Heliyon 10 (2024) e27217

Contents lists available at ScienceDirect

52 CelPress Heliyon

journal homepage: www.cell.com/heliyon

Research article

Trilobolide-6-O-isobutyrate exerts anti-tumor effects on
cholangiocarcinoma cells through inhibiting JAK/STAT3
signaling pathway

Hao-Xuan Zhang ™', Rui Fan®', Qian- En Chen™ a1 Lin-Jun Zhang “ Yang Hui”,
Peng Xu“, Si-Yang L1 , Guang-Ying Chen ™ Wen Hao Chen” ', Dong-Yan Shen

@ School of Medicine, Xiamen University, The First Affiliated Hospital of Xiamen University, Xiamen, 361003, China
b Key Laboratory of Tropical Medicinal Resource Chemistry of Ministry of Education, Hainan Normal University, Haikou, 570100, China

ARTICLE INFO ABSTRACT

Keywords: Trilobolide-6-O-isobutyrate exhibits significant antitumor effects on cholangiocarcinoma (CCA)
TBB ) ) cells by effectively inhibiting the JAK/STAT3 signaling pathway. This study aims to investigate
Choll_efmg“?camn"ma the mechanisms underlying the antitumor properties of trilobolide-6-O-isobutyrate, and to
i;z;te;:it;on explore its potential as a therapeutic agent for CCA. This study illustrates that trilobolide-6-O-
JAK/STAT pathway isobutyrate efficiently suppresses CCA cell proliferation in a dose- and time-dependent manner.

Furthermore, trilobolide-6-O-isobutyrate stimulates the production of reactive oxygen species,
leading to oxidative stress and initiation of apoptosis via the activation of the mitochondrial
pathway. Data from xenograft tumor assays in nude mice confirms that TBB inhibits tumor
growth, and that there are no obvious toxic effects or side effects in vivo. Mechanistically,
trilobolide-6-O-isobutyrate exerts antitumor effects by inhibiting STAT3 transcriptional activa-
tion, reducing PCNA and Bcl-2 expression, and increasing P21 expression. These findings em-
phasizes the potential of trilobolide-6-O-isobutyrate as a promising therapeutic candidate for the
treatment of CCA.

1. Introduction

Cholangiocarcinoma (CCA) originates from various epithelial cells, including intrahepatic, perihilar, and distal bile ducts, and is a
highly malignant tumor [1]. Each subtype of CCA has different biological characteristics, prognoses, and clinical treatment [2]. It is
associated with many factors, including abnormal cell proliferation and a complicated tumor microenvironment [3-6]. The pro-
gression of CCA is driven by the anomalous activation of multiple signaling pathways [7-11], ultimately facilitating uncontrolled
tumor growth and metastasis. Moreover, patients with CCA always have a poor prognosis [12,13], owing to drug resistance [14], and
this problem has not yet been addressed worldwide, making it difficult to treat CCA. Therefore, it is necessary to explore new drugs for
the treatment of CCA.
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Abbreviations
TBB Trilobolide-6-O-isobutyrate
CCA Cholangiocarcinoma

There is great promise in developing new anti-tumor drugs from natural plants [15], and the isolation of antitumor substances from
plants that are effective and have low toxicity has been a hot topic for scholars globally [16,17]. More than 3000 Chinese herbs have
been screened for cancer in China [18]. Wedelia trilobata is a traditional herb widely used in Chinese folk medicine. An increasing
amount of evidence indicates that Wedelia trilobata possesses anti-inflammatory, antitumor, and antiviral effects [19-21], however,
in-depth studies on the effective components extracted from Wedelia trilobata are lacking [22-24]. Trilobolide-6-O-isobutyrate (TBB) is
an effective substance in Wedelia trilobata, consisting of one hydroxyl, two acetoxy, and one isobutyloxy group. It serves as a
chemotherapeutic drug for the treatment of liver cancer by inhibiting the JAK/STAT3 pathway [25]. However, there have been no
reports on the antitumor effect and mechanism of TBB in other tumors, and the role of TBB in the progression of CCA remains unclear.

