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Abstract

Background Celastrol, a naturally occurring bioactive compound, has demonstrated potential in treating inflam-
mation, obesity, and tumors, particularly in colorectal, gastric, and breast cancers. However, its therapeutic effects

on thyroid cancer (TC), which have poor clinical outcomes, remain unclear. This study aimed to investigate Celastrol's
potential in treating thyroid cancer using cell lines.

Methods The viability and proliferation of thyroid cancer cells treated with or without Celastrol were analyzed

by CCK-8 and colony formation assay. The state of thyroid cancer cells treated with or without Celastrol were observed
by microscopy. Further evidence from flow cytometry and TUNEL staining demonstrated the induction of apoptotic
processes in thyroid cancer cells. The expression of PARP1, Caspase-3, Bax, BCL2 in thyroid cancer cells after indicated
treatment was analyzed by Western blot and Caspase-3 expression in thyroid cancer cells after 12 and 24 h of Cel-
astrol treatment was detected by immunofuorescence assay. Anaplastic thyroid cancer growth-limiting of Celastrol
was evaluated in nude mice.

Results Celastrol induction promoted apoptotic in TC cells, increased the expression of PARP1, Bax and Caspase-3
and reduces expression of BCL2 by Western Blot. The expression of Caspase-3 was increased by immunofluorescence,
which indicating that Celastrol may serve as an adjuvant therapeutic agent for thyroid cancer treatment by inducing
apoptosis through the caspase-3 pathway. Celastrol treatment of mice implanted with anaplastic thyroid cancer cells
also inhibited tumor growth, associated with reduced Ki-67 and increased Caspase-3.

Conclusions Celastrol promotes apoptotic cell death in thyroid carcinoma cells by the Caspase-3 pathway.

Highlights
Key findings - Celastrol has been found to promote apoptotic cell death in thyroid cancer cells, offering potential
for the development of new anti-cancer drugs.
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What is known and what is new? - The anti-cancer effect of Celastrol is known. The ability of Celastrol to promote

apoptosis in thyroid cancer does our manuscript adds.

What is the implication, and what should change now? - Utilizing Celastrol as a therapeutic drug for thyroid can-
cer may provide a new treatment option, particularly for patients who are unresponsive to conventional approaches.
This discovery holds promise for improving survival rates and quality of life for thyroid cancer patients.

Keywords Celastrol, Papillary thyroid carcinoma, Medullary thyroid carcinoma, Anaplastic thyroid cancer, Apoptotic,

Caspase-3

Introduction

Thyroid cancer (TC) is the most common malignancy in
the endocrine system, with its incidence steadily increas-
ing [1]. It can be categorized into papillary thyroid car-
cinoma (PTC), follicular thyroid carcinoma (FTC),
medullary thyroid carcinoma (MTC), and anaplastic
thyroid cancer (ATC) based on pathological character-
istics [2, 3]. PTC, accounting for 80% of cases, typically
carries a favorable prognosis with a 10-year survival
rate of approximately 90% [4]. However, PTC is prone
to recurrence and metastasis, especially in aggressive
forms, leading to resistance to treatment and potential
fatality [5-7]. MTC, a rare form of thyroid cancer, rep-
resents 3—5% of cases [8]. Approximately 75% of MTC
cases in patients are non-hereditary, while the remain-
ing 25% are hereditary [9]. Although its incidence is low,
MTC has a relatively high mortality rate due to early
metastasis [10, 11], with approximately 35% of MTC
patients experiencing neck metastasis and approximately
13% showing distant metastasis [12]. ATC is among the
most aggressive and lethal malignancies, predominantly
affecting individuals aged 65 to 70, with a median overall
survival of 3.16 months and a near 100% mortality rate
[13, 14]. Despite comprising only 1-1.5% of thyroid can-
cers, ATC contributes to over half of the annual thyroid
cancer-related deaths [15]. Current treatment options
for poor-prognosis PTC, MTC, and ATC involve surgi-
cal resection and molecular targeted therapy to improve
symptoms and survival rates. However, targeted therapy
can lead to adverse reactions such as gastrointestinal
issues and hypertension. In contrast, traditional Chinese
medicine, such as Celastrol, may offer a potentially safer
alternative.

Celastrol is a pentacyclic triterpenoid monomer iso-
lated from the Thunder God Vine, a traditional Chinese
herbal medicine [16, 17]. It was the first active com-
pound to be isolated from Thunder God Vine. Celastrol
has shown great potential in the areas of anti-inflamma-
tion, obesity treatment, and anti-tumor therapy [18-20].
Studies have demonstrated that Celastrol, as a novel
anticancer agent, can induce cancer-specific cell death
while having minimal cytotoxicity in normal cells [21,
22]. However, few studies have investigated the potential

anticancer effects of Celastrol on PTC, MTC and ATC
cells. Therefore, in this study, we aimed to investigate the
effects of Celastrol on PTC, MTC and ATC cells, provid-
ing new insights into the anti-thyroid cancer mechanisms
of Celastrol.

