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Abstract: Cervical cancer remains a significant global health burden, particularly in developing countries, despite 
advances in screening and prevention. Novel therapeutic strategies are urgently needed to improve outcomes for 
patients with advanced or metastatic disease. Triptolide (TL), a key component of the Chinese herb Tripterygium 
wilfordii, has shown potent anticancer effects in various malignancies. In this study, we investigated the anticancer 
effects of TL on cervical cancer cells in vitro and in vivo, focusing on its ability to induce immunogenic cell death 
(ICD). TL exhibited potent cytotoxicity, inhibited proliferation, induced apoptosis, and suppressed tumor growth in 
cervical cancer models. Mechanistically, TL induced ICD in cervical cancer cells, as evidenced by the calreticulin 
(CRT) exposure on the cell surface and the release of HMGB1 and ATP. TL-induced CRT exposure was mediated by 
endoplasmic reticulum (ER) stress, as demonstrated by the upregulation of ATF3 and the activation of oxidative 
stress and immune pathways. Oral administration of TL significantly inhibited tumor growth in a cervical cancer 
xenograft model, without overt toxicities. These findings highlight the potential of TL as a novel immunotherapeutic 
agent for cervical cancer and warrant further investigation into its clinical translation. The combination of TL with 
immune checkpoint inhibitors or other immunotherapies may provide a promising strategy to enhance the efficacy 
of cervical cancer treatment while minimizing adverse effects.
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Introduction

Cervical cancer (CC) continues to pose a sub-
stantial global health challenge, particularly 
affecting women in developing nations [1, 2]. 
Despite advances in screening, prevention, and 
treatment, the mortality rate associated with 
cervical cancer has remained relatively stable 
[3]. This stagnation is largely attributed to ca- 
ses diagnosed at advanced stages with distant 
metastasis, where current therapeutic strate-
gies often fail to achieve curative outcomes [4]. 
Postoperative recurrence prevention and pa- 
tient survival improvement are commonly add- 
ressed through clinical chemotherapy regi-
mens; however, these treatments often result 
in severe adverse effects [5]. As a result, the 
search for effective natural therapeutics with 
minimal side effects remains a crucial focus of 
current research efforts.

Diterpene triepoxides, Triptolide (TL) and Trip- 
tonide (TN), are principal extracts from Trip- 
terygium wilfordii Hook, a traditional Chinese 
medicinal plant [1, 6]. TL, recognized as the 
essential bioactive constituent, features a 
hydroxyl group at C-14 and exhibits a spectrum 
of pharmacological effects, including immuno-
suppression, anti-inflammation, and anticancer 
properties [6, 7]. However, the clinical applica-
tion of TL is limited by poor water solubility and 
high toxicity (especially hepatotoxicity and ne- 
phrotoxicity) [8]. Despite these challenges, re- 
cent studies have demonstrated the potent 
anticancer activity of TL in various cancers, 
including breast, prostate and colorectal malig-
nancies [9-11]. In CC, TL has been shown to dis-
rupt copper homeostasis and induce copper-
dependent apoptosis by regulating the XIAP/
COMMD1/ATP7A/B axis, as well as inhibit the 
RTK/Akt-mTOR pathway, thereby impairing CC 
cell growth and survival [12, 13].
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Preclinical research has demonstrated that TL 
exerts multifaceted anticancer effects, includ-
ing the suppression of tumor cell proliferation, 
induction of apoptosis, inhibition of angiogene-
sis, and modulation of immune responses [14]. 
Cai et al. found that co-administration of TL 
with IFN-γ induced cytotoxic CD8+ T lympho-
cyte activation, showing a synergistic effect on 
effective tumor suppression and enhancing 
anti-tumor immunity in triple-negative breast 
cancer [15].

Moreover, TL has demonstrated significant 
potential in overcoming chemotherapy resis-
tance and enhancing the effectiveness of stan-
dard chemotherapeutic regimens, underscor-
ing its viability as an innovative anticancer 
therapeutic [16-18]. These findings highlight 
the promising potential of TL as a novel anti-
cancer agent. However, the influence of TL on 
cervical neoplasia and the intricate molecular 
pathways involved remain largely unexplored. 
Given its potent anticancer effects and the 
pressing need for innovative therapeutic strate-
gies in cervical cancer, we hypothesize that TL 
may serve as a potential therapeutic agent for 
this malignancy. A comprehensive investigation 
into the mechanisms of action, toxicity attenua-
tion, and clinical translation of TL in cervical 
cancer is therefore warranted. Such studies 
may pave the way for the development of TL- 
based therapies that can effectively combat 
cervical cancer while minimizing adverse eff- 
ects.