Previous studies have demonstrated that TBB could be associated with antitumor effects by interfering with the JAK signaling
pathway. Therefore, we hypothesize that TBB also exerts antitumor effects in CCA by inhibiting the JAK-STAT3 signaling pathway. We
aim to understand whether TBB plays an effective antitumor role in the progression of CCA by examining its effects on the prolifer-
ation, cycling, and apoptosis of CCA cells and to study its mechanism of action. This study is the first to investigate the inhibitory effect
of TBB on CCA, which can provide evidence of the medicinal value of TBB and establish a foundation for further CCA treatment.

2. Materials and methods
2.1. Reagents and antibodies

Trilobolide-6-O-isobutyrate was provided by Wen-Hao Chen, Professor of Chemistry and Chemical Engineering, Hainan Normal
University, China. The Roswell Park Memorial Institute (RPMI)-1640 medium, 0.25% trypsin-ethylenediaminetetraacetic acid, 100 x
penicillin/streptomycin, and fetal bovine serum (FBS) were obtained from Gibco (Rockville, MD, USA). The hematoxylin and eosin
staining kit, Hoechst 33,258 staining kit, and crystal violet were obtained from Solarbio (Beijing, China). The MTS assay kit was
purchased from Promega (Madison, WI, USA). Propidium iodide (PI), z-VAD-fmk, and Annexin V-FITC apoptosis detection kit were
obtained from Abcam (Cambridge, UK). An acridine orange/ethidium bromide (AO/EB) staining kit was obtained from Sangon
Biotech (Shanghai, China). 5-Ethynyl-2-deoxyuridine (EdU) cell proliferation detection kit was obtained from RiboBio (Guangzhou,
China). Caspase-3 activity assay kit, antibody stripping buffer and reactive oxygen species (ROS) detection kit were obtained from
Beyotime Biotechnology (Shanghai, China). Antibodies against caspase-3, P21, Ki67, Bcl-2, PARP, CyclinB1, CyclinE, and PCNA were
obtained from Santa Cruz Biotechnology (Shanghai, China), Bax came from Proteintech (Wuhan, China), f-catenin, GAPDH, p-STAT3
and STAT3 came from Cell Signaling Technology (Shanghai, China). An environmentally friendly transparent agent was purchased
from Huntz Biotech Co. (Wuhan, China). A DAB kit was obtained from ZSGB BIO (Beijing, China), and 5-fluorouracil (5FU) was
purchased from Shanghai Macklin Biochemical Co. (Shanghai, China).

2.2. Extraction, isolation and purity of TBB

Trilobolide-6-O-isobutyrate was extracted and isolated from Wedelia trilobata, and the chemical structure of TBB (Fig. 1A) contains
hydroxyl, acetoxy, and isobutyloxy groups according to a previous study [25,26]. The purity of TBB was determined using
high-performance liquid chromatography (HPLC), which yielded a range of 97.43-98.47% purity (Fig. 1B).

2.3. Cell culture and treatment

QBC939 cells were provided by Professor Shu-Guang Wang of the Southwest Hepatobiliary Hospital, Third Military Medical
University, Chongqing, China. TFK-1, HuCCT-1, and MZ-ChA-1 cells were obtained from the Chun-Dong Yu Laboratory at Xiamen
University, Xiamen, China. TFK-1 was cultured in the Dulbecco’s Modified Eagle medium, and the other three CCA cells were cultured
in the RPMI-1640 medium supplemented with 100 x penicillin/streptomycin solution and 10% FBS under a humidified atmosphere
containing 5% CO2 at 37 °C [27], and treated with TBB, which was extracted from Wedelia trilobata in various concentrations.

2.4. Cell viability analysis and cytotoxicity tests

Cholangiocarcinoma cells were seeded in 96-well plates at a density of 5000 cells per hole, and incubated at 37 °C for 24 h.
Subsequently, the cells were treated with varying concentrations of TBB for 24 h or 48 h. Additionally, MTS [28] was used to measure
cell viability and cytotoxicity, according to the manufacturer’s instructions. An MTS reagent was added directly to the wells, which
were incubated for 1-4 h, and the absorbance at 490 nm was recorded on a 96-well plate reader. Absorbance measured at 490 nm was
directly proportional to the number of viable cells in the culture.
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Fig. 1. Detection of the Structure and Purity of TBB.
(A) Chemical structure of TBB. (B) HPLC chromatogram of TBB at the detection wavelength of 210 nm (up) and 230 nm (down).