Methods

Cell culture

The human cell lines MDA-T32, KTC-1 (PTC) were
obtained from the research group in the early stages,
while TT (MTC) was generously provided by Prof. Zheng
from Zhejiang Provincial People’s Hospital, and OCUT-
2C (ATC) was kindly provided by Prof. Luo from West
China Hospital. PTC cells were cultured in RPMI-1640
Medium, MTC was cultured in Ham’s F-12 K Medium,
and ATC was cultured in DMEM. The culture media
were supplemented with 1% v/v Penicillin—Streptomy-
cin Solution and 10% v/v FBS. Cells were maintained at
37 °C in a humidified atmosphere with 5% CO2. Celastrol
obtained from MCE, was dissolved in 1% DMSO.

Cell viability assay

The cells were seeded into 96-well plates (5000 cells/
well) with 3 replicates for each group at each time point.
After 24 h incubation, 200 pL of medium containing 10%
cell counting kit-8 (CCK-8) (KeyGEN Biotech, Nanjing,
China) was added to each well. The CCK-8 assay was
applied to detect the cell viability following the manu-
facturer’s protocols. This experiment was performed in
triplicate.

Colony formation assay

Thyroid cancer cell lines (600 cells/well) were seeded into
6-well plates and treated with different concentration of
Celastrol. After incubated at 37 °C for 10 d, the cells were
washed with PBS, fixed with 4% paraformaldehyde solu-
tion and stained with 1% crystal violet for 15 min. The
colony numbers were counted by a light microscope. This
experiment was performed in triplicate.

Flow cytometry
Thyroid cancer cells were divided into a control group
and a Celastrol treatment group. The MDA-T32, KTC-1,
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TT, and OCUT-2C cell lines (1x10* cells/well) were
seeded in 12-well plates and incubated for 24 h. Cell
apoptosis was assessed using the Annexin V/PI stain-
ing kit (MULTISCIENCES, Hangzhou, China) following
the manufacturer’s instructions. The cells were collected,
detached, and washed twice with PBS before resuspend-
ing in 200 pL of binding buffer. Compensation adjust-
ment was performed using a blank tube, an Annexin
V single-staining tube, and a PI single-staining tube.
Annexin V and PI solutions were added to the control
and Celastrol treatment groups, respectively, and incu-
bated at room temperature for 5 min. Flow cytometry
was conducted to determine the percentage of apoptotic
cells. This experiment was performed in triplicate.

Western blot analysis

Thyroid cancer cells were divided into a control group
and a Celastrol treatment group. The MDA-T32, KTC-
1, TT, and OCUT-2C cell lines (60x 10* cells/well) were
seeded in 6-well plates and incubated for 24 h. The cells
were lysed with RIPA buffer, and the supernatant was
collected after centrifugation. Protein concentration was
determined using a BSA kit, and samples were prepared
for analysis. Samples were separated by 10% SDS-PAGE
and transferred onto PVDF membranes. The membranes
were blocked with TBS buffer containing 0.01% Tween
20 and 5% skim milk at room temperature for 1 h. After
three washes, the membranes were incubated overnight
at 4 °C with a diluted primary antibody (1:2000). Follow-
ing three washes, the membranes were incubated with
a diluted horseradish peroxidase-conjugated second-
ary antibody (1:5000) at room temperature for 1 h. After
three washes, immunoreactive bands were detected using
an enhanced chemiluminescence kit (Bio-Rad). Protein
quantification was analyzed using Image] software and
normalized to the respective controls.

TUNEL staining

The thyroid cancer cells were divided into control groups,
Celastrol treatment groups, and positive groups. After
24 h of treatment, the cells were fixed with 4% paraform-
aldehyde at 37 °C for 30 min and permeabilized with 1%
Triton X-100 for 5 min. The positive samples were treated
with a prepared DNase I reaction solution at 37 °C for
30 min. TUNEL solution was added to all groups and
incubated at 37 °C in the dark for 1 h. TRITC red fluores-
cence was added and incubated in a wet box at 37 °C in
the dark for 30 min. The cell nuclei were counterstained
with 0.1 pg/mL DAPI at room temperature for 5 min.
Three fields were randomly selected for observation
using a laser confocal fluorescence microscope. Image]
software was used to analyze the TUNEL-positive cells
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and total cells. The red fluorescence indicated TUNEL-
positive cells.

Immunofluorescence assay

After 12,24 h of treatment with Celastrol, the thyroid
cancer cells in the control group and the Celastrol treat-
ment group were fixed with 4% paraformaldehyde at
37 °C for 60 min and permeabilized with 0.1% Triton
X-100 for 10 min. After blocking with 5% bovine serum
for 30 min at room temperature, the cells were incubated
overnight at 4 °C with a primary antibody against Cas-
pase-3. Fluorescence was generated by incubating with
Alexa Fluor® 594-labeled goat anti-rabbit IgG at 37 °C
for 1 h. DAPI was used to counterstain the cell nuclei.
Fluorescence images were captured using a laser confo-
cal fluorescence microscope, and Image] was employed
to quantify the fluorescence intensity.

In vivo xenograft model

Female nude mice (4—6 weeks old) were obtained from
the Laboratory Animal Center and housed under stand-
ard conditions. Mice were randomly divided into three
experimental groups: control, Celastrol 1 mg/kg, and
Celastrol 2 mg/kg. OCUT-2C cells were injected subcu-
taneously into the left flank of all mice at 2x 10° cells in
100 pL PBS. After day 10 of cell injection, treatment of
mice was initiated. A Treatment commenced on day 10
when tumors reached a volume of 50-100 mm? Treat-
ments included Celastrol at 1 or 2 mg/kg every other
day by intraperitoneal injections. Control mice received
PBS vehicle. Tumor volumes were determined by meas-
uring length (I) and width (w) and calculating volume
(V=05xIxw?) at the indicated time points. Treat-
ments were maintained for 14 days. Mice were sacrificed,
and tumor tissues were removed, weighed, and photo-
graphed. Samples were used for histology and proteins
level determination.

Tissue immunohistochemistry

Xenograft tumors from nude mice were fixed in 4% para-
formaldehyde for 24 h and embedded in paraffin. Paraf-
fin microtomy was used to create sections, which were
then baked overnight at 65 °C. The sections underwent
rehydration with graded alcohols, followed by treatment
with citrate buffer (pH=6.0) and hydrogen peroxide.
After blocking with 5% BSA for 1 h, the sections were
incubated overnight at 4 °C with primary antibodies (Ki-
67, Caspase-3). Subsequently, they were incubated with
an HRP-conjugated secondary antibody and stained with
DAB.
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Statistical analysis

SPSS 18.0 software (IBM, San Francisco, CA, USA) was
applied to conduct the statistical analyses. For the com-
parison of two groups, Student’s t test was used. For the
comparison of more than two groups, one-way analysis
of variance was used. *p<0.05, ** p<0.01, *** p<0.001,
4% 1y 00,0001,

Results

Celastrol induced cell death in thyroid cancer cells

In this study, we aimed to investigate the effects of Cel-
astrol on four human thyroid cancer cell lines: KTC-1
and MDA-T32 (PTC), TT (MTC), and OCUT-2C (ATC).
Cell viability was assessed using a CCK-8 assay, and the
results showed that Celastrol significantly suppressed the
viability of all four cell lines in a dose- and time-depend-
ent manner. Notably, the TT cell line required a higher
concentration of Celastrol compared to the other cell
lines for similar levels of suppression (Fig. 1A-D). Colony
formation assays revealed reduced growth in all four cell
lines with increasing Celastrol concentrations. However,
due to the characteristics of TT cells, they exhibited
poor cluster formation in the assay. Nevertheless, TT cell
growth decreased with higher Celastrol concentrations
(Fig. 1E). Microscopic examination revealed extensive
cell death in all four cell lines, indicating the induction
of cell death by Celastrol (Fig. 1F). Overall, our findings
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Fig. 1 Celastrol induces death in thyroid cancer cells. A-D Effect of Celastrol on the viability of human Thyroid cancer cells. Cells were challenged
with increasing concentrations of Celastrol for 24h,48h,72h or 96h and cell viability was measured by CCK-8. 1C50 values in different cell lines (KTC-1
and MDA-T32 (PTQ), TT (MTC), and OCUT-2C (ATC)) are shown; E Colony formation assays: cells were treated with various doses of Celastrol for 24h
and then allowed to grow for 10 days in fresh culture medium. Colonies were visualized by crystal purple staining; F Morphological alterations
induced by Celastrol treatment
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demonstrate that Celastrol inhibits thyroid cancer cell
viability and growth, and promotes cell death, highlight-
ing its potential as a therapeutic agent for thyroid cancer
treatment.

