
Chrysoeriol Inhibits Viability and  
Triggers Caspase-dependent Apoptosis  
in Thyroid Cancer TPC-1 Cells

Xi Dong1, Xiaodong Li1, Shuheng Li1, Weiying Ge2 and Na Feng2

Abstract

Background: Thyroid cancer represents the most prevalent endocrine cancer, with papillary thyroid carcinoma responsible 
for the most cases and presenting a significant clinical challenge due to its variable prognosis.
Objectives: This work aims to examine the effects of chrysoeriol on thyroid cancer TPC-1 cells, by targeting apoptotic 
mediators caspase-3, caspase-8, and caspase-9 through molecular docking and evaluating their expression in TPC-1 cells 
treated with chrysoeriol under in vitro conditions.
Materials and Methods: The cytotoxic effects of chrysoeriol on the growth of thyroid cancer TPC-1 cells were assessed 
using an MTT assay. The extent of apoptosis in both untreated and chrysoeriol-treated TPC-1 cells was examined using a 
dual staining approach. The activity of caspase enzymes (caspase-3, caspase-8, and caspase-9) in untreated and chrysoeriol-
exposed TPC-1 cells was assessed using commercial test kits. In addition, the potential interactions of chrysoeriol and 
doxorubicin (DOX) with the caspase-3, caspase-8, and caspase-9 were evaluated by implementing molecular docking studies.
Results: The treatment of diverse dosages of chrysoeriol effectively inhibited thyroid cancer TPC-1 cells in a dose-depen-
dent manner. Moreover, chrysoeriol treatment markedly increased apoptosis in TPC-1 cells, as demonstrated by the results 
of the dual staining method. Furthermore, treatment with chrysoeriol also increased the activity of caspase-3, caspase-8, 
and caspase-9 in thyroid cancer TPC-1 cells. Molecular docking predicted a better interaction of caspase-3 (binding affinity 
(BA) = −6.7 kcal/mol; RMSD = 1.307Å), caspase-8 (BA = −6.5 kcal/mol; RMSD = 1.709Å), caspase-9 (BA = −6.6 kcal/mol; 
RMSD = 2.08Å) with the chrysoeriol and caspase-3 (BA = −6.3 kcal/mol; RMSD = 2.757Å), caspase-8 (BA = −6.3 kcal/mol; 
RMSD = 2.398Å), caspase-9 (BA = −6.7 kcal/mol; RMSD = 2.685Å) with the DOX. These computational results suggest that 
chrysoeriol may interact well with caspase proteins and contribute to their activation as part of its pro-apoptotic mechanism 
and caspase activation in thyroid cancer TPC-1 cells.
Conclusion: The present study demonstrates that chrysoeriol exhibits anti-cancer properties against thyroid cancer, inhib-
iting cell growth and inducing apoptosis in TPC-1 cells by upregulating caspase activity. The increased activities of caspase-3, 
caspase-8, and caspase-9 indicate that chrysoeriol activates both intrinsic and extrinsic apoptotic pathways. Molecular dock-
ing and toxicity analysis further support these findings by revealing better binding affinities between chrysoeriol and the 
caspase proteins than DOX, suggesting that these interactions may facilitate caspase activation. Thus, the current results 
highlight that chrysoeriol is a hopeful anti-cancer agent for future thyroid cancer treatment.
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Introduction

Thyroid cancer, a prevalent endocrine malignancy, develops 
from the thyroid gland, an essential organ for human metabo-
lism located in the neck. This type of cancer is characterized 
by the uncontrolled growth of cells within the thyroid, which 
can manifest in various histological subtypes, including 
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papillary, follicular, medullary, and anaplastic carcinomas, 
each with distinct clinical behaviors and prognoses (Christofer 
Juhlin et al., 2023). The vast majority, approximately 90%, 
comprise papillary and follicular thyroid cancers, which are 
differentiated thyroid carcinomas from follicular epithelial 
cells. Papillary thyroid cancer accounts for over 80% of all 
thyroid cancers and typically grows slowly, often spreading 
initially to local lymph nodes (Pizzato et al., 2022). In con-
trast, medullary thyroid cancer develops from parafollicular 
C-cells, while anaplastic thyroid cancer is an aggressive, 
undifferentiated form originating from follicular cells. Poorly 
differentiated and anaplastic thyroid cancers, though less 
common, present significant challenges due to their aggres-
sive nature and reduced responsiveness to standard therapies. 
While often asymptomatic, thyroid nodules, which are dis-
tinct lesions stemming from abnormal localized growth of 
thyroid cells, are the most common thyroid pathology, with 
nearly 5% of these nodules proving to be malignant (Kitahara 
& Schneider, 2022). Despite this, the majority of thyroid 
malignant neoplasms are categorized as low-risk, exhibiting 
low recurrence rates and favorable survival outcomes. 
However, even among well-differentiated types, recurrence 
and mortality rates can be higher in specific patient cohorts, 
warranting careful stratification and tailored management 
(Lamartina et al., 2021).