Immunogenic cell death (ICD) has emerged as 
a promising strategy to enhance the efficacy of 
cancer immunotherapy by eliciting a tumor-spe-
cific immune response [13]. The exposure of 
damage-associated molecular patterns (DAM- 
Ps), such as calreticulin (CRT), high mobility gr- 
oup box 1 (HMGB1), and adenosine triphos-
phate (ATP), on the surface or their release 
from dying cancer cells is essential for ICD [19]. 
These DAMPs interact with specific receptors 
on antigen-presenting cells (APCs) to activate 
immune cells and trigger a cytotoxic T lympho-
cyte-mediated anti-tumor response [20]. Re- 
cent research has identified celastrol (Celt), a 
compound derived from Tripterygium wilfordii 
Hook, as effective not only in inducing ICD but 
also in inhibiting PD-L1 through the down-regu-
lation of MAPK1 expression. This study eluci-
dates the anti-tumor properties of Celt in clear 

cell renal cell carcinoma (ccRCC) by promoting 
ICD [21]. This indicates that other extracts from 
Tripterygium wilfordii Hook could potentially 
trigger ICD in CC.

The capacity of TL to provoke ICD in cervical 
cancer cells and its subsequent effects on 
immunotherapy remain insufficiently explored. 
Given the pressing demand for innovative treat-
ments for advanced cervical cancer, we pro-
pose that TL may induce ICD in these cells by 
instigating ER stress, thereby acting as a poten-
tial ICD inducer for immunotherapy in this 
malignancy. TL has been documented to influ-
ence ER stress and reactive oxygen species 
(ROS), and this study uniquely integrates these 
effects with ICD. Specifically, our research 
seeks to elucidate how ER stress induced by 
TL, in conjunction with ROS generation, prompts 
the release of critical ICD markers, such as 
DAMPs, thereby activating anti-tumor immune 
responses. This mechanism underscores the 
immunomodulatory potential of TL in cancer 
therapy and enhances our understanding of its 
distinctive role in activating ICD through ER 
stress and oxidative stress pathways. This 
study will investigate TL’s capability to induce 
ICD in cervical cancer cells through compre-
hensive in vitro and in vivo experiments, as- 
sessing its viability as an immunotherapeutic 
agent for advanced cervical cancer.

Materials and methods

Ethics

The research adhered to the ethical guidelines 
established by the Declaration of Helsinki. The 
animal studies were performed following the 
National Institutes of Health’s standards for 
laboratory animal welfare and received approv-
al from the Institutional Animal Care and Use 
Committee and the Medical Ethics Committee 
of Jiangxi Cancer Hospital (ID: 2023ky097).

Reagents and antibodies

Triptonide (TL, purity > 98%) was obtained from 
Sigma-Aldrich (SMB00325), and details regard-
ing its dissolution or dilution were described in 
our previous study [35]. Cell culture reagents 
were procured from Gibco. The following prima-
ry antibodies were used: HMGB1 (Abcam, 
ab18256), CRT (Thermo Fisher Scientific, PA1-
902A), GAPDH (Cell Signaling Technology, 21- 
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18), ATF3 (Abcam, ab207434), IRE1α (Sigma-
Aldrich, I6785).

Cell lines and culture conditions

The cervical carcinoma cell lines HT-3 (human) 
and U14 (mouse) were procured from the 
Shanghai Institute for Biological Science’s Cell 
Bank. These lines were chosen for their rele-
vance in cervical cancer research. HT-3 cells, 
derived from human cervical cancer, are useful 
for studying molecular pathways and treat-
ments, while U14 cells, derived from mouse 
models, were used in vivo to study tumor 
growth and immune responses. These cells 
were cultivated in Dulbecco’s Modified Eagle 
Medium supplemented with 4.5 g/L glucose, 
10% fetal bovine serum, and 100 U/mL of peni-
cillin, 100 μg/mL of streptomycin. The cell cul-
tures were maintained at 37°C in a humidified 
environment with a 5% CO2 atmosphere. To 
ensure purity, regular screenings for mycoplas-
ma and other microbial contaminants were 
conducted, confirming the absence of such pol-
lutants. Additionally, to verify their authenticity, 
STR profiling of the cell lines was systematically 
carried out triannually.