2.5. Cell colony formation assay

The CCA cells were digested, seeded in six-well plates (1000/wells) and treated with different concentrations of TBB for two weeks.
The CCA cells were immobilized with absolute ethanol and treated with crystal violet at room temperature for 15 min. After drying, the
cell number and colony formation rate of each well were photographed and quantified using ImageJ software [29].
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2.6. Hoechst staining

Hoechst is a specific dye that crosses cell membranes and binds double-stranded DNA to produce blue fluorescence. Chromatin in
the nucleus exhibits bright and strong blue fluorescence during apoptosis. In the study, six-well plates were used to culture the CCA
cells, which was performed with TBB at 2.5 pM and 5 pM for another 24 h after a night. The CCA cells were stained with Hoechst at
room temperature for 5 min. The staining solution was discarded, and the cells were washed twice with phosphate buffered saline
(PBS) before being observed and photographed under a fluorescence microscope [30].

2.7. EdU assay

5-Ethynyl-2-deoxyuridine is a new analog of thymidine, and thymine is replaced with DNA, which is newly synthesized during
DNA synthesis. The EQU acetylene group can form a stable triazole ring structure through a covalent reaction with an azide labeled by
fluorescence. Therefore, newly synthesized DNA could be detected using a luciferin-labeled azide. 5-Ethynyl-2-deoxyuridine can be
used as a fuel to detect cell proliferation [31]. The CCA cells were digested and seeded in 96-well plates overnight. After treatment with
TBB of various concentrations for another 24 h, the EAU was incubated with CCA cells at 37 °C for 2 h, and then fixed with absolute
ethanol for 15 min. After permeabilization of CCA cells with 0.5% Triton-X-100, Hoechst 33,258 was used to stain the nuclei. Finally,
the fluorescence of CCA cells was observed under a microscope.

2.8. Western blot

The CCA cells were treated with various concentrations of TBB and lysed in radioimmunoprecipitation assay buffer. Sodium
dodecyl-sulfate polyacrylamide gel electrophoresis was used to separate the proteins and polyvinylidene difluoride (PVDF) mem-
branes were used for their transfer. After blocking with 5% skim milk at room temperature, the PVDF membranes were cut hori-
zontally, with at least two markers around the indicated proteins. Next, the membranes were incubated with indicated primary
antibodies for one night at 4 °C, after the treatment with the secondary antibodies for 1 h at room temperature, the expression of
proteins was visualized by enhanced chemiluminescence. For proteins of similar molecular weights, the membranes were stripped
using an antibody stripping buffer [32] at room temperature for 10 min after the first visualization, and the membranes were blocked
with 5% skim milk, another primary antibody, secondary antibody incubation, and protein visualization.

2.9. Cell cycle analysis

Propidine iodide is an analog of ethidium bromide that can be embedded in nuclear DNA to make the cell fluoresce red. Based on
the intensity of cell fluorescence, we determine the amount of DNA and deduce the cell cycle [33]. The CCA cells were cultured in
six-well plates, maintained at 5 x 105 cells/well for 24 h, and incubated with TBB at different concentrations for another 24 h. All the
cells were collected and immobilized with 75% ethanol for 12 h at 4 °C, then the CCA cells were washed twice by PBS and placed on ice
after treating with RNase A in 37 °C for 30 min. Additionally. 10 pL of PI was used to stain the CCA cells at 4 °C in the dark for 10 min.
Next, the cell cycle was analyzed using flow cytometry (FCM). The results are presented using ModFit LT software.