Despite a generally favorable prognosis with treatment, 
advanced cases, particularly among young women, fre-
quently experience recurrence, leading to a diminished 
10-year disease-specific survival rate. Therefore, a deeper 
mechanistic understanding of thyroid cancer progression is 
critical for developing novel therapeutic interventions and 
enhancing patient outcomes (Siegel et al., 2023). One such 
crucial mechanism is apoptosis, a tightly regulated mecha-
nism of programmed cell death crucial for cellular homeo-
stasis, and its dysregulation is increasingly recognized as a 
hallmark of cancer. Aberrant apoptosis pathways contribute 
to both tumor initiation and progression in various malig-
nancies, including thyroid cancer. The dysregulation of 
apoptotic pathways often underpins tumor proliferation and 
aggressiveness, rendering them critical targets for the devel-
opment of anti-cancer treatments in thyroid malignancies 
(Zhao et al., 2025).

Current conventional treatments for thyroid cancer typi-
cally involve surgical intervention, radioactive iodine ther-
apy, and thyroid-stimulating hormone suppressive therapy, 
which can be used individually or in combination. However, 
despite the generally favorable prognosis for well-differenti-
ated thyroid cancers, a significant subset of patients (approxi-
mately 10%) exhibit resistance to radioactive iodine therapy 
and face a higher probability of recurrence (Dierks et al., 
2021; Thumpati et al., 2025). For these advanced cases, par-
ticularly poorly differentiated or undifferentiated thyroid can-
cers, treatment options remain limited and present substantial 
therapeutic challenges. Approximately 5% of all thyroid can-
cer patients develop metastasis that fails to respond to 

radioactive iodine, further highlighting the urgent need for 
novel therapeutic strategies (French et al., 2024).

While surgery and radioactive iodine effectively manage 
differentiated thyroid cancer, concerns regarding systemic 
exposure to radiation and the potential for secondary malig-
nancies highlight the need for improved approaches. These 
challenges underscore the critical need for developing safer 
and more effective alternative therapies, particularly for 
advanced or refractory forms of thyroid cancer (Busaidy 
et al., 2022). Therefore, ongoing research is increasingly 
focusing on innovative therapeutic modalities that can cir-
cumvent these limitations and deliver improved patient out-
comes. Therefore, there is a mounting interest in exploring 
natural compounds, particularly those derived from plants, as 
potential sources for novel anti-cancer agents with improved 
efficacy and reduced toxicity (Kaczmarzyk et al., 2024). 
Chrysoeriol, a 3′-O-methoxy flavone polyphenol, is a bioac-
tive flavonoid compound found in numerous tropical medici-
nal plants, including Coronopus didymus, Eurya cilliata, 
Eremosparton songoricum, Medicago sativa, and snapdrag-
ons (Antirrhinum majus). The various biological activities of 
chrysoeriol have already been reported previously, including 
its anti-inflammatory (Wu et al., 2020), antioxidant (Kim 
et al., 2021), nephroprotective (Qiu & Xu, 2021), and cardio-
protective (Liu et al., 2009) properties. Furthermore, chrys-
oeriol has already shown anti-cancer activities against various 
cancer cells, including lung cancer (Wei et al., 2019), glioma 
(Wongkularb et al., 2022), pancreatic cancer (Zhang et al., 
2018), melanoma (Liu et al., 2023), and breast cancer (Min 
et al., 2020) cells. In addition to its pharmacological effects, 
the anti-cancer potential of chrysoeriol against thyroid cancer 
has yet to be evaluated. Hence, this study aims to examine the 
effects of chrysoeriol on thyroid cancer TPC-1 cells, by tar-
geting caspase activation through in vitro and in silico, which 
offers novel insights into the anti-thyroid cancer mechanisms 
of chrysoeriol.

Materials and Methods

Chemicals

Chrysoeriol, Dulbecco’s Modified Eagle Medium (DMEM), 
dimethyl sulfoxide (DMSO), antibiotics, and other chemicals 
were procured commercially from Sigma–Aldrich, USA. The 
test kits for quantifying caspase activities were obtained from 
Elabscience, USA.

Maintenance of Cell Culture

Thyroid cancer TPC-1 cells were purchased commercially 
from ATCC, USA, and cultivated in DMEM enriched with 
10% FBS and 1% anti-mycotic cocktail in a 5% CO2 incuba-
tor. The mature cells were collected upon achieving 80% con-
fluency and were subjected to further experiments and 
biochemical assays.
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MTT Cytotoxic Assay

The growth of untreated and chrysoeriol-treated TPC-1 
cells was investigated using the MTT assay. Cells were 
loaded on a 96-well plate at 5 × 103 cell density/well and 
subsequently treated with chrysoeriol at diverse dosages 
(5, 10, 15, 20, 25, and 30 μM) for a duration of 24 h. 
Following the treatment, MTT (20 μL) solution was added 
with DMEM (100 μL) in the wells for a duration of 4 h. 
After dissolving the generated formazan deposits with 
DMSO (100 μL), the absorbance of the culture plate was 
measured at 570 nm.