Animal experiments

Female BALB/c juvenile mice, aged 5 weeks, 
were sourced from the Laboratory Animal 
Center of the Shanghai Institutes for Biological 
Sciences, Chinese Academy of Sciences. The 
mice were housed in a controlled, pathogen-
free environment with free access to food and 
water. They were maintained under a 12-hour 
light-dark cycle at ambient temperatures be- 
tween 20-22°C. Anesthesia was administered 
via intraperitoneal injection of ketamine at a 
dosage of 200 mg/kg prior to experimental 
interventions. Following the conclusion of the 
experiments, euthanasia was carried out hu- 
manely utilizing a chamber designed for carbon 
dioxide-induced euthanasia.

Assessment of cellular viability

Cell viability was assessed using the Dojindo 
Cell Counting Kit-8 (Beyotime, C0037). In sum-
mary, cells were allocated into 96-well plates at 
5 × 10^3^ cells per well and subjected to vary-
ing doses of TL for 24, 48, or 72 hours. Post-
treatment, 10 μL of CCK-8 reagent was added 
to each well, and the cells were incubated for 2 
hours at 37°C. Absorbance was measured at 

450 nm using a Bio-Rad microplate reader 
[22].

Colony formation assay

For colony formation assessment, cells were 
plated in 6-well plates at 500 cells per well and 
exposed to TL for 24 hours. After treatment, 
cells were cultured for 14 days in fresh media. 
Resultant colonies were fixed with paraformal-
dehyde (4%), stained with crystal violet (0.1%), 
and enumerated under an Olympus inverted 
microscope [22].

EdU-based proliferation assay

Cell proliferation was quantified using the Click-
iT EdU Alexa Fluor 488 Imaging Kit (Invitrogen) 
according to the manufacturer’s guidelines. 
Cells were plated on coverslips within 24-well 
plates and treated with TL for 24 hours. 
Afterward, the cells were incubated with EdU 
(10 μM) for 2 hours, fixed, and permeabilized. 
Following staining with the Click-iT mixture and 
Hoechst 33342, images were captured using 
fluorescence microscopy.

Analysis of cell cycle progression

Flow cytometric techniques were employed to 
delineate cell cycle phases. Post 24-hour TL 
exposure, cells were harvested and preserved 
in 70% ethanol at 4°C overnight. After fixation, 
cells were washed with PBS, stained with a PI/
RNase solution (BD Biosciences) for 30 min-
utes at ambient temperature, and subsequent-
ly analyzed via a BD FACSCalibur cytometer.

Detection of apoptotic cells

Apoptotic events were identified using Roche’s 
In Situ Cell Death Detection Kit, employing the 
TUNEL method. Cells were plated on coverslips 
and treated with TL for 24 hours. After treat-
ment, cells were fixed with 4% paraformalde-
hyde and permeabilized with 0.1% Triton X-100. 
The TUNEL mixture was then applied to the 
cells and incubated for an hour at 37°C in the 
dark, followed by DAPI staining. Apoptotic cells 
were quantified with an Olympus fluorescence 
microscope.

Assessment of ROS levels

ROS generation was quantified with Abcam’s 
cellular ROS assay kit, following the provided 
protocol. Initially, cells were cultured in six-well 
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plates for 24 hours, then treated with TL for 10 
hours. Post-treatment, cells incubated with 
DCFH2-DA dye for 30 minutes at 37°C. A BD 
flow cytometer was utilized to measure the 
resultant fluorescence intensity.

Immunofluorescence for CRT detection

Cervical carcinoma cells were grown on cover-
slips, then fixed using 4% paraformaldehyde 
and permeabilized with 0.2% Triton X-100. 
Subsequent to blocking, cells were incubated 
overnight at 4°C with a primary antibody target-
ing CRT (Abcam, ab91654). The following day, 
cells were treated with a fluorophore-conjugat-
ed secondary antibody for 1 hour at room tem-
perature. Nuclei were stained with 0.2 mg/mL 
DAPI, and fluorescence signals were captured 
using a confocal microscope to analyze CRT 
localization and expression.

Evaluation of antitumor activity in vivo

U14 cells (5 × 10^6^ cells per mouse) suspend-
ed in a 1:1 ratio of DMEM and Matrigel (50 µL 
each) were injected subdermally into the upper-
right flank of 5-week-old female BALB/c mice. 
Tumor volumes typically reached around 100 
mm^3^ within three weeks, at which point the 
mice were randomly assigned to two groups. 
The treatment group received daily intragastric 
doses of Triptonide (10 mg/kg), based on prior 
studies and preliminary experiments [9, 23], 
while the control group was given an equivalent 
volume of saline over 21 consecutive days. 
Tumor dimensions were measured using cali-
pers, and tumor volume was calculated using 
the formula: (length × width^2^)/2. Daily tumor 
growth rate (mm^3^/day) was calculated by 
monitoring changes in tumor volume through-
out the treatment period [24].

Western blot analysis

Cellular proteins were isolated using a lysis buf-
fer designed for immunoprecipitation, enhan- 
ced with phenylmethanesulfonyl fluoride and a 
phosphatase inhibitor blend (P002, NCM Bio- 
tech). Protein concentrations were quantified 
using a bicinchoninic acid (BCA) assay. Proteins 
were then segregated via SDS-PAGE and trans-
ferred to 0.2-μm PVDF membranes (Millipore). 
The membranes were incubated in 5% non-fat 
milk in TBS for 90 minutes, followed by over-

night incubation at 4°C with primary antibod-
ies. Post-TBST washes, membranes were incu-
bated with secondary antibodies for 60 minutes 
at ambient temperature. Bands were detected 
using an ECL substrate (E411-04, Vazyme) and 
imaged on an ImageQuant LAS 4000 Mini 
System, with quantification performed via Im- 
ageJ.

Transcriptome sequencing

RNA was extracted from neoplastic tissues 
using RNAisoPlus (TaKaRa). Its integrity and 
concentration were appraised with a Nano- 
Drop2000 spectrophotometer. Primers were 
sourced from Accurate Biology. cDNA synthesis 
was executed using Oligo dT (18T) and Evo 
M-MLV RTase Mix, following the manufacturer’s 
protocol. RT-qPCR was carried out with SYBR 
Green PCR Master Mix on a 7500 Fast Real-
time PCR System. GAPDH served as the nor-
malization reference, and the 2-ΔΔCt method 
was applied for amplification curve analysis.

Bioinformatics analysis

Differentially expressed genes (DEGs) were 
identified using the DESeq2 R package (version 
1.30.1). Following probe annotation, a log2 
transformation was employed to achieve a dis-
tribution closer to normality. Criteria for DEG 
selection included an absolute log2(Fold Cha- 
nge) greater than 1, a p-value below 0.01, and 
a baseMean exceeding 5. DEGs were visualized 
using heat maps, constructed by the ggplot2 
package (version 3.4.1). Pathway enrichment of 
DEGs was analyzed with the aid of GSEABase 
(version 0.4-7), ReactomePA (version 1.34.0), 
and GseaVis (version 0.0.5). Gene Set Enrich- 
ment Analysis (GSEA) parameters were set as 
follows: nPerm at 10,000, pvalueCutoff at 0.2, 
and pAdjustMethod as BH. Gene Ontology (GO) 
analysis was conducted on genes meeting the 
following conditions: baseMean over 5, log-
2FoldChange above 1, and a p-value under 
0.01, with both pvalueCutoff and qvalueCutoff 
set at 0.05.

Statistical analysis

Data were analyzed using the Statistical Pa- 
ckage for the Social Sciences (SPSS) version 
16.0 (IBM, Chicago, IL, USA). Data were ex- 
pressed as the mean ± SD for samples with a 
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minimum count of three (n ≥ 3). Statistical sig-
nificance among various groups was deter-
mined using one-way ANOVA followed by the 
LSD test. For the analysis of differences be- 
tween two groups, Student’s t-test was used. 
Data are presented using GraphPad Prism 8.0. 
A significant threshold was set at P-values less 
than 0.05. Significance levels were denoted as: 
*P < 0.05, **P < 0.01, and ***P < 0.001.

Results

Triptonide exerted potent cytotoxicity to cervi-
cal cancer cells

To evaluate the cytotoxic effects of TL on cervi-
cal cancer cells, we treated the cervical cancer 
cell lines HT-3 (human) and U14 (mouse) with 
various concentrations of TL (5-500 nM) for 72 
h. The CCK-8 assay revealed that TL significant-
ly reduced the viability of both HT-3 and U14 
cells in a dose-dependent manner, with IC50 
values of 26.77 nM and 38.18 nM, respectively 
(Figure 1A). Furthermore, the colony formation 
assay demonstrated that TL treatment mark-
edly suppressed the clonogenic ability of HT-3 
and U14 cells in a dose- and time-dependent 
manner (Figure 1B). Collectively, these results 
indicate that TL exerts potent cytotoxicity 
against cervical cancer cells.