2.10. Annexin V-FITC/PI staining

Phosphatidylserine overturns from the inside to the outside of the cell membrane during the early stages of apoptosis. Annexin V
was labeled with FITC, a green fluorescent probe, which has a specific affinity for phosphatidylserine. Due to the loss of cell membrane
integrity, PI is embedded in the nucleus and emits red fluorescence at the late stage of apoptosis. Apoptosis can be detected by double
staining with two dyes [34]. In this study, TBB was added to each group with different concentrations for another 24 h after incubating
the CCA cells at a density of 1 x 10° cells per hole at 37 °C for 24 h. All the CCA cells were stained with Annexin V-FITC for 20 min at
room temperature and PI at 4 °C for 5 min in the dark, and FCM was then employed to evaluate apoptosis.

2.11. Casepase-3 activity detection

Caspase 3 catalyzes the production of yellow p-nitroaniline (pNA) from the substrate acetyl-Asp-Glu-Val-Asp p-nitroanilide (Ac-
DEVD-pNA), which allows the detection of caspase-3 activity by measuring absorbance [35]. However, pNA has strong absorption near
405 nm. The CCA cells were treated with various concentrations of TBB in the presence of the apoptosis inhibitor, z-VAD-fmk. Next, the
cells were lysed using the lysis solution from the kit for 15 min, centrifuged, and the supernatant was transferred to a pre-cooled
centrifuge tube. Then AC-DEVD-PNA (2 mM) was incubated with protein at 37 °C for 60-120 min, and the absorbance was detec-
ted at 405 nm.

2.12. ROS
The reactive oxygen assay kit was used to detect cellular levels of ROS [36]. Approximately 5 x 105 cells per hole were cultured in

six-well plates for 24 h, and various concentrations of TBB were added for another 24 h. 2',7-Dichlorodihydrofluorescein diacetate
(DCFH-DA) was diluted with serum-free culture medium in a ratio of 1-1000. The cells were collected and suspended in diluted
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DCFH-DA and incubated for 20 min at 37 °C in a cell culture incubator. Mixing was performed upside down every 3-5 min to ensure
full contact between the probe and cells. The cells were washed three times with serum-free cell culture medium to adequately remove
DCFH-DA that had not entered them. Finally, the cells were collected, sieved through a 400 mesh, and ROS production of cells ROS
were tested by FCM.

2.13. AO/EB staining

Acridine orange/ethidium bromide double staining is commonly used to detect apoptosis detection [37]. Acridine orange is
membrane permeable, and can pass through normal cells to stain the cell nucleus with a uniform green fluorescence. Ethidium bromide
can only pass through incomplete cell membranes and enter dead cells to stain the nucleus orange-red, so that normal, apoptotic, and
necrotic cells can be distinguished by staining. Six-well plates were seeded in the CCA cells for 24 h and treated with different con-
centrations of TBB for another 24 h. The AO/EB working solution was prepared and incubated with the CCA cells at room temperature,
and the fluorescence signals of the CCA cells were observed under a microscope.

A C
= 5FU TFK1 HUCCT1
1.0- == CDDP
: TAX 120+ ® 24h 120 ® 24h
== LHOP W 48h 1 W 48h
~ 0.84 HI == TBB 100 100
= 8 e S
- - © @ 4
g 0.6 2 o -
E --------------------- E P N Vo K, W Syen—— E ..............................
a 0.44 E 40 E 40-.
> 20 20
8 o2 ]
0= T T T T T U
125 250 500 10.00 20.00 40.00 125 250 5.00 10.00 20.00 40.00
i 10 20 40 80 160 320 Drug concentration (uM) Drug concentration (uM)
Drug concentration (uM) QBC939 MZ-ChA-1
1204 ® 24h 120 ® 24h
W 48h 1
100-1
B - -
Drug 1C50 g 5
5.FU 128.83+14.35 B e\ 3
8 “] 8
CDDP 18.58+0.15 -
TAX 25.56+1.19 o T T T 17
125 250 500 10.00 20.00 40.00 125 250 5.00 10.00 20.00 40.00
LHOP 58.28+9.83 Drug concentration (M) Drug concentration (M)
TBB 12.89+1.25
*kk Kok K
® 1009 — = Vehicle
a5 — TBB
S 8o
E
-
S 604
c
=
S 404
[*]
o
2 204
S
& 0
QBC939 HUCCT1