Celastrol induced apoptosis in thyroid cancer cells

In our study, we used Annexin V/PI staining flow cytom-
etry to evaluate the effects of Celastrol on cells. Our anal-
ysis demonstrated that Celastrol treatment significantly
induced apoptosis in all four cell lines (Fig. 2A). We also
performed Western blot analysis to examine the expres-
sion levels of PARP1, Caspase-3, Bax, and BCL2 proteins
in the control and Celastrol-treated groups. Our results
showed that Celastrol treatment increased the expres-
sion levels of PARP1, Caspase3, and Bax proteins, while
decreasing the expression level of BCL2 protein in all
four cell lines (Fig. 2B). These findings support the pro-
apoptotic effects of Celastrol on the cell lines and suggest
that Celastrol induces apoptosis by modulating these key
apoptosis-related proteins. Additionally, we employed
the TUNEL method to assess apoptosis levels in the con-
trol and Celastrol groups. Our results showed a higher
number of TUNEL-positive apoptotic cells in the Cel-
astrol group compared to the control group (Fig. 2C).
These findings demonstrate a notable increase in the
rate of apoptosis in the cell lines following Celastrol
administration.
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Fig. 2 Celastrol induces apoptosis in thyroid cancer cells. A Apoptotic cell frequencies treated without or with Celastrol for 24 h were determined
by annexin V/Pl assays; B-F KTC-1, MDA-T32, TT and OCUT-2C were treated with Celastrol for 24 h; The expression of cleaved-PARP 1, Caspase-3,
BCL2 and Bax; G-J Changes of TUNEL-positive cell rate among Celastrol and control group for 24 h

Celastrol treatment induced apoptosis through Caspase-3
pathways

Immunofluorescence staining was employed to visualize
apoptotic cells via the Caspase-3 pathway. Our results
showed that the number of apoptotic cells in the Celas-
trol-treated group was significantly increased compared
with the control group, and the apoptotic cells showed
typical morphological changes, such as cell shrink-
age, chromatin condensation, and fragmentation. Fur-
thermore, the expression of Caspase-3 was significantly
upregulated in MDA-T32 (Fig. 3A) [12h:t = 7.702, p <
0.01; 24h:t = 11.02, p < 0.001], KTC-1 (Fig. 3B) [12h:t =
8.492, p < 0.01; 24h:t = 17.11, p < 0.0001], TT (Fig. 3C)
[12h:t = 12.33, p < 0.001; 24h:t = 17.34, p < 0.0001], and
OCUT-2c¢ (Fig. 3D) [12h:t = 4.781, p < 0.01; 24h:it =
6.043, p < 0.001] cells treated with celastrol for 12h and
24h, compared to the control group.

Celastrol suppressed tumor growth of anaplastic thyroid
carcinoma cells in vivo

To establish our in vivo cultivation study, we injected
OCUT-2C cells into nude mice and initiated Celastrol
treatment at a dose of 1 or 2 mg/kg. Follow-up on day
14 revealed that Celastrol treatment reduced the growth
of anaplastic thyroid carcinoma (Fig. 4A). While the
1 mg/kg dose was effective in inhibiting tumor growth,
Celastrol at a dose of 2 mg/kg completely halted tumor
growth (Fig. 4B). Analysis of harvested tumor specimens
demonstrated that immunohistochemical staining indi-
cated reduced levels of Ki-67 in Celastrol-treated nude

mice. Celastrol also elevated the levels of Caspase-3,
confirming increased apoptosis of tumor cells in vivo,
consistent with our in vitro findings, and reducing the
immunoreactivity of Ki-67 in tumor cells (Fig. 4C-E).

Discussion

Thyroid cancer, particularly PTC, is the most common
neoplasm in the endocrine system. Surgery is the pri-
mary treatment, but metastatic PTC can have a poor
prognosis. MTC is rare but highly lethal, often accompa-
nied by metastases. MTC is influenced by both somatic
cells carrying the RET oncogene and germline inherit-
ance [23], with RET serving as a key therapeutic target
[24]. However, resistance to tyrosine kinase inhibitors
(TKIs) is a challenge. Therefore, the development of new
drugs targeting alternative targets has also become a cru-
cial aspect of MTC treatment [25]. ATC is a highly dif-
ficult tumor with a short diagnosis-to-treatment window
and high resistance rates. Promising treatment options
for ATC include Aurora kinase inhibitors, which have
shown an 86% reduction in tumor volume in mouse
models. Other potentially promising treatment modali-
ties include gene therapy using oncolytic viruses, novel
targeted inhibitors, immunotherapy, and combination
therapies. Identifying therapeutic targets and conducting
related drug research is crucial to enhance the survival
rate and quality of life for ATC patients [15]. Celastrol, a
bioactive compound extracted from Thunder God Vine,
has been extensively studied for its therapeutic effects on
obesity and inflammation [26]. In fact, Celastrol has great
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potential in anti-tumor treatment, as evidenced by stud-
ies such as Heng et al. [27] demonstrating that Celastrol
inhibits colon cancer by targeting peroxidase 1 in in vitro
and in vivo experiments, Yang et al. showing that Celas-
trol promotes apoptosis in neuroblastoma cells through
the caspase pathway in in vitro experiments [28], and
Celastrol exerting anti-tumor effects in non-small cell
lung cancer by inhibiting ROS accumulation [29].

The purpose of this study was to investigate the poten-
tial of Celastrol to treat poorly differentiated PTC and
MTC. We first verified that Celastrol induced apopto-
sis of PTC, MTC and ATC cells in a concentration- and
time-dependent manner using a cell viability test. We also
observed reduced cell numbers, condensed nuclei, and

ruptured cytoplasm under the microscope after 24 h of
Celastrol treatment. In the colony formation experiment,
we observed that the cell clusters of PTC cells decreased
with increasing Celastrol concentration. However, due to
the growth characteristics of MTC cells, which mainly
grow as single cells, have low cell adhesion and lack the
ability to form cell aggregates, TT cells were difficult to
form cell clusters in the colony formation experiment.
But we also clearly observed that TT cells also gradually
decreased with increasing Celastrol concentration. To
further verify whether Celastrol really induces apoptosis
of MTC, PTC and ATC cells we performed flow cytom-
etry, protein immunoblot assay and TUNEL assay. The
results showed that Celastrol induced early apoptosis of
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to the control group

thyroid cancer cells. Immunofluorescence experiment
also confirmed that Celastrol indeed induced apoptosis
of MTC, PTC and ATC cells. Caspase-3 pathway plays an
irreplaceable role in cell apoptosis. We found by immu-
nofluorescence experiment that Celastrol induced cell
apoptosis through Caspase-3 pathway. Subsequently,
we conducted an in vivo study using nude mice, where
undifferentiated thyroid carcinoma cells (OCUT-2C)
were injected into the mice. Tumor growth was moni-
tored, and when the tumors reached 50 mma3, alternate-
day treatment with Celastrol was initiated. On the 14th
day of treatment, it was observed that the tumor tissue
in the Celastrol 2 mg/kg treatment group exhibited sig-
nificant shrinkage compared to the control group. These
findings corresponded with the results obtained from
in vitro experiments.

Immunohistochemical staining of the nude mouse
tumor tissue revealed a decrease in Ki-67 and an increase
in Caspase-3 in the Celastrol 2 mg/kg treatment group
compared to the control group, indicating the efficacy
of Celastrol at this dosage in the in vivo experimental
setting.

This experiment proves through various in vitro experi-
ments that Celastrol can induce apoptosis of thyroid
cancer cells and only verifies that it is induced through
Caspase-3 pathway. Furthermore, the in vivo experi-
ments on nude mice provided additional evidence that
tumor tissue exhibited noticeable shrinkage in both

macroscopic observation and measurement when treated
with Celastrol at a concentration of 2 mg/kg on an
alternate-day dosing schedule, compared to the control
group. Additionally, the presence of Caspase-3 induc-
tion pathway was confirmed in the tumor tissue. But
does not completely verify how Celastrol induces apop-
tosis through Caspase-3 pathway or in what way. Further
in-depth research is still needed. At present, traditional
Chinese medicine ingredients are widely studied in clin-
ics, but there are also side effects on the human body.
Therefore, These alone are not enough to translate to the
clinic and further verification of relevant toxic side effects
is still needed.

In conclusion, we have demonstrated that Celastrol can
induce apoptosis in thyroid cancer cells through the acti-
vation of the Caspase-3 pathway. These findings suggest
that Celastrol may be a potential new anti-thyroid cancer
drug. This discovery provides a new avenue for the devel-
opment of effective therapies for thyroid cancer. Further
research can explore the mechanism of action of Celas-
trol in thyroid cancer treatment, as well as evaluate its
feasibility and safety for clinical use.

Conclusions

The present study indicated that Celastrol promotes
apoptotic cell death in PTC, MTC and ATC cells by the
Caspase-3 pathway. Moreover, in the in vivo experiments
on nude mice with ATC, Celastrol was also effective
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in reducing tumor size. However, the present study is
on the basis of cell experiment and superficial animal
experiments. Further comprehensive research and clini-
cal investigations are needed to uncover the underlying
mechanisms of Celastrol in treating thyroid cancer.
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