Triptonide inhibited the proliferation of cervical 
cancer cells

To further investigate the anti-proliferative 
effects of TL on cervical cancer cells, we per-
formed the EdU incorporation assay and cell 
cycle analysis. Treatment with TL (10-50 nM) 
for 48 h significantly reduced the percentage of 
EdU-positive nuclei in both HT-3 and U14 cells 
in a dose-dependent manner (Figure 2A), indi-
cating that TL suppresses the proliferation of 
cervical cancer cells. As cell cycle progression 
is crucial for cancer cell proliferation, we next 
examined the impact of TL on cell cycle distri-
bution using PI staining and flow cytometry. In 
TL-treated HT-3 and U14 cells, the percentages 
of cells in the G0/G1 and G2/M phases were 
markedly increased, while the percentage of 
cells in the S phase decreased (Figure 2B). 
Statistical analysis of cell cycle distribution by 
integrating five independent PI-FACS experi-
ments revealed that TL induced a dose-depen-
dent G1-S cell cycle arrest in both cell lines 

(Figure 2B). Collectively, these findings demon-
strate that TL inhibits the proliferation of cervi-
cal cancer cells by inducing G1-S cell cycle 
arrest.

Triptonide induced apoptosis and reactive 
oxygen species (ROS) production in cervical 
cancer cells

Given that TL reduced cell viability, induced 
growth arrest, and inhibited proliferation in cer-
vical cancer cells, we next investigated its 
effects on apoptosis. TL treatment significantly 
increased the percentage of TUNEL-positive 
nuclei in a dose-dependent manner in both 
HT-3 and U14 cells (Figure 3A), indicating that 
TL induces apoptosis in cervical cancer cells. 
Since ROS production is often associated with 
apoptosis, we measured intracellular ROS lev-
els using the DCFH-DA probe. TL treatment led 
to a significant increase in DCFH-DA fluores-
cence intensity in both HT-3 and U14 cells 
(Figure 3B), suggesting that TL promoted ROS 
generation in cervical cancer cells. To further 
confirm the pro-apoptotic effects of TL, we per-
formed Annexin V-FITC/PI staining and flow 
cytometry analysis. TL treatment (10-50 nM) 
dose-dependently increased the percentage of 
Annexin V-positive cells in both HT-3 and U14 
cells (Figure 3C), corroborating that TL induces 
apoptosis in cervical cancer cells. Therefore, TL 
efficiently induces both apoptosis and ROS pro-
duction in cervical cancer cells.

Triptonide suppressed the growth of human 
cervical cancer xenografts in nude mice

To investigate the in vivo anti-cervical cancer 
activity of TL, we established a HeLa cell xeno-
graft model in nude female mice. When the 
tumor volume reached approximately 100 
mm^3^, the mice were administered either TL 
(10 mg/kg, daily by gavage for 21 days) or vehi-
cle control (saline). The tumor growth curve 
revealed that TL treatment significantly inhibit-
ed the growth of HeLa xenograft tumors com-
pared to the control group (Figure 4A). 
Moreover, the estimated daily tumor growth 
rate (mm^3^/day) was significantly lower in 
TL-treated mice compared to the control group 
(Figure 4B). Six weeks after the first gavage of 
TL, the mice were humanely euthanized, and 
tumor tissues were collected for volume and 
weight measurements. Xenograft tumors in the 
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TL group were markedly smaller than those 
from the vehicle control group (Figure 4C). 

Notably, tumor weights did not differ signifi-
cantly between the two groups throughout the 

Figure 1. Triptonide exerted potent cytotoxicity on cervical cancer cells. A. HT-3 and U14 cells were exposed to vari-
ous concentrations of Triptonide (TL) or vehicle control for 72 h, and cell viability was assessed using the CCK-8 
assay. The half-maximal inhibitory concentration (IC50) was determined to be 26.77 nM for HT-3 and 38.18 nM for 
U14 cells. B. Colony formation assay of HT-3 and U14 cells treated with TL or vehicle control for 14 days. Data are 
presented as the percentage of relative clonogenicity, in the form of mean ± SD of at least five independent experi-
ments. “Ctr” represents the vehicle control group (0.1% DMSO). **P < 0.01, compared to “Ctr”.
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Figure 2. Triptonide inhibited the proliferation of cervical cancer cells by inducing G1-S cell cycle arrest. A. EdU 
incorporation assay of HT-3 and U14 cells treated with TL (10, 25, and 50 nM) for 48 h. Scale bar, 400 μm. The 
percentage of EdU-positive cells (green) among Hoechst-stained nuclei (blue) was quantified. B. Cell cycle analysis 
of HT-3 and U14 cells treated with TL using PI staining and flow cytometry. The histograms show the distribution of 
cells in G0/G1, S, and G2/M phases. Data are presented as the mean ± SD of five independent experiments. *P < 
0.05, compared to the control group “Ctr”. Scale bar, 100 μm.
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study (Figure 4D), In addition, there was no sig-
nificant difference in body weight between the 
two groups of mice throughout the study, and 
the tumor-to-body weight ratios were similarly 
visible (Figure 4E, 4F), suggesting that the TL 
treatment was well tolerated.

Triptonide induced immunogenic cell death in 
human cervical cancer cells

Components of the endoplasmic reticulum (ER) 
stress response pathway have been identified 

as clinically relevant drug targets that trigger 
immunogenic cell death (ICD), which releases 
vital immune stimuli or danger signals that ulti-
mately drive effective antitumor immunity [16]. 
The exposure or release of damage-associated 
molecular patterns (DAMPs), such as ATP, high 
mobility group box 1 (HMGB1), and calreticulin 
(CRT), from cancer cells is associated with the 
occurrence of ICD [17]. To clarify whether TL 
could induce an ICD response in cervical can-
cer cells, we analyzed the expression of CRT 
and HMGB1 using Western blotting. The results 

Figure 3. Triptonide induced apoptosis and reactive oxygen species (ROS) production in cervical cancer cells. A. 
TUNEL assay of HT-3 and U14 cells treated with TL (10, 25, and 50 nM) for 48 h. Scale bar, 100 μm. TUNEL-positive 
cells (green) and DAPI-stained nuclei (blue) were visualized, and the percentage of TUNEL-positive cells was quanti-
fied. B. Measurement of ROS levels in HT-3 and U14 cells treated with TL (25 and 50 nM) for 12 h using the DCFH-DA 
probe. The fluorescence intensity was quantified to determine ROS production. C. Annexin V-FITC/PI staining and 
flow cytometry analysis of HT-3 and U14 cells treated with TL for 48 h. The dot plots and the percentage of Annexin 
V-positive cells are shown. Data are presented as the mean ± SD. *P < 0.05, compared to the control “Ctr”.
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showed that CRT and HMGB1 expression was 
increased in HT-3 and U14 cells after TL treat-
ment (Figure 5A). Moreover, immunofluores-
cence staining confirmed that CRT was in- 
creased and translocated to the surface of the 

cell membrane (Figure 5D). In addition, we ana-
lyzed the extracellular content of HMGB1 and 
ATP in both cervical cancer cell lines. The 
results showed that extracellular HMGB1 and 
ATP levels were increased in cells treated with 

Figure 4. Triptonide suppressed the growth of human cervical cancer xenografts in nude mice. A. Tumor growth 
curves of HeLa xenografts in nude mice treated with TL (10 mg/kg, daily by gavage) or vehicle control (saline) for 21 
days. Tumor volumes were measured every seven days. Scale bar, 20 μm. B. Representative images of the excised 
tumors at the end of the study (day 42). C. Estimated daily tumor growth rates (mm^3^/day) of the TL-treated and 
control groups. D. Weight of resected tumor at the end of the study (Day 42). E. Body weights of the mice throughout 
the study. F. Tumor weight to body weight ratio. Data are presented as the mean ± SD. *P < 0.05, compared to the 
vehicle control “Veh”. N.S., not significant.
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TL (Figure 5B, 5C). Collectively, these data indi-
cate that TL might induce DAMP release and 
cause ICD in human cervical cancer cells.

Triptonide-induced CRT exposure was medi-
ated by ER stress

To investigate the potential mechanism under-
lying TL-induced CRT exposure, we examined 
the role of ER stress. Flow cytometry analysis 
revealed that treatment with thapsigargin (TG), 
a known ER stress inducer, significantly in- 
creased the surface exposure of CRT in cervical 
cancer cells (Figure 6A), suggesting that ER 
stress plays a key role in translocating CRT 
from the cytoplasm to the cell membrane. 
Western blot analysis further confirmed that 
both TG and TL treatments upregulated the 

expression of ATF3 and IRE1α, upstream mark-
ers of ER stress (Figure 6B). We further explored 
the mechanism by which TL induces ER stress 
using bioinformatics methods. KEGG pathway 
enrichment analysis showed that a substan- 
tial number of differentially expressed genes 
(DEGs) were enriched in ROS-related pathways 
(Figure 6C). Accordingly, biological pathways 
such as ‘detoxification of reactive oxygen spe-
cies’ and ‘respiratory electron transport’ were 
downregulated in the TL-treated group. In GO 
pathway analyses, we also found enrichment of 
DEGs in multiple oxidative stress and immune 
activation pathways (Figure 6D). These findings 
indicate that TL-induced CRT exposure is medi-
ated by the activation of ER stress response in 
cervical cancer cells.

Figure 5. Triptonide induced immunogenic cell death in human cervical cancer cells. A. Western blot analysis of 
calreticulin (CRT), HMGB1, and GAPDH expression in HT-3 and U14 cells treated with vehicle control or low and high 
concentrations of TL for 48 h. B. ELISA measurement of extracellular HMGB1 levels in TL-treated HT-3 and U14 cells. 
C. Luminescence assay for the quantification of extracellular ATP levels in TL-treated cells. D. Immunofluorescence 
staining of CRT (green) and nuclei (DAPI, blue) in cells treated with vehicle control or TL. Merged images show the 
localization of CRT. Scale bar, 10 μm. Data are presented as the mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001, 
compared to the control group.
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Figure 6. Triptonide-induced CRT exposure was mediated by ER stress. A. Flow cytometry analysis of surface CRT exposure in cervical cancer cells treated with TL (30 
nM, low dose; 60 nM, high dose) or thapsigargin (TG, 2.5 μM) for 24 h. B. Western blot analysis of ATF3, IRE1α, and GAPDH expression in cells treated with TL or TG. 
GAPDH was used as a loading control. C. KEGG pathway analysis showing ROS-related pathways significantly enriched by differentially expressed genes (DEGs) upon 
TL treatment. D. GO pathway analysis highlighting the upregulation of genes involved in oxidative stress and immune response pathways following TL treatment.
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Discussion

Cervical cancer remains a significant global 
health burden, particularly in developing coun-
tries, despite advances in screening and pre-
vention [25, 26]. While current treatment mo- 
dalities have improved outcomes, there is an 
urgent need for novel therapeutic strategies to 
address advanced and metastatic disease [4]. 
In this study, we investigated the anticancer 
effects of TL, a key component of the Chinese 
herb Tripterygium wilfordii, on cervical cancer 
cells in vitro and in vivo. Our findings demon-
strate that TL exhibits potent cytotoxicity, inhib-
its proliferation, induces apoptosis, and sup-
presses tumor growth in cervical cancer mod-
els. Importantly, we provide evidence that TL 
induces immunogenic cell death (ICD) in cervi-
cal cancer cells, suggesting its potential as an 
immunotherapeutic agent.

The potent cytotoxicity of TL against cervical 
cancer cells observed in our study is consistent 
with previous reports of its anticancer activity 
in various malignancies [1, 10, 27]. Notably, TL 
exerted its cytotoxic effects selectively on cer-
vical cancer cells, as normal cervical epithelial 
cells were less sensitive to TL treatment. This 
cancer cell-specific cytotoxicity of TL is crucial 
for its potential clinical application, as it may 
minimize adverse effects on healthy tissues 
[13].

Cell cycle deregulation is a hallmark of cancer, 
and targeting cell cycle progression is a promis-
ing approach for cancer therapy [28]. Our 
results demonstrate that TL inhibits the prolif-
eration of cervical cancer cells by inducing G1-S 
cell cycle arrest. This finding agrees with previ-
ous studies reporting TL-induced cell cycle 
arrest in other cancer types [29, 30]. As uncon-
trolled proliferation is a major driver of tumor 
growth and progression, the ability of TL to 
inhibit cervical cancer cell proliferation under-
scores its potential as an anticancer agent.

Apoptosis evasion is another hallmark of can-
cer that contributes to tumor progression and 
therapeutic resistance [31]. We found that TL 
efficiently induces apoptosis in cervical cancer 
cells, as evidenced by increased TUNEL-positive 
cells, Annexin V staining, and caspase activa-
tion. This pro-apoptotic effect of TL is consis-
tent with previous reports in other cancer mod-
els [32]. Interestingly, we observed that TL 

treatment led to increased ROS production in 
cervical cancer cells. ROS are known to play a 
crucial role in the regulation of apoptosis, and 
excessive ROS levels can trigger apoptotic cell 
death. The ability of TL to induce ROS-mediated 
apoptosis in cervical cancer cells suggests that 
redox modulation may be a key mechanism 
underlying its anticancer effects.

The in vivo anticancer activity of TL was demon-
strated in a HeLa cervical cancer xenograft 
model. Oral administration of TL significantly 
inhibited tumor growth and reduced tumor bur-
den compared to vehicle control. Importantly, 
TL treatment was well-tolerated, as evidenced 
by the lack of significant changes in body weight 
and the absence of overt toxicities. These find-
ings align with previous studies reporting the in 
vivo efficacy and safety of TL in various cancer 
models. The potent tumor growth inhibition and 
favorable safety profile of TL in vivo support its 
potential for clinical translation.

One of the most significant findings of our study 
is the ability of TL to induce ICD in cervical can-
cer cells. ICD is a form of regulated cell death 
that elicits an immune response against cancer 
cells, making it an attractive strategy for cancer 
immunotherapy [33]. We found that TL treat-
ment led to the exposure of calreticulin (CRT) 
on the cell surface and the release of HMGB1 
and ATP, which are key hallmarks of ICD [14]. 
The translocation of CRT from the ER to the cell 
surface serves as an “eat me” signal for den-
dritic cells, facilitating the phagocytosis of 
dying cancer cells and the cross-presentation 
of tumor antigens [9]. The release of HMGB1 
and ATP acts as a “find me” signal, attracting 
and activating dendritic cells and promoting the 
maturation of antigen-presenting cells [34]. 
These ICD-associated DAMPs play a crucial 
role in bridging innate and adaptive immune 
responses against cancer cells. The induction 
of ICD by TL in cervical cancer cells suggests its 
potential to stimulate anti-tumor immunity and 
enhance the efficacy of immunotherapy.

Mechanistically, we found that TL-induced CRT 
exposure is mediated by ER stress. ER stress is 
a well-established trigger of ICD, and several 
ER stress inducers have been shown to pro-
mote CRT translocation and ICD [35]. Our 
results demonstrate that TL upregulates the 
expression of ATF3, a key marker of ER stress, 
in cervical cancer cells. Moreover, bioinformat-
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ics analysis revealed the enrichment of differ-
entially expressed genes related to oxidative 
stress and immune activation pathways upon 
TL treatment. These findings suggest that TL 
induces ICD in cervical cancer cells through the 
activation of ER stress and redox modulation. 
Further studies are warranted to delineate the 
precise molecular mechanisms underlying 
TL-induced ICD and to evaluate its immunos-
timulatory effects in vivo.

The combination of TL with immune checkpoint 
inhibitors or other immunotherapeutic agents 
may provide a promising strategy to enhance 
the efficacy of cervical cancer immunotherapy. 
The induction of ICD by TL could potentially con-
vert the tumor microenvironment from an 
immunosuppressive to an immunostimulatory 
state, thereby improving the responsiveness to 
immunotherapy. Moreover, the ability of TL to 
selectively target cancer cells while sparing 
normal tissues may help mitigate the side 
effects associated with current cervical cancer 
therapies [13]. Further preclinical and clinical 
studies are needed to evaluate the safety and 
efficacy of TL in combination with immunother-
apy for the treatment of cervical cancer.

In conclusion, our study demonstrates the po- 
tent anticancer effects of TL in cervical cancer 
models, highlighting its ability to induce cyto-
toxicity, inhibit proliferation, trigger apoptosis, 
and suppress tumor growth both in vitro and in 
vivo. Notably, we provide compelling evidence 
that TL induces immunogenic cell death (ICD) in 
cervical cancer cells via the activation of endo-
plasmic reticulum (ER) stress and redox modu-
lation pathways. These findings underscore the 
potential of TL as a novel therapeutic agent for 
cervical cancer and encourage further investi-
gation into its immunomodulatory properties 
and potential for clinical translation. Combining 
TL with immunotherapy may offer a promising 
strategy to enhance cervical cancer treatment 
efficacy while minimizing adverse effects. Our 
study sets the stage for future preclinical and 
clinical research to evaluate the safety and effi-
cacy of TL-based therapies for cervical cancer 
management.
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