o e -

Fig. 2. Inhibitory effect of TBB on CCA cell survival and colony formation

(A) Cell survival rate was measured by MTS assay in QBC939 cells, which were treated with 5-FU, CDDP, TAX, LHOP, and TBB at different con-
centrations (10 pM, 20 pM, 40 pM, and 80 pM) for 24 h. (B) IC50 of five drugs. (C) The percentage of cell survival was measured by MTS assay in
TFK1, HuCCT1, QBC939, and MZ-ChA-1 cells, which were treated with TBB at different concentrations (1.25 pM, 2.5 pM, 5 pM, 10 pM, 20 pM, and
40 pM) for 24 h and 48 h. (D) The ability of colony formation was detected in QBC939 and HuCCT1 cells treated with TBB at 5 pM, and the relative
number of colony formation was quantified. The expression of data values was indicated as mean + SEM of three independent experiments. *P <
0.05, **P < 0.01, and ***P < 0.001.



H.-X. Zhang et al. Heliyon 10 (2024) e27217

A Hoechst EdU Overlay

Vehicle
jo)
™
)
0]
w
)
~
o
o
<
TBB
Vehicle
T
C
)
0
_|
|_I
o
o
o
>
o’
TBB
B TBB (uM): O 5 10 20 0 5 10 20
PCNA BT
Ki67 N — e

GAPDH | s s S s | ey G G S

QBC939 HUCCT1
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(A) The efficiency of TBB on proliferation was assessed by Hoechst 33,258 and EdU staining in QBC939 and HuCCT1 cells treated with TBB at 5 pM
for 24 h. (B) The expression of proliferation protein was detected using western blotting in QBC939 and HuCCT1 cells treated with TBB at various
concentrations (0 pM, 5 pM, 10 pM, and 20 pM) for 24 h.
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Fig. 4. Effect of TBB on cell cycle arrest was analyzed in CCA cells

(A) Flow cytometry was used to analyze cell cycle distribution of QBC939 and HuCCT1 cells treated with TBB at 5 pM for 24 h. (B) The expression of
cell cycle related proteins was detected by western blotting in the HuCCT1 and QBC939 cells treated by TBB at different concentrations (0 pM, 5 pM,
LO uM, and 20 pM) for 24 h.

2.14. Animal model

Nude mice (BALB/c, 14-16 g) were provided by the Shanghai Laboratory Animal Center. The mice (n = 18) were subcutaneously
injected with QBC939 cells into the right armpit. The mice received an intraperitoneal injection of the drug when the tumor volume
reached 60-100 mm3, and all the mice were randomly divided into three groups: TBB, 5FU, and vehicle groups. The two drugs, 5FU,
and TBB were configured into the 10 uM solution for subsequent chemotherapy. The TBB, 5FU, and vehicle treatment groups were
administered 20 mg/kg of TBB (every two days, n = 6), 30 mg/kg of 5FU (every two days, n = 6), and PBS (every two days, n = 6),
respectively. Tumor volume and body weight were recorded daily. After 12 drug treatments, all the mice were sacrificed. Tumor and
normal tissues of the nude mice were collected, and further experiments were conducted on the samples. Tumor volume was calculated
using the formula: 0.5 x a x b? (a: Tumor Long Diameter; b: Tumor Short Diameter). All animal experiments were approved by The
Animal Ethics Committee of Xiamen University (approval number: XMULAC20180077).

2.15. Immunohistochemistry and Hematoxylin-Eosin staining

The tumor tissues were fixed in 10% neutral formalin and embedded in paraffin. Approximately 4 pm sections of paraffin were cut
and baked at 65 °C for 4 h. The baked pieces were placed in an environmentally friendly transparent agent containing 100% alcohol,
95% alcohol, and 75% alcohol for dewaxing.

Tissue sections were placed in a citric acid tissue antigen repair solution at a ratio of 1-100 and repaired in an autoclave for 2 min.
Subsequently, it was incubated with peroxidase blocker for 10 min, washed three times with PBS, and primary antibody incubated at
4 °C for 12 h was added. The reaction enhancer was incubated at 37 °C for 20 min, and the secondary antibody was incubated for 30
min, followed by DAB staining for 1-3 min during microscopic observation and hematoxylin staining for 1 min.

For hematoxylin and eosin staining, the sections were washed under running water for 10 min after dewaxing. They were then
stained with hematoxylin for 1 min and eosin for 1-2 min.

At the end of the staining, the pieces were dehydrated and sealed with neutral tree glue. The morphological characteristics of the
tumor tissues were examined using a Nikon microscope.

2.16. Statistical analysis

Data were collected from three repeated experiments, and all the data were expressed and calculated as means =+ standard error of
the mean (S.E.M). Statistical analyses were performed using GraphPad Prism 8.0 (CA, USA). Group comparisons were assessed using
Student’s t-test, and p-values <0.05 were considered statistically significant.

3. Results
3.1. TBB inhibited the proliferation and colony formation of CCA cells

To evaluate the effects of TBB on CCA cell proliferation, the QBC939 cells were treated with different concentrations of TBB, 5-FU,
CDDP, TAX, or LHOP for 24 h. The MTS assay results indicated that the percentage of cell survival after treatment with TBB was lower
than that in the other four drug-treated groups in vitro (Fig. 2A). The IC50 of TBB was the lowest among the five drugs tested (Fig. 2B).
MZ-ChA-1, HuCCT1, QBC939, and TFK1 cells were treated with different concentrations and times, respectively. The data confirmed
that the percentage of surviving cells decreased as the concentration and duration of TBB treatment increased. The TBB inhibited CCA
cell proliferation in a dose- and time-dependent manner (Fig. 2C). Additionally, the colony formation assay demonstrated that TBB
significantly reduced the number of colonies in HuCCT1 and QBC939 cells compared to the vehicle groups. The rate of TBB inhibition
was >80% and >70% in HuCC1 and QBC939 cells, respectively (Fig. 2D).

Simultaneously, the amount of DNA synthesis, as indicated by Hoechst 33,258 and EdU staining, was detected in the CCA cells to
reveal the effect of TBB on proliferation. The results showed a remarkable reduction in the quantity of blue and red fluorescence in the
TBB groups compared to that in the vehicle groups in HuCCT1 and QBC939 cells (Fig. 3A). The expression of the proliferation markers,
Ki67 and PCNA, was inhibited in a dose-dependent manner in HuCCT1 and QBC939 cells treated with TBB (Fig. 3B). These results
indicated that TBB inhibited cell proliferation and colony formation in CCA cells.

3.2. TBB arrested the cell cycles at G2/M phase in CCA cells

Cell proliferation is closely associated with cell cycle progression. To investigate the role of TBB in CCA cells, FCM was used to
assess the cell cycle distribution. These findings revealed a significant change in the distribution of cell cycle phases in both the
QBC939 and HuCCT1 cells treated with TBB for 24 h.
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Fig. 5. TBB promoted apoptosis through mitochondrial pathway

(A) FCM was used to identify the rate of cell apoptosis by Annexin V-FITC/PI staining. (B) Caspase-3 activity of QBC939 and HuCCT1 cells was
detected with or without z-VAD-fmk in the presence of TBB at different concentrations (5 pM and 10 pM) for 24 h. (C) ROS levels of QBC939 and
HuCCT1 cells were detected by flow cytometry at different concentrations (2.5 pM and 5 pM) of TBB for 24 h. (D) Western blotting was used to
examine the expression of apoptosis related protein in QBC939 and HuCCT1 cells treated with TBB at various concentrations (0 pM, 5 pM, 10 pM,
elnd 20 pM) for 24 h. Data values were expressed as mean + SEM of three independent experiments. *P < 0.05, **P < 0.01, and ***P < 0.001.

Specifically, the ratio of cells in the G1 phase decreased from 50.54% + 1.62-41.18% =+ 1.23 and from 47.42% + 1.08-39.70% +
0.93 in the QBC939 and HuCCT1 cells, respectively. