating KYSE-150, HET-1A, and Vero cells. 
In all experiments, the final concentration of DMSO in 
the highest drug concentration did not exceed 1% (v/v) 
to avoid solvent-induced cytotoxicity.  
  
 MTT cytotoxicity assay 
 The in vitro cytotoxicity of STM was investigated 
in KYSE-150, HET-1A, and Vero cells. Cells were 
seeded into 96-well cell culture plates at a seeding 
density of 2×104 cells/well in their respective complete 
growth media and incubated for 24 h at 37 °C in an 5% 
CO2 incubator. Following incubation, cells were then 
treated with the prepared drug concentrations in their 
respective wells and incubated for an additional 24 h. 
After the treatment period, 20 µL of MTT solution were 
added into each well, and the plates were incubated in 
the dark for 2 h at 37 °C with 5% CO2. Next, 100 µL of 
10% sodium dodecyl sulfate (SDS) (Bio-Rad 
Laboratories, Inc., USA)/0.01 M hydrochloric acid 
(HCl) were added into each well and incubated for 24 h 
at 37 °C with 5% CO2. Lastly, the absorbance was 
measured at 570 nm with a reference wavelength of 630 
nm by Tecan Infinite MPro multiplate reader (Tecan, 
Männedorf, Switzerland). The obtained absorbance was 
used to calculate the cell viability using the formula 
followed:  
 

Cell viability (%) = Absorbance of treated well−Absorbance of blank well

Absorbance of negative control well−Absorbance of blank well
× 100% 

 

 The selectivity index (SI) of STM was calculated 
using the formula below: 
 

SI = IC50,normal cells
IC50,cancer cells

    

 
 Drug-likeness screening and toxicity prediction 
 The SMILES code of STM (C=C[C@H]1[C 
@@H](OC=C2[C@]1(CCOC2=O)O)O[C@H]3[C@@
H]([C@H]([C@@H]([C@H](O3)CO)O)O)O) was used 
to predict the physicochemical properties, 
pharmacokinetics, and drug-likeness using the 
SwissADME webtool (SwissDrugDesign). STM’s 
toxicity was also predicted with the virtual toxicity lab 
ProTox 3.0.  
 
 Selection and preparation of ligand and target 
proteins 
 Target protein 3D structures were obtained from 
Research Collaboratory for Structural Bioinformatics 
Protein Data Bank (PDB), with selection criteria 
focusing on proteins known to be actively involved in 
investigated cell death pathways of apoptosis, 
ferroptosis, necroptosis, and pyroptosis. A comprehen-
sive list of the selected proteins and their corresponding 
PDB codes is shown in Table 1. The proteins were 
prepared by removing non-standard residues and 
isolating the target polypeptide chain using University 
of California, San Francisco Chimera (UCSF Chimera) 
v1.19 [29]. STM’s 3D conformer was obtained from 
PubChem of the National Library of Medicine in 
Structure Data File (SDF) format and chemically 
converted to PDB format using Open Babel v3.1.0. The 
structures of both prepared proteins and ligand were 
then imported into AutoDockTools (ADT) v1.5.7 for 
addition of hydrogens and computation of Gasteiger 
charges. The modified structures were saved as Protein 
Data Bank, Partial Charge, and Atom Type (PDBQT) 
files. Then, the predicted active site coordinates of each 
modified protein structure were obtained using the 
PrankWeb server by P2Rank.  

 
Table 1 Selected target proteins in various cell death pathways and their PDB codes. 

Target Proteins 
PDB Code 

Anti-Apoptotic  

B-cell lymphoma-extra-large, BCL-XL  7LH7 

Myeloid cell leukemia 1 protein, MCL-1  5FDR 

Apoptosis regulator, BCL-W  4K5A 

BCL-2-like protein 10, BCL2L10  4B4S 
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Target Proteins 
PDB Code 

Anti-Apoptotic  

BCL-2-related protein A1, A1/Bfl-1  2VM6 

Heat shock protein 70, Hsp70  3ATU 

Heat shock protein 90, Hsp90  2XJX 

Pro-Apoptotic   

Caspase-9  1JXQ 

Apoptotic protease activating factor 1, APAF-1  1Z6T 

Caspase-3  2CNN 

Pro-apoptotic BIM BH3 peptide  2WH6 

Human cytochrome c  3ZCF 

BCL-2/adenovirus E1B interacting protein 3, BNIP3  4IEH 

Pro-apoptotic BID peptide  7M5A 

Apoptosis regulator, BAX  4ZIE 

Second mitochondria-derived activator of caspase/direct inhibitor of apoptosis-binding protein with 
low pI, SMAC/DIABLO  

1FEW 

BCL-2 homologous antagonist/killer, BAK  2YV6 

Activator of apoptosis Harakiri, Hrk  6XY4 

Tumor necrosis factor receptor, TNFR  1NCF 

Tumor necrosis factor-related apoptosis-inducing ligand receptor, TRAIL  1D4V 

Apoptosis-mediating surface antigen FAS  3TJE 

FAS-associated death domain, FADD  3EZQ 

TNFR1-associated death domain protein, TRADD  1F3V 

Caspase-7  1K86 

Caspase-8  1I4E 

Tumor protein p53  4MZI 

Anti-Ferroptotic    

Ferroptosis suppressor protein 1, FSP1 OR Apoptosis-Inducing Factor, Mitochondrion-Associated 2, 
AIFM2  

8JSC 

Necroptosis-Related  

Tumor necrosis factor alpha, TNFα  1A8M 

Receptor-interacting serine/threonine-protein kinase 1, RIPK1  4ITH 

Receptor-interacting serine/threonine-protein kinase 3, RIPK3  7MON 

Mixed lineage kinase domain like pseudokinase, MLKL  4M67 

Dynamin-related protein 1 (Drp1) OR dynamin-1-like protein (DNM1L)  3W6N 

Pyroptosis-Related   

Interferon-inducible protein, AIM2 (Absent in melanoma 2)  3RN2 

Pyrin  4CG4 

Caspase-1  2FQQ 

Gasdermin D, GSDMD  6N9O 

Interleukin IL-1β  1I1B 
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Molecular docking and validation 
 Molecular docking was performed using 
AutoDockVina v1.2.7. Input prompts were prepared for 
each modified protein, including the PDBQT files of 
proteins and ligand, predicted active site coordinates, 
exhaustiveness, and energy range. The binding affinity 
of energy (kcal/mol) from the best predicted pose was 
recorded for each complex. The topology interactions of 
STM with the 2 strongest binding proteins were then 
illustrated with BIOVIA Discovery Studio Visualiser 
2025 by Dassault Systèmes [30] and UCSF Chimera 
v1.19.  
 The protocol was validated by re-docking known 
ligands with the target protein structures. Protein 
structures with co-crystallized ligands were obtained 
from PDB. Individual protein chains and their known 
ligand were isolated and prepared using UCSF Chimera 
v1.19 and AutoDockTools (ADT) v1.5.7. The active site 
coordinates were predicted and obtained using the 
PrankWeb server by P2Rank. Re-docking was 
performed using AutoDockVina v1.2.7. The best 
predicted ligand pose was then superimposed onto the 
experimental co-crystallized structures in UCSF 
Chimera v1.19 for structural comparison. Re-docking 
was considered valid if the Root Mean Square Deviation 
(RMSD) value was less than 1.00 Å.  
 
 Statistical analysis 
 All experiments were conducted in triplicates in 3 
independent biological replicates. GraphPad Prism 
v10.4.2 (GraphPad Software, USA) was used to 
determine the IC50 values, perform statistical analysis, 
and generate graphical illustrations. Data were 
expressed as mean (standard deviation [SD]). Normality 
of the data was assessed using Shapiro-Wilk test, and 
the homogeneity of variance was confirmed via the 
Brown-Forsythe test (p > 0.05), justifying the use of 
ordinary One-way ANOVA. Subsequent multiple 
comparisons between the negative control and treated 
groups were performed using Dunnett’s post-hoc test. 

Statistical significance was defined as p < 0.05 and 
assigned to values with an asterisk (*). 
 
Results and discussion 
 In vitro cytotoxic patterns of STM against 
KYSE-150, HET-1A, and Vero cells 
 STM exhibited a notable concentration-dependent 
cytotoxic pattern toward KYSE-150, HET-1A, and Vero 
cells, as seen in the gradual decrease in cell viability as 
the tested concentrations increased (Figure 1). For 
instance, there was a more pronounced decrease in 
viability when concentration is more than 50 µM. Cell 
viability of KYSE-150 dropped from 100% at 0 µM to 
35% at 400 µM. Over the same concentration range, 
STM induced a greater degree of reduction in KYSE-
150 cell viability as compared to HET-1A (44%) and 
Vero (48%) cells for all the test concentrations, 
particularly 100 to 400 µM.  
 The IC50 values of STM were determined to be 
43.75 µM for KYSE-150, 190 µM for HET-1A, and 
41.61 µM for Vero cells. These findings indicate that 
STM exerts its cytotoxicity effects in a concentration-
dependent manner, consistent with recent studies on its 
efficacy in other cancer cell lines, such as hepatocellular 
carcinoma (Huh7 and HepG2) [31] and cervical cancer 
(HeLa) [22]. When compared with other natural 
compounds such as curcumin (IC50 = 15 µM) [32], 
decursin (IC₅₀ = 14.62 µM) [33], and carnosic acid (IC₅₀ 
= 29.87 µM) [34], STM appears to have better 
therapeutic potential against KYSE-150 cells based on 
its SI value. Moreover, STM demonstrated a better 
safety margin, with an SI of 4.34, compared with 
decursin, which showed a minimum SI of 1.09 against 
HET-1A/KYSE-150 [33]. Although carnosic acid has 
been shown to be highly potent, it only demonstrates a 
broad safety profile against normal liver cells (MIHA), 
with an SI of 6.70 [34]. In contrast, STM’s selectivity is 
specifically directed toward esophageal cells, indicating 
its potential as a more targeted anti-ESCC agent. 
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Figure 1 Percentage of KYSE-150, HET-1A, Vero cell viability after STM treatment as measured by MTT assay. Error 
bars indicate the mean ± SD of the 3 replicates conducted, with statistical significance analysed by one-way ANOVA and 
Dunnett’s test and indicated as (*p < 0.05) when compared with the control group (0 µM). 
 
 In vitro cytotoxic patterns of 5-FU against 
KYSE-150, HET-1A, and Vero cells 
 Next, the cytotoxicity of 5-FU (Figure 2), which 
is one of the positive control drugs, was also evaluated. 
At the highest concentration of 200 µM, cell viability 
decreased to 61% for KYSE-150, 72% for HET-1A, and 
56% for Vero cells, from the initial 100% cell viability 
at 0 µM. This showed that 5-FU induced the greatest 
cytotoxicity in Vero cells, while the KYSE-150 and 
HET-1A cells were relatively less sensitive toward 5-
FU. Its cytotoxic pattern was concentration-dependent, 

though its IC50 remained undetermined, indicating a 
value greater than 200 µM. This finding is opposed to 
numerous studies, which have reported that IC50 values 
for 5-FU against KYSE-150 cells range from 4 to 36.87 
µM [35-37], 20 to 160 µM in HET-1A cells [38], and 
more than 700 µM in Vero cells [39]. The variation in 
cytotoxic performance compared to existing findings 
may be due to differences in experimental conditions, 
including media used, treatment duration, cell seeding 
density, or even cell line passage number [40-43].  

 

 
Figure 2 Percentage of KYSE-150, HET-1A, and Vero cell viability after 5-FU treatment as measured by MTT assay. 
Error bars represent the mean ± SD between the triplicates of the data. Statistical significance performed by one-way 
ANOVA and Dunnett’s test were indicated to each value as * (p < 0.05) when compared with the control group (0 µM). 
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 In vitro cytotoxic patterns of cisplatin against 
KYSE-150, HET-1A, and Vero cells 
 The cytotoxic effect of cisplatin demonstrated a 
lower IC50 against all 3 cell lines compared to STM 
(Figure 3). However, the determined IC50 of 36.46 µM 
against KYSE-150 suggests cisplatin to be moderately 
potent in general in vitro anticancer screening. 
Moreover, the demonstrated greater cytotoxic effects on 
the normal HET-1A (IC50 = 24.37 µM) and Vero cells 

(IC50 = 14.07 µM) indicated cisplatin’s lack of tumor 
specificity. These findings are supported by literature, 
with reported IC50 value of cisplatin against KYSE-150 
as 40.62 ± 1.13 µM by Wu et al. [44], while 
Muralisankar et al. [45] suggested 33.7 µM as the IC50 
of cisplatin for Vero cells, aligning with our results. This 
lack of selectivity of cisplatin is a well and well-known 
limitation in clinical applications, often associated with 
severe systemic toxicity [46]. 

 

 
Figure 3 Percentage of KYSE-150, HET-1A, and Vero cell viability after cisplatin treatment as measured by MTT assay. 
Error bars are included to represent the SD between the data from 3 replicates, and statistical significance were analyzed 
using one-way ANOVA and Dunnett’s test (*p < 0.05) when compared with the control group (0 µM). 
  
 Drug-likeness screening of STM  
 The in-silico drug-likeness and ADMET 
predictions provide crucial insights into STM’s potential 
as an effective drug candidate. The analysis (Figure 4) 
revealed STM’s desirable physicochemical properties 
with a Log Po/w value of −2.00, indicating acceptable 
lipophilicity (−0.7 < XLOGP3 < +5.0) and favorable 
molecular weight of 374.34 g/mol. Additionally, its 
fraction of sp3 hybridized carbons of 0.69 and 4 
rotatable bonds indicated favorable saturation and 
flexibility. The predicted water solubility was generally 
acceptable, with a value of Log S (ESOL) of −0.64 (−6 
< Log S (ESOL) < 0). The pharmacokinetics of STM 
were largely satisfactory, with inactiveness as a P-
glycoprotein substrate and cytochrome (CYP) enzymes 
inhibitor, and impermeability of the blood-brain barrier 
(BBB), which suggests a reduced risk of drug-drug 

interactions [47]. Overall, STM’s properties of 
molecular weight of 374.34 g/mol, octanol-water 
partition coefficient (Log P) at 1.66, 10 hydrogen bond 
acceptors, and 5 hydrogen bond donors adhered to 
Lipinski’s Rule of Five, showing no violation. This 
adherence initially suggests that STM possesses 
satisfactory physicochemical parameters necessary for 
desirable ADME performance [48], positioning it as a 
promising candidate for an orally administered drug. 
However, its high-water solubility characterized by 
water partition coefficient (WLOGP) of –2.64 and high 
polarity evidenced by the topological polar surface area 
(TPSA) of 155.14 Å² resulted in violations of more 
stringent drug-likeness filters, including Ghose’s, 
Veber’s, Egan’s, and Muegge’s Rules. The high content 
of polar groups in STM stimulates aqueous solubility 
but consequently requires high desolvation energy, 
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which severely disrupts movement into and across the 
hydrophobic cell membranes. This limitation is 
supported by the predicted low gastrointestinal 
absorption, which contributed to a low bioavailability 
score of 0.11, indicating a potential challenge for oral 
administration [49]. This discrepancy accentuates the 
differing philosophies of drug-likeness assessment. 
While Lipinski’s Rule of Five primarily limits the Log 
P, and the number of hydrogen bond acceptors and 
donors to restrict high energetic cost for efficient passive 

membrane permeation [50], rules proposed by Veber 
[51], Egan [52], and Muegge [53] cap the maximum 
TPSA to limit the number of polar groups. Therefore, 
the optimal drug delivery mechanism of STM should be 
explored. For instance, engineered nanoparticles and 
self-emulsifying drug delivery systems could potentially 
enhance STM’s potency and efficacy by overcoming its 
barriers of low gastrointestinal absorption, poor oral 
bioavailability, and high hydrophilicity [54-56].  

 

 

Figure 4 In silico pharmacological properties of STM consist of physicochemical properties, lipophilicity, water 
solubility, pharmacokinetics, and drug-likeness. 
 
 Toxicity prediction of STM 
 The results of toxicity prediction from ProTox 3.0 
shown in Figure 5 classified STM as a Class 4 
compound defined by Globally Harmonized System of 
Classification and Labeling of Chemicals (GHS) as 
harmful if swallowed [57], with a predicted median 
lethal dose (LD50) of 2,000 mg/kg, distinguished as 
slightly toxic [58]. The toxicological prediction exhibits 
great reliability as shown by the 100% average 
similarity and prediction accuracy, stemming from the 
direct comparison of STM against identical or near-
identical analogue within the reference database. As 

summarized in Table 2, STM is unlikely to cause 
general cytotoxic effects, including hepatotoxicity, 
neurotoxicity, respiratory toxicity, carcinogenicity, 
immunotoxicity, and mutagenicity. Its inactiveness 
toward major drug-metabolizing CYP enzymes was also 
predicted. Nonetheless, it was speculated to be active for 
toxicity endpoints of BBB, nutritional toxicity, and 
clinical toxicity. This prediction shows a discrepancy 
regarding the BBB permeation, where toxicity 
prediction suggested potential BBB crossing, while 
pharmacokinetics evaluation predicted it to be non-
permeant. The latter is further supported by Yang [28], 
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who reported STM’s limited BBB permeability due to 
its high hydrophilicity. This observation highlights a 
limitation of in silico predictive models, where different 
algorithms can yield conflicting results, emphasizing the 
need for experimental validation [59]. ProTox 3.0 
employs machine learning models trained on real 

toxicity datasets to predict the potential biological 
toxicity endpoints [60], while SwissADME applies rule-
based methods and physicochemical descriptors to 
assess the pharmacokinetics and drug-likeness of 
compounds [61]. Due to their different approaches, 
predictive outputs should be interpreted cautiously. 

 

 
Figure 5 In silico toxicity prediction profile of STM highlighting a predicted LD50 of 2,000 mg/kg and a predicted toxicity 
of class 4. This profile includes key molecular descriptors and a 100% prediction accuracy based on similarity-based 
machine learning models.  

 
Table 2 Toxicity profile detailed predicted activity of STM on organ toxicity, toxicity end points, and metabolism targets. 

Classification Target Predicted Activity 

Organ toxicity 

Hepatotoxicity Inactive 

Neurotoxicity Inactive 

Nephrotoxicity Active 

Respiratory toxicity Inactive 

Cardiotoxicity Active 

Toxicity end points 

Carcinogenicity Inactive 

Immunotoxicity Inactive 

Mutagenicity Inactive 

Cytotoxicity Inactive 

BBB-barrier Active 

Clinical toxicity Active 

Nutritional toxicity Active 

Metabolism 

Cytochrome CYP1A2 Inactive 

Cytochrome CYP2C19 Inactive 

Cytochrome CYP2C9 Inactive 

Cytochrome CYP2D6 Inactive 

Cytochrome CYP3A4 Inactive 

Cytochrome CYP2E1 Inactive 
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 Overall cytotoxicity and selectivity profiles of 
STM, 5-FU, and cisplatin 
 Table 3 shows the respective IC50 of STM, 5-FU, 
and cisplatin against KYSE-150, HET-1A, and Vero 
cells after 24 hours-treatment period. STM exhibited 
higher IC50 values across all 3 cell lines compared to 
cisplatin. Conversely, the IC50 for 5-FU exceeded the 
maximum tested concentration (200 µM) in all cell 
lines, suggesting that STM possesses greater cytotoxic 
potency than 5-FU under these experimental conditions. 
The therapeutic advantage of STM was also clearly 
reflected by its superior SI, a measure of a compound’s 
ability to selectively target cancer cells over normal cells 
[62]. A value greater than 3 indicates high selectivity 
[63]. STM’s SI value of 4.343 against HET-1A 
highlights its highly selective cytotoxicity toward ESCC 
cells over normal esophageal cells, where a wide 
therapeutic window allows maximum efficacy with 
minimized risk of adverse effects [64]. In contrast, 
cisplatin showed lower SI values of 0.668 for HET-
1A/KYSE-150 and 0.386 for Vero/KYSE-150. This low 
SI indicates that cisplatin has less selectivity toward 
cancer cells, posing a risk of inducing cytotoxicity in 
normal cells. The difference in STM’s selectivity 
between HET-1A and Vero cells suggests that a variety 
of toxicity profiles can exist for different tissue types 
and species, as supported by the toxicity prediction 
results (Figure 2).  
 The observed resistance of KYSE-150 cells to 5-
FU (IC50 > 200 µM) aligns with previous reports of 

chemoresistance in esophageal squamous cell 
carcinoma (ESCC). This phenomenon is primarily 
attributed to altered gene expression, including the 
upregulation of PFKFB3 and various long noncoding 
RNAs, which dysregulate metabolic pathways and 
increase the activity of catabolic enzymes such as 
dihydropyrimidine dehydrogenase (DPD) [37,65,66]. 
Furthermore, the relative insensitivity of Vero and HET-
1A lines likely reflects 5-FU’s characterization as a cell-
cycle-specific antimetabolite. Given that 5-FU 
predominantly targets G1/S and S phases in rapidly 
dividing cells, its cytotoxic effect is commonly 
minimized in normal, healthy epithelial cells with 
slower doubling times [67,68], in which the 48-hour 
incubation period and optimized seeding densities 
utilized in this study may prevent the maximal inhibitory 
potential of 5-FU. 
 The implications of these findings extend to the 
clinical challenge of recurrent ESCC. Recurrent disease 
is frequently characterized by the selection of highly 
resistant cell subpopulations following initial rounds of 
chemotherapy, leading to treatment failure [69]. In this 
context, the significant cytotoxic effect of STM against 
the KYSE-150 cell model, which exhibits inherent 5-FU 
resistance [36], is particularly noteworthy and suggests 
its potential for the clinical treatment of recurrent ESCC. 
However, further investigations using more 
representative preclinical models and well-designed 
clinical studies are required to substantiate this claim. 

 
Table 3 IC50 values (µM) of STM, 5-FU, and cisplatin in KYSE-150, HET-1A, and Vero cells obtained from MTT assay 
and SI of STM, 5-FU and cisplatin calculated using IC50 values (µM) of KYSE-150 based on HET-1A and Vero cells. 

Compounds 

 IC50 values (µM) SI values 

ESCC Cell Line Normal Cell Lines 

KYSE-150 HET-1A Vero HET-1A Vero 

STM 43.75 190 41.61 4.343 0.951 

Cisplatin 36.46 24.37 14.07 0.668 0.386 

5-FU > 200 > 200 > 200 Undetermined Undetermined 
Note: SI for 5-FU were not calculated due to undetermined IC50 (> 200 µM). 
 
 
 
 
 
 
 
 

 In silico molecular interactions of STM with 
selected target proteins 
 This study further utilized in silico molecular 
docking to uncover STM’s possible cell death 
mechanisms with promising results suggesting potential 

favorable cytotoxicity toward ESCC. STM exhibited 
strong binding affinities to a wide array of proteins 
involved in distinct cell survival and death pathways, 
including apoptosis, ferroptosis, necroptosis, and 
pyroptosis. Overall, the binding affinity energies of 
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STM toward the selected target proteins ranged from −7 
to –12 kcal/mol.  
 
 Apoptosis pathway 
 Apoptosis is an important biological process that 
enables cells to undergo programmed cell death, 
allowing them to progress with normal development or 
response to external stress, yet it is often dysregulated 
by the cancer pathogenesis [70]. The extrinsic and 
intrinsic apoptotic pathways are orchestrated by the pro-
apoptotic and pro-survival proteins in response to pro-
apoptotic stimuli or intracellular activities [71]. STM 
showed exceptional binding to several anti-apoptotic 
proteins, including Hsp70, BCL-XL, and MCL-1 
(Table 4). Given that BCL-XL and MCL-1 are pro-
survival members of the BCL-2 protein family [72], and 
Hsp70 inhibits mitochondrial outer membrane 
permeabilization (MOMP) [73], the strong binding 
affinity of STM to their active sites (conventional 
hydrogen bonds: THR A:14, TYR A:15, GLY A:202; 
carbon hydrogen bonds: THR A:13, TYR A:15, SER 
A:340; pi-alkyl bond: TYR A:15) could indicate a 

potential inhibitory effect on these proteins. This 
antagonism of pro-survival cascades may inhibit cell 
proliferation or survival, aligning with the regulatory 
role of STM on c PI3K/AKT cell survival signaling as 
previously described by Zhang et al. [26]. 
 As shown in Table 5, STM also exhibited strong 
binding affinities toward several pro-apoptotic proteins, 
with the highest affinity observed with APAF-1 (−12.3 
kcal/mol), a key molecule in the intrinsic apoptosis 
pathway [74]. This interaction involved conventional 
hydrogen bonds (GLY D:157, LYS D:160, SER D:161, 
ASP D:243, and ARG D:265), carbon-hydrogen bonds 
(ASP D:243 and ASP D:392) and hydrophobic 
interactions (ALA D:156, PHE D:425, TYR D:436, and 
HIS D:438). Strong binding affinity energies were also 
observed with BID (−9.7 kcal/mol), BAX (−8.6 
kcal/mol), and BAK (−7.3 kcal/mol), which are the main 
players in MOMP [72]. The significant interactions with 
these proteins, as well as with pro-apoptotic caspases, 
specifically caspase-7 and caspase-3 (Table 5), suggest 
that STM may modulate or facilitate their functions to 
promote apoptosis in cancer cells [75]. 

 
Table 4 Binding affinity energies of STM resulted from the in silico molecular docking toward corresponding anti-
apoptotic proteins in ESCC. 

Target Proteins 
PDB Code  

Binding Affinity 
Energy (kcal/mol)  Anti-Apoptotic  

B-cell lymphoma-extra-large, BCL-XL  7LH7  −10.4  

Myeloid cell leukemia 1 protein, MCL-1  5FDR  −9.4  

Apoptosis regulator, BCL-W  4K5A  −8.1  

BCL-2-like protein 10, BCL2L10  4B4S  −9.0  

BCL-2-related protein A1, A1/Bfl-1  2VM6  −8.2  

Heat shock protein 70, Hsp70  3ATU  −11.0  

Heat shock protein 90, Hsp90  2XJX  −9.0  

 
 
Table 5 Binding affinity energies of STM toward the corresponding pro-apoptotic proteins as indicated in in silico 
molecular docking. 

Target Proteins 
PDB Code 

Binding Affinity 
Energy (kcal/mol) Pro-Apoptotic 

Caspase-9 1JXQ −8.7 

Apoptotic protease activating factor 1, APAF-1 1Z6T −12.3 

Caspase-3 2CNN −9.4 
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Target Proteins 
PDB Code 

Binding Affinity 
Energy (kcal/mol) Pro-Apoptotic 

Pro-apoptotic BIM BH3 peptide 2WH6 −8.3 

Human cytochrome c 3ZCF −8.8 

BCL-2/adenovirus E1B interacting protein 3, BNIP3 4IEH −9.1 

Pro-apoptotic BID peptide 7M5A −9.7 

Apoptosis regulator, BAX 4ZIE −8.6 

Second mitochondria-derived activator of caspase/direct inhibitor of 
apoptosis-binding protein with low pI, SMAC/DIABLO 

1FEW −7.1 

BCL-2 homologous antagonist/killer, BAK 2YV6 −7.3 

Activator of apoptosis Harakiri, Hrk 6XY4 −8.1 

Tumor necrosis factor receptor, TNFR 1NCF −8.6 

Tumor necrosis factor-related apoptosis-inducing ligand receptor, TRAIL 1D4V −9.0 

Apoptosis-mediating surface antigen FAS 3TJE −8.5 

FAS-associated death domain, FADD 3EZQ −8.2 

TNFR1-associated death domain protein, TRADD 1F3V −7.4 

Caspase-7 1K86 −10.3 

Caspase-8 1I4E −8.8 

Tumor protein p53 4MZI −8.2 

 
 
 

 Ferroptosis pathway 
 Molecular docking also revealed STM's strong 
association with other non-apoptotic cell death 
pathways. Ferroptosis involves lipid peroxidation by 
iron to achieve cell death, a phenomenon largely 
observed in pathophysiological conditions [76]. STM 
showed a significant interaction with the anti-ferroptotic 

protein FSP1/AIFM2, achieving binding affinity energy 
of −12.09 kcal/mol, as shown in Table 6. As FSP1 
inhibits lipid peroxidation to prevent ferroptosis [77], 
thus, STM's strong binding indicates a possible 
modulatory role to diminish its function and induce cell 
death in ESCC cells. 

 
 
Table 6 Binding affinity energies of STM resulted from the in silico molecular docking toward corresponding anti-
ferroptotic proteins in ESCC. 
 

Target Proteins 
PDB Code  

Binding Affinity 
Energy (kcal/mol)  Anti-ferroptotic  

Ferroptosis suppressor protein 1, FSP1 OR Apoptosis-Inducing Factor, 
Mitochondrion-Associated 2, AIFM2  

8JSC  −12.1 
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 Necroptosis pathway 
 Furthermore, STM was also targeting necroptosis 
to induce ESCC cell death.  In circumstances where 
apoptosis is inhibited, cell death is achieved via 
necroptosis. Necroptosis is described as a regulated 
necrotic death that contributes to inflammation by 

releasing damage-associated molecular patterns 
(DAMPs) [78]. With binding affinities of −10.8 
kcal/mol for MLKL and −10 kcal/mol for RIPK3 (Table 
7), STM could possibly induce necroptosis in apoptosis-
resistant cancer cells [79] by targeting these key 
proteins.  

 
Table 7 Binding affinity energies of STM resulted from the in silico molecular docking toward corresponding 
necroptosis-related proteins in ESCC. 

Target Proteins 
PDB Code  

Binding Affinity 
Energy (kcal/mol)  Necroptosis-Related   

Tumor necrosis factor alpha, TNFα  1A8M  −8.1  

Receptor-interacting serine/threonine-protein kinase 1, RIPK1  4ITH  −7.9  

Receptor-interacting serine/threonine-protein kinase 3, RIPK3  7MON  −10.0  

Mixed lineage kinase domain like pseudokinase, MLKL  4M67  −10.8  

Dynamin-related protein 1 (Drp1) OR dynamin-1-like protein (DNM1L)  3W6N  −9.4  

 
 Pyroptosis pathway 
 Similarly, STM shows strong association with 
pyroptosis, a pro-inflammatory lytic form of cell death 
[80], in Table 8. Strong predicted binding affinity was 
observed with pyroptosis-related proteins, notably with 
pyrin (−9.4 kcal/mol), followed by interleukin-1β (IL-
1β) (−9.3 kcal/mol), Gasdermin D (GSDMD) (−8.3 
kcal/mol), and caspase-1 (−7.5 kcal/mol) [81]. The 
potential influence of STM on the pyroptotic pathway 
may also contribute to tumor regression [82]. 

 In summary, STM showed strong binding 
affinities with the selected target proteins, with the 
highest binding energy observed with pro-apoptotic 
APAF-1 (−12.3 kcal/mol), anti-ferroptotic FSP1/ 
AIFM2 (−12.09 kcal/mol), and anti-apoptotic Hsp70 
(−11 kcal/mol), which are further observed their 2D and 
3D topological interactions in Figures 6 - 8. These 
results collectively suggest that STM can modulate a 
wide array of proteins to induce cell death through 
multiple regulated pathways. 

 
Table 8 Binding affinity energies of STM resulted from the in silico molecular docking toward corresponding pyroptosis-
related proteins in ESCC. 

Target Proteins 
PDB Code  

Binding Affinity 
Energy (kcal/mol)  Pyroptosis-Related  

Interferon-inducible protein, AIM2 (Absent in melanoma 2)  3RN2  −8.4  

Pyrin  4CG4  −9.4  

Caspase-1  2FQQ  −7.5  

Gasdermin D, GSDMD  6N9O  −8.3  

Interleukin IL-1β  1I1B  −9.3  

 
 Topology interactions of STM with target 
proteins 
 Furthermore, the exact interaction and binding 
between STM and amino acid residues in 2D and 3D 
topologies were also observed and compared. STM’s 
predicted binding mechanism with Hsp70 involves non-

covalent interactions with residues localized within the 
Nucleotide Binding Domain (NBD) (Figure 6). The 
receptor-ligand complex was driven by a network of 
polar and non-polar bonds, primarily the conventional 
hydrogen bonds with THR A:14, TYR A:15, and GLY 
A:202 (contact distance 6.0 Å), while supplementary 



Trends Sci. 2026; 23(12): 13726   14 of 22 
  

carbon-hydrogen bonds formed with THR A:13, TYR 
A:15, and SER A:340 (contact distance 4.6 Å). 
Remarkably, TYR A:15 contributed to both polar and 
non-polar stabilization through a pi-alkyl bond (contact 
distance 5.4 Å), anchoring the ligand within the binding 
pocket. These specific interactions were further 
reinforced by numerous van der Waals forces across a 
wide range of residues. Nonetheless, the stability of the 
predicted pose was slightly counteracted by unfavorable 
donor-donor interactions identified with GLY A:202 
and GLY A:203 (contact distance 4.2 Å). This may 
indicate repulsive forces between the ligand and 
receptor, contributing potential instability to the 
receptor-ligand complex [83]. The NBD functions 
primarily to bind to ATP, allowing Hsp70 to adopt an 
‘open’ conformation for exchange of client proteins, 
where hydrolysis of ATP will induce a conformational 
rearrangement to further stabilize the bound substrates 
[84]. By competing with ATP at the NBD, STM could 
block nucleotide binding or hinder hydrolysis, which 
forces Hsp70 to be in an inactive state, deteriorating its 
role to stabilize unfolded polypeptides and protect 
cancer cells under proteotoxic stress, leading to cancer 
cell death [85]. 
 In the interaction with APAF-1 (Figure 7), STM’s 
binding pose was stabilized through a network of 
conventional hydrogen bonds with residues GLY 
D:157, LYS D:160, SER D:161, ASP D:243, and ARG 
D:265 within the contact distance range of 4.2 Å. 
Weaker carbon-hydrogen bonds were formed with ASP 
D:243 and ASP D:392 (contact distance 5.6 Å), while 
hydrophobic interactions, including alkyl and pi-alkyl 
contacts, were established with ALA D:156, PHE 
D:425, TYR D:436, and HIS D:438 (contact distance of 
6.4 Å). As visualized in the 3D interactions, the binding 
of STM is localized within the NB-ARC (nucleotide-
binding adaptor shared by APAF-1, R proteins, and 
CED-4) domain, a conserved signaling motif that plays 
a critical role for ordinance of programmed cell death in 
animal cells [86]. Specifically, the NB subdomain 
functions as a catalytic side for ATP binding and 
hydrolysis [87], leading to conformational changes and 
oligomerization for the activation of apoptosomes [88]. 
Notably, STM was predicted to bind at the Walker A (P-
loop) motif (GxxxxGKS/T), specifically interacting 
with GLY D:157, LYS D:160, SER D:161. As LYS 
D:160 normally coordinates the β- and γ-phosphates of 

ADP/ATP and SER D:161 contributes to Mg2+ ion 
binding [89], STM’s predicted binding at these residues 
suggests a competitive inhibition of nucleotide 
association and hydrolysis. Such interference would be 
expected to diminish the oligomerization of APAF-1, 
leading to reduced apoptotic activities.  
 Similarly, STM’s interactions with FSP1 were 
also based on non-covalent bonds, significantly within 
the N-terminal region and the FAD/NADH 
oxidoreductase domain, as shown in Figure 8. 
Conventional hydrogen bonds were formed with ASN 
C:248 and ASP C:285 (contact distance 4.75 Å), and 
carbon-hydrogen bonds with GLY C:20, ASP C:41, 
SER C:111, and ASP C:285 (contact distance 4.8 Å). 
Hydrophobic contacts were achieved with HIS C:47 and 
ALA C:298 (contact distance 7.05 Å). These specific 
interactions were further accompanied by van der Waals 
forces, which contribute to the overall stability of the 
receptor-ligand complex. Notably, several residues were 
located within the FAD-binding and NAD(P)H 
interaction pocket (ASN C:248, ASP C:285 and ALA 
C:298) [90], suggesting that STM is likely to compete 
with endogenous cofactors and substrates. These 
bindings could interfere with the enzymatic activity of 
FSP1, blocking the reduction of ubiquinone-10 to 
ubiquinol-10 with N-myristoylation and NAD(P)H as 
substrates [91]. This will disrupt the production of 
antioxidants from oxidized coenzyme Q10 (CoQ10) to 
produce antioxidants, promoting lipid peroxidation and 
therefore ferroptosis [92]. This potential ferroptosis-
inducing role highlights the therapeutic advantage of 
STM, as it may selectively sensitize tumor cells, 
promoting efficiency of conventional therapies [93].  
 Overall, STM demonstrated favorable non-
covalent interactions across Hsp70, APAF-1, and FSP1, 
with stability mediated primarily by hydrogen bonds, 
hydrophobic contacts, and van der Waals forces. In 
absence of covalent anchoring, STM’s binding is 
suggested to be reversible [94], a property that may 
reduce off-target toxicity [95] but therapeutic efficacy 
would depend on maintaining a sufficiently high local 
concentration of STM for efficient competition with 
endogenous nucleotides or cofactors (ATP/ADP for 
Hsp70 and APAF-1 and NAD(P)H/FAD for FSP1) 
[96,97]. Moreover, the presence of unfavorable donor-
donor interactions with Hsp70 and relatively loose 
hydrophobic contacts in FSP1 emphasizes areas where 
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binding stability could be improved. Future structural 
modifications to STM, such as incorporating 
substituents that enhance pi-pi stacking [98], create salt-
bridge interactions [99], or reduce steric clashes [100] 
may potentially increase the binding stability and 
selectivity for better modulatory effects.   

 These in silico assessments suggest the 
possibilities of employing STM as a multi-target agent, 
a capability crucial for overcoming complex resistance 
mechanisms developed in cancerous cells [101].

  

Figure 6 The binding of STM at the predicted active site of Hsp70 (x = 5.20, y = 14.82, z = 16.53) alongside the 2D 
topology interactions of STM with the residues of the binding pocket. 

 

 

 

Figure 7 The binding of STM at the predicted active site of APAF-1 (x = 33.06, y = 76.43, z = 93.23) alongside the 2D 
topology interactions of STM with the residues of the binding pocket. 
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Figure 8 The binding of STM at the predicted active site of FSP1 (x= 13.63, y = 1.20, z = 9.24) and the 2D topology 
interactions of STM with the residues of the binding pocket. 
 
 
Conclusions 
 This study provides strong in vitro evidence for the 
therapeutic potential of STM against ESCC cells. STM 
demonstrated a significant in vitro cytotoxicity against 
KYSE-150 cells (IC50 = 43.75 µM), showing favorable 
SI of 4.343 toward cancer cells over normal esophageal 
HET-1A cells (IC50 = 190 µM), which is greater than the 
SI = 0.668 of cisplatin. Besides, STM exhibited 
satisfactory drug-likeness and favorable ADMET 
profile, suggesting a reduced risk of systemic adverse 
effects. Moreover, the in silico molecular docking 
analysis further elucidated its potential as a multi-
targeted agent to induce diverse cell death modalities, 
crucial to overcome drug resistance. To further validate 
the anticancer activity of STM against ESCC, more 
ESCC cell lines and predicted molecular mechanisms 
should also be confirmed using in vitro approach before 
testing in the in vivo model. Besides, the optimal drug 
delivery system for STM can be investigated to address 
challenges related to pharmacokinetic issues like limited 
oral bioavailability and potential toxicity. Overall, 
STM’s promising profile deserves further investigation 
as a selective drug candidate for ESCC. 
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