Analysis of Apoptotic Cell Death by the Dual 
Staining Method

The dual staining assay was conducted on the untreated and 
chrysoeriol-treated TPC-1 cells to evaluate their apoptosis 
levels. The TPC-1 cells were grown in a 24-well plate at 5 × 
105 cells/well and subsequently exposed to 20 μM of chrys-
oeriol and/or 2 μg of doxorubicin (DOX) for an additional 
24 h. Subsequently, AO/EB (100 μg/mL) dye was mixed into 
the wells for 5 min in darkness to evaluate apoptosis in TPC-1 
cells using a fluorescence microscope.

Analysis of Caspase Enzyme Activities

TPC-1 cells, both untreated and subjected to chrysoeriol 
treatment, were collected and lysed with cell lysis buffer to 
generate cell lysates. The resultant cell lysate was undergoing 
centrifugation at 5,000 rpm for 15 min, and the supernatant 
was utilized to evaluate caspase activities. Caspase-3, cas-
pase-8, and caspase-9 activities were analyzed in cell lysates 
using commercially purchased test kits according to the man-
ufacturer’s guidelines (Abcam, USA). The enzyme activity 
was normalized to the protein content, which was measured 
using the Bradford method.

In Silico Analysis

The Dataset Retrieval for Molecular Docking Analysis

Targets such as caspase-3, caspase-8, and caspase-9 sequences 
were retrieved from the AlphaFold database, and the struc-
tures were validated using the Ramachandran Plot (RM) by 
accessing SAVES v6.1 (https://saves.mbi.ucla.edu/) (Varadi 
et al., 2024). Then, the structures were refined using 
GalaxyRefine (https://galaxy.seoklab.org/) (Heo et al., 2013) 
to improve model quality and further validated using an RM 
plot.

Active Site Prediction and Preparation of Ligand

The active sites were predicted for the improved target mod-
els using PrankWeb (https://prankweb.cz/) (Jendele et al., 
2019). After, the chrysoeriol and doxorubicin structures were 

prepared using Discovery Studio Visualizer (DSV) 
v19.1.0.18287 (www.accelerys.com) to perform molecular 
docking. In this regard, the chrysoeriol and doxorubicin 
structures were obtained from the PubChem compound data-
base in SDF format with 3D atomic coordinates provided, 
and converted into PDB format using DSV.

Molecular Docking and Visualization

The molecular docking process was performed for the targets, 
caspase-3, caspase-8, and caspase-9 with chrysoeriol and 
doxorubicin using AutoDock Vina, integrated with PyRx 
software (Eberhardt et al., 2021). The AutoDock Vina is built 
with an advanced scoring algorithm. This process predicts the 
most favorable binding modes between the caspase-3, cas-
pase-8, caspase-9, and the ligand.

The AutoDock Vina uses a new scoring mechanism,

C
i j titj ijf r� � � �
�

,

C: Sum of intermolecular and intramolecular distance; ∑: 
Over all of the pairs of atoms; ftitj: Symmetric set of interac-
tion functions; rij: Interatomic distance.

The selected targets, namely, caspase-3, caspase-8, and 
caspase-9, along with the ligands chrysoeriol and doxorubi-
cin, were converted into PDBQT format for molecular dock-
ing studies. Docking was performed using the PyRx virtual 
screening tool after defining the active site residues of each 
caspase. The grid box dimensions were set as follows: cas-
pase-3 (size_x, y, z = 25.24 Å, 25.04 Å, 23.81 Å; center_x, y, 
z = 25.33 Å, 25.44 Å, 22.46 Å), caspase-8 (size_x, y, z = 22.54 
Å, 25.56 Å, 28.36 Å; center_x, y, z = 22.78 Å, 26.12 Å, 29.53 
Å), and caspase-9 (size_x, y, z = 23.21 Å, 19.41 Å, 16.60 Å; 
center_x, y, z = 22.98 Å, 18.59 Å, 19.47 Å). The docking 
results were analyzed using DSV to identify the binding inter-
actions of chrysoeriol and doxorubicin with the target cas-
pases. Furthermore, LigPlot+ v2.2.9 (Laskowski & Swindells, 
2011) was employed to validate and visualize the hydrogen 
bonds and hydrophobic interactions within the chrysoeriol- 
and doxorubicin-caspase complexes.

Toxicity Prediction

The toxicity properties were predicted for the ligands chrys-
oeriol and DOX by implementing the ProTox v3.0 (https://tox.
charite.de/protox3/index.php?site=home) (Banerjee et al., 
2024).

Statistical Analysis

The statistical tests were conducted using GraphPad Prism 
software, and the results are given as a mean ± SD of tripli-
cates. One-way analysis of variance (ANOVA) and Tukey’s 
post hoc tests were performed to analyze the data, with 
p < .05 considered significant.
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Results

In Vitro

Chrysoeriol Treatment Decreases the Viability of Thyroid Cancer 
TPC-1 Cells

Figure 1 depicts the findings of the MTT cytotoxicity assay 
for both untreated and chrysoeriol-treated TPC-1 cells. The 
treatment with chrysoeriol significantly diminished the 
growth of TPC-1 cells at doses ranging from 5 to 30 μM, 
indicating its cytotoxic effects on thyroid cancer cells. The 
increased dosages of chrysoeriol significantly suppressed the 
growth of TPC-1 cells. The IC50 concentration of chrysoeriol 
for TPC-1 cells was determined to be 20 μM, and this dosage 
was selected for additional experiments.

Chrysoeriol Treatment Induces Apoptosis in Thyroid Cancer  
TPC-1 Cells

The dual staining method was conducted on both untreated 
and chrysoeriol-treated TPC-1 cells to evaluate their apopto-
sis levels, and the outcomes are illustrated in Figure 2. The 
TPC-1 cells demonstrated pronounced red fluorescence after 
exposure to 20 µM of chrysoeriol, signifying the onset of 
both early and late apoptotic cell death, respectively. 
Similarly, the findings of DOX treatment also demonstrated 
an elevated presence of cells displaying intense red fluores-
cence, thus demonstrating the onset of apoptosis in TPC-1 
cells.

Chrysoeriol Treatment Increases the Activities of Caspase Enzymes 
in the TPC-1 Cells

The activities of caspase enzymes in the cell lysates from 
both untreated and chrysoeriol-treated TPC-1 cells were 
examined, with the findings illustrated in Figure 3. The activ-
ities of caspase-3, caspase-8, and caspase-9 were seen to be 
reduced in the untreated TPC-1 cells. However, the 20 μM of 
chrysoeriol treatment significantly elevated the activities of 
caspase enzymes (caspase-3, caspase-8, and caspase-9) in the 
thyroid cancer TPC-1 cells compared to the control group. 
These results were further validated by the findings of DOX 
treatment, which similarly increased the caspase enzyme 
activities in the TPC-1 cells.

In Silico

The structures of caspase-3, caspase-8, and caspase-9 were 
obtained from the AlphaFold database, and the quality of the 
models was validated with the RM plot (caspase-3 = 86.1%; 
caspase-8 = 88.0%; caspase-9 = 89.1%), which resulted in 
better models (Figure 4A, 4C, 4E). However, the model 
required improvement before proceeding into the docking 
process. Hence, the structures were improved using 
GalaxyRefine, and the refined models were further validated 

Figure 2. Effect of Chrysoeriol on the Apoptotic Cell Death in Thyroid Cancer TPC-1 Cells.

Note: The thyroid cancer TPC-1 cells had heightened red fluorescence following treatment with chrysoeriol (20 µM) and/or DOX, indicating the 
occurrence of both early and late stage apoptosis, respectively.

Figure 1. Effect of Chrysoeriol on the Viability of Thyroid Cancer 
TPC-1 Cells.

Notes: The treatment with chrysoeriol markedly reduced the viability of 
TPC-1 cells at doses ranging from 5 to 30 μM, demonstrating its cytotoxic 
effects against thyroid cancer cells. The data were analyzed using GraphPad 
Prism software, and the outcomes are expressed as a mean ± SD of 
triplicates. One-way analysis of variance (ANOVA) and Tukey’s post hoc 
tests were utilized to evaluate the values. “#” indicates that data were 
significantly differ from the control group at p < .05.
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with the RM plot (caspase-3 = 95.2%; caspase-8 = 94.5%; 
caspase-9 = 96.4%) (Figure 4B, 4D, 4F) and implemented for 
the active site prediction and molecular docking studies with 
chrysoeriol and DOX. The active sites were predicted for 
these refined models of caspase-3 (MET61, THR62, SER63, 
ARG64, SER65, HIS121, CYS163, TYR204, SER205, 
TRP206, ARG207, SER209, and PHE256), caspase-8 
(LEU254, SER256, ILE257, ARG258, ASP259, ARG260, 
HIS317, GLY318, ASP319, CYS360, GLY362, ASP363, 
VAL410, SER411, TYR412, and ARG413), and caspase-9 
(GLY309, SER310, ASP356, SER359, TRP362, GLU365, 
LYS394, and GLY395). The resulting binding affinity (BA), 
RMSD, and the types of bonds involved in the interactions of 
caspase-3, caspase-8, and caspase-9 with the chrysoeriol and 
DOX were tabulated in Table 1.

Caspase-3

The chrysoeriol interacted with the residues of caspase-3, 
which include HIS121, CYS163, SER205, ARG207(2), 
PHE250CH, and SER251(2), with the BA of −6.7 kcal/mol 

and the RMSD of 1.307Å. Also, the pi-cation, pi-pi-t-shaped 
and pi-pi stacked bonds are formed with the residues 
ARG64(2), TYR204, and PHE256. Also, the hydrophobic 
residues such as TRP206, PHE252, and ASP253 further sta-
bilize the interactions (Figure 5A, 5B, 5G; Table 1). Likely, 
the DOX interacted with the residues ARG64, ARG207, 
PHE252, ASP253, SER205CH, SER251, and formed the 
hydrogen and carbon hydrogen bonds with the BA of 
−6.3 kcal/mol and the RMSD of 2.757Å. Meanwhile, the 
residues such as CYS163, TYR204, and PHE256 interacted 
with the DOX and formed the pi-alkyl and pi-pi-t-shaped 
bond, and the residues such as HIS121, ASN208, and SER209 
hydrophobically interacted with the DOX and stabilized the 
complex (Figure 6A, 6B, 6G; Table 1).

Caspase-8

The chrysoeriol interacted with the residues of caspase-8, 
which include GLY362, ASP363, TYR365, and ARG258, and 
formed the hydrogen and carbon hydrogen bond with the BA 
of −6.5 kcal/mol and the RMSD of 1.709Å. The other residues, 
such as ARG413, ARG260, HIS317, CYS360, and VAL410, 
interacted with the chrysoeriol via the alkyl, pi-alkyl, and pi-
sigma bonds, and the residues, such as ILE257, ASN261, 
TYR412, and PRO415, hydrophobically interacted with the 
chrysoeriol (Figure 5C, 5D, 5H; Table 1). Similarly, DOX 
interacted with the ARG258, TYR365, TYR412, HIS317 and 
formed the hydrogen bonds with the BA of −6.3 kcal/mol, and 
the RMSD was observed as 2.398Å. Additionally, the residues 
ARG258, LEU254, and ASP363 interacted with the DOX and 
formed the alkyl and pi-anion bonds. Also, the residues such as 
LYS253, SER256, ILE257, ASP259, ARH413, and ASN458 
hydrophobically interacted with the DOX and helped to stabi-
lize the complex (Figure 6C, 6D, 6H; Table 1).

Caspase-9

The caspase-9 residues SER307 and GLY395 interacted with 
the chrysoeriol via the hydrogen bonds, and the other residue 
PRO312 formed the pi-alkyl bond with the BA of −6.6 kcal/
mol, and the RMSD was observed as 2.08Å. In addition, the 
residues GLU304, ASP305, GLU306, SER310, ASP356, 
SER359, GLU365, VAL393, and LYS394 hydrophobically 
interact with the chrysoeriol and stabilize the complex inter-
actions (Figure 5E, 5F, 5I; Table 1). Similarly, the DOX inter-
acted with the SER310, VAL393, GLY395, LYS394, SER307 
residues and formed the hydrogen bonds with the BA of −6.7 
kcal/mol and the RMSD of 2.685Å, and the other residues, 
such as LYS394 and GLU365, formed the pi-alkyl and pi-
anion bonds. Meanwhile, the residues such as GLU304, 
GLU306, GLY309, ASN311, PRO312, ASP356, SER359, 
ASP369, and ILE396 exhibited the hydrophobic interactions 
with the DOX and further stabilized the complex (Figure 6E, 
6F, 6I; Table 1).

Figure 3. Effect of Chrysoeriol on the Activities of Caspase 
Enzymes in the TPC-1 Cells.

Notes: The data were analyzed using GraphPad Prism software, and the 
outcomes are expressed as a mean ± SD of triplicates. One-way analysis 
of variance (ANOVA) and Tukey’s post hoc tests were utilized to evaluate 
the values. “#” indicates that data were significantly differ from the control 
group at p < .05.
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Figure 4. The RM Plot of the Target’s Caspase-3, Caspase-8, and Caspase-9 Before and After Refinement.

Notes: (A, C, E) The obtained models of caspase-3, caspase-8, and caspase-9 before refinement (B, D, F) the obtained models of caspase-3, caspase-8, 
and caspase-9 after refinement.
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Figure 5. (continued).
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Figure 5. The Three-dimensional (3D) and Two-dimensional (2D) Docking Pose of the Caspase-3, Caspase-8, and Caspase-9 Interacted 
with the Chrysoeriol and the LigPlot+ Interactions.

Note: (A, B, G) caspase-3 (C, D, H) caspase-8 (E, F, I) caspase-9.

Toxicity Analysis

The toxic properties, such as mutagenicity, immune toxicity, 
hepatotoxicity, neurotoxicity, respiratory toxicity, nephrotox-
icity, cytotoxicity, carcinogenicity, blood–brain–barrier 
(BBB) effects, lethal dose, and toxicity class, were evaluated 

for the standard drug DOX and the compound chrysoeriol 
and tabulated in Table 2. The results stated that chrysoeriol 
exhibited a comparatively safer toxicity profile, which not 
showing the effects mutagenicity (0.94(−)), immunotoxicity 
(0.77(−)), hepatotoxicity (0.72(−)), neurotoxicity (0.88(−)), and 
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cytotoxicity (0.95(−)) with a predicted LD₅₀ value of 
4,000 mg/kg, indicating low acute toxicity and can cross 
BBB mildly. Alternatively, the DOX exhibited a lesser toxic-
ity profile with the lower LD50 value of 205, indicating high 
acute toxicity, and was classified as BBB class III, suggesting 
limited brain permeability.

Discussion

Thyroid cancer, recognized as the most frequently diag-
nosed endocrine malignancy globally, has exhibited a con-
sistent rise in incidence across numerous countries and 
regions over recent decades. This trend is particularly pro-
nounced among females, with some estimates suggesting a 
fourfold increase in cases over the past two decades (Bray 
et al., 2024). This disproportionate effect in females, fre-
quently three to five times higher depending on disease 
severity, underscores the need for a deeper investigation 
into sex-specific pathophysiological mechanisms. While 
enhanced diagnostic capabilities, such as advanced ultraso-
nography, have undoubtedly contributed to the rising detec-
tion rates, particularly for smaller papillary thyroid cancers, 

intrinsic biological and behavioral factors unique to females 
may also play a significant role in this epidemiological pat-
tern (Gil-Bernabé et al., 2025). While generally treatable, a 
significant subset of thyroid cancers, particularly advanced 
or radioiodine-refractory cases, presents considerable thera-
peutic challenges. This includes 15%–20% of differentiated 
thyroid cancer and most anaplastic types, alongside approx-
imately 30% of medullary thyroid cancer cases that exhibit 
resistance to standard interventions. Despite advances in 
understanding the disease, uncertainties persist in screen-
ing, diagnosis, and treatment approaches for thyroid cancer 
(Silaghi et al., 2022). For instance, though well-differenti-
ated thyroid cancers typically have favorable prognoses, 
about 10% of patients experience relapse due to inadequate 
response to radioactive iodine therapy. This unresponsive-
ness often stems from the loss of the thyroid cells’ ability to 
uptake radioiodine, a critical mechanism for its therapeutic 
effect. This resistance necessitates exploration into alterna-
tive therapeutic modalities that can circumvent these limita-
tions and provide more effective interventions for patients 
(Zhang et al., 2018). The results of the present study sug-
gested that chrysoeriol has considerable anti-cancer activity 
against thyroid cancer cells.

Table 1. The Determined Targets, PDB ID, Binding Affinity (kcal/mol), RMSD (Å), and their Interacted Residues with Chrysoeriol and 
DOX and their Type of Interactions.

S. No.
Targets  
Name

Targets  
(UniProt ID)

Binding  
Affinity  
(kcal/mol)

RMSD 
(Å)

Hydrogen  
Bonds

Hydrophobic 
Residues

Other  
Types of Bonds

Chrysoeriol

1. Caspase-3 P42574 −6.7 1.307 HIS121, CYS163, 
SER205, ARG207(2), 
PHE250CH, SER251(2)CH

TRP206, PHE252, 
ASP253

ARG64 (2)PC, TYR204PPTS, 
PHE256PPS

2. Caspase-8 Q14790 −6.5 1.709 GLY362, ASP363, 
TYR365, ARG258CH

ILE257, ASN261, 
TYR412, PRO415

ARG413PC, ARG260A, 
HIS317PA, CYS360A, 
VAL410PS

3. Caspase-9 P55211 −6.6 2.08 SER307, GLY395 GLU304, ASP305, 
GLU306, SER310, 
ASP356, SER359, 
GLU365, VAL393, 
LYS394

PRO312PA, TRP362UFD

DOX

4. Caspase-3 P42574 −6.3 2.757 ARG64, ARG207, 
PHE252, ASP253, 
SER205CH, SER251CH

HIS121, ASN208, 
SER209

CYS163PA, TYR204PPTS, 
PHE256PPTS

5. Caspase-8 Q14790 −6.3 2.398 ARG258, TYR365, 
TYR412, HIS317CH

LYS253, SER256, 
ILE257, ASP259, 
ARH413, ASN458

ARG258A, LEU254A,  
ASP363PIA

6. Caspase-9 P55211 −6.7 2.685 SER310, VAL393, 
GLY395, LYS394CH, 
SER307CH

GLU304, GLU306, 
GLY309, ASN311, 
PRO312, ASP356, 
SER359, ASP369, 
ILE396

LYS394PA, GLU365PIA

Note: CH: Carbon–hydrogen bond; PC: Pi-cation; PPTS: Pi-Pi-T-shaped; PPS: Pi-pi-stacked; A: Alkyl; PA: Pi-alkyl; PS: Pi-sigma; UFD: Unfavorable donor; 
PIA: Pi-anion.
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Figure 6. (continued).
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The evaluation of a drug compound’s capacity to induce 
cellular damage or death in cancer cells is a fundamental step 
in oncology drug discovery and development. This analysis, 
termed cytotoxicity testing, provides critical insights into a 
compound’s therapeutic potential and selectivity. It also 
allows for the differentiation between anti-proliferative 
effects and direct cell death, which is crucial for elucidating 
the precise mechanisms of drug action (Zasadil et al., 2014). 
A key metric in these evaluations is the half-maximal inhibi-
tory concentration, which quantifies the dosage of a com-
pound needed to inhibit 50% of cell viability. Numerous 
in vitro assays are employed to assess cytotoxicity, which 
evaluate cell viability and proliferation by measuring meta-
bolic activity or cell membrane integrity (Bracci et al., 2014). 
The MTT assay is a colorimetric method extensively 

employed for assessing cellular metabolic activity, viability, 
and cytotoxicity in drug discovery and development, particu-
larly for anti-cancer agents (Gerlier & Thomasset, 1986). 
This assay quantifies the reduction of the yellow tetrazolium 
dye MTT into an insoluble purple formazan product by mito-
chondrial succinate dehydrogenase in metabolically active 
cells, thereby serving as a reliable indicator of viable cell 
count and drug efficacy. This method is widely adopted due 
to its rapidity, convenience, and economic feasibility for 
quantifying viable cells in culture for both proliferation and 
cytotoxicity studies (Mello et al., 2020). In the present work, 
the cytotoxic effect of chrysoeriol against thyroid cancer cells 
was assessed using the MTT assay. The findings of the MTT 
assay demonstrated that chrysoeriol treatment substantially 
inhibited the viability of TPC-1 cells. These findings 

Figure 6. The Three-dimensional (3D) and Two-dimensional (2D) Docking Pose of the Caspase-3, Caspase-8, and Caspase-9 Interacted 
with the DOX and the LigPlot+ Interactions.

Note: (A, B, G) caspase-3 (C, D, H) caspase-8 (E, F, I) caspase-9.
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demonstrate that chrysoeriol can hinder thyroid cancer cell 
growth, indicating that it may be an effective cytotoxic agent 
against thyroid cancer cells.

The evaluation of novel drug compounds for their anti-
cancer efficacy necessitates a meticulous analysis of their 
capacity to trigger programmed cell death, particularly apop-
tosis, in tumor cells. This analytical approach is crucial for 
differentiating between cytotoxic effects that merely halt pro-
liferation and those that actively eliminate malignant cells, 
thereby elucidating the precise mechanisms of drug action 
(Schultz & Harrington, 2003). Apoptosis induction is a highly 
desirable outcome in oncology, as it can lead to sustained 
tumor regression and potentially prevent drug resistance. 
Therefore, a comprehensive assessment of apoptotic path-
ways activated by candidate drugs is indispensable for identi-
fying promising therapeutic agents. Various methodologies 
are employed to quantify apoptosis, with the dual staining 
method being a commonly utilized technique to distinguish 
between live and apoptotic cells (Brunelle & Zhang, 2010). 
This technique critically distinguishes between viable, early 
apoptotic, and late apoptotic cells through differential stain-
ing based on membrane integrity and chromatin condensa-
tion. Live cells exhibit uniform green fluorescence, while 
early apoptotic cells present yellow fluorescence with bright 
green dots within the nucleus due to chromatin condensation 
and nuclear fragmentation (Honda et al., 2000). Conversely, 
late apoptotic cells show orange to red fluorescence as ethid-
ium bromide binds to fragmented DNA, signifying a loss of 
membrane integrity. The dual staining method, therefore, 
serves as a robust qualitative and quantitative tool for assess-
ing apoptotic morphological changes in various cell types, 
including cancer cells. This method’s cost-effectiveness and 
simplicity make it a widely adopted technique for initial 
apoptosis detection in cancer cells (Rieger et al., 2010). In 
this work, the apoptotic activity of chrysoeriol was assessed 
on the thyroid cancer cells using a dual staining method. The 
present results revealed that chrysoeriol treatment notably 
increased the apoptotic cell death in TPC-1 cells. Therefore, 
it was evident that chrysoeriol can induce apoptosis in thyroid 
cancer cells, which supports the hypothesis that it can hinder 
the progression of thyroid cancer.

The caspase pathway, a family of cysteine proteases cru-
cial for cellular homeostasis, predominantly mediates apopto-
sis. These proteases are broadly classified into initiator and 
executioner caspases, which operate in a sequential cascade 
to dismantle cellular components. Initiator caspases, such as 
caspase-8 and caspase-9, are activated first and subsequently 
cleave and activate executioner caspases, notably caspase-3, 
which then orchestrate the systematic degradation of cellular 
structures (McIlwain et al., 2015). The extrinsic apoptotic 
cascade is typically commenced by external signals binding 
to death receptors, resulting in the activation of caspase-8, 
whereas the intrinsic pathway is triggered by intracellular 
stressors and involves the activation of caspase-9. The intri-
cate balance between pro- and anti-apoptotic proteins further T
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regulates the mitochondrial pathway, influencing the ultimate 
activation of downstream caspases (Tait & Green, 2008).

Understanding these complex interdependencies and the 
specific roles of caspase-3, caspase-8, and caspase-9 is criti-
cal for clarifying the mechanisms of apoptosis and develop-
ing targeted therapies for cancer. Specifically, caspase-9 
serves as a key indicator for the activation of the intrinsic 
apoptotic pathway, while caspase-8 signifies the activation of 
the extrinsic pathway (Kesavardhana et al., 2020). The con-
vergence of these pathways at the level of effector caspases, 
particularly caspase-3, emphasizes a final common route for 
programmed cell death, regardless of the initiating stimulus. 
This intricate interplay underscores how both extrinsic and 
intrinsic pathways ultimately converge on effector caspases, 
with caspase-3 playing a central role in the proteolytic cas-
cade that dismantles the cell (Lou et al., 2021). The induction 
of apoptosis is a critical strategy in oncology, as many cancers 
exhibit resistance to this natural cellular mechanism. This 
resistance often stems from oncogenic mutations that disrupt 
regulatory circuits governing cellular functions, thereby 
enabling tumor cells to evade pro-apoptotic insults and 
achieve deregulated proliferation (Constantinou et al., 2009). 
Consequently, therapeutic interventions aimed at restoring or 
initiating apoptotic pathways offer a highly effective approach 
to cancer treatment across various cancer types. Specifically, 
targeting the caspase cascade offers a promising avenue for 
developing novel anti-cancer agents (Pozo-Uisado et al., 
2005; Seo et al., 2016). Supportively, the current findings 
indicated that the chrysoeriol treatment markedly increased 
the caspase-3, caspase-8, and caspase-9 activities in the 
TPC-1 cells. These results suggest that chrysoeriol treatment 
can trigger caspase-dependent apoptosis in thyroid cancer 
cells. Moreover, the molecular docking and toxicity analyses 
were performed to evaluate the potential interaction mecha-
nisms and safety profile of chrysoeriol, which was compared 
with the standard chemotherapeutic drug DOX, toward cas-
pase-3, caspase-8, and caspase-9, which play a critical role in 
the intrinsic and extrinsic apoptotic pathways, which are pri-
marily associated with the induction and execution of pro-
grammed cell death.

The docking study revealed that the chrysoeriol exhibited 
better binding affinities ranging from −6.5 to −6.7 kcal/mol 
compared to the DOX, and also the low RMSD values (<2.1 
Å) described stable and reliable docking conformations. Also, 
the key catalytic dyad residues HIS121 and CYS163, as well 
as nearby substrate-recognition residues Ser205 and Arg207, 
interacted with the chrysoeriol, which could modulate the 
caspase-3 activation (Bobay et al., 2012; Huang et al., 2021). 
Also, the residues such as ARG207, SER205, and SER251 
act as key active common residues that are involved in the 
hydrogen or carbon hydrogen bond formation with the chrys-
oeriol and DOX. These findings indicate that chrysoeriol can 
potentially enhance caspase activation through direct binding 
and conformational stabilization, consistent with the observed 
in vitro increase in caspase enzyme activity. Likely, the 

chrysoeriol interacted with the caspase-8 catalytic triad, 
which comprises CYS360, HIS317, and ARG258 (Mishra 
et al., 2023; Watt et al., 1999) and the residues such as 
ASP363, TYR365, ARG258, ILE257, TYR412, ARG413, 
and HIS317 involved in the interactions with the chrysoeriol 
and DOX, respectively. Meanwhile, the residues of caspase-9 
which includes SER307, GLY395, GLU304, GLU306, 
SER310, ASP356, SER359, LYS394, and PRO312 actively 
involved in the interactions with chrysoeriol and DOX.

Beyond docking, the computational toxicity reveals more 
aspects regarding the pharmacological safety of the com-
pounds. Chrysoeriol showed a favorable toxicity profile with 
high LD₅₀ (4,000 mg/kg), non-mutagenicity, non-hepatotox-
icity, non-carcinogenicity and low BBB permeability. The 
toxicological data suggest that chrysoeriol could be a safer 
alternative than traditional chemotherapeutics such as DOX, 
as it has potent mutagenicity and immunotoxicity, with a low 
LD₅₀ (205 mg/kg), which suggests a high acute toxicity. The 
strong caspase-binding affinities combined with low pre-
dicted toxicity suggest the potential of chrysoeriol to serve as 
a natural pro-apoptotic modulator, warranting further preclin-
ical studies.

The present study has several limitations that need to be 
considered in future studies. Firstly, the lack of in vivo valida-
tion restricts the translation of our findings to clinical set-
tings. Additionally, potential off-target effects of chrysoeriol 
have not been thoroughly explored, which could impact its 
safety profile. To address these limitations, our future studies 
will focus on assessing chrysoeriol’s in vivo efficacy using 
xenograft models, providing a more comprehensive under-
standing of its therapeutic potential. We also plan to explore 
combinatorial approaches with existing therapies, such as 
doxorubicin or kinase inhibitors, to enhance therapeutic out-
comes and minimize potential resistance mechanisms. These 
studies will be crucial in advancing chrysoeriol’s clinical 
translation and evaluating its potential as a viable anti-cancer 
agent. By addressing these limitations, we aim to provide a 
more robust foundation for chrysoeriol’s therapeutic 
application.

Conclusion

The present study shows that chrysoeriol exhibits anti-cancer 
properties against thyroid cancer, diminishing cell growth 
and triggering apoptosis in TPC-1 cells through the upregula-
tion of caspase activity. The treatment with chrysoeriol 
markedly inhibited cell proliferation and triggered caspase-
dependent cell death in TPC-1 cells. Also, the computational 
analysis confirmed that the chrysoeriol could interact with the 
catalytic dyad (HIS121 and CYS163) and triad (CYS360, 
HIS317, and ARG258) of caspase-3 and caspase-8. 
Additionally, the toxicity analysis described that the chrys-
oeriol exhibited a safer toxicity profile than the standard 
drug DOX. Altogether, the current results highlight that 
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chrysoeriol is a hopeful anti-cancer drug for future thyroid 
cancer treatment. Furthermore, future investigations are 
highly recommended to comprehensively elucidate the pre-
cise anti-cancer functions of chrysoeriol on thyroid cancer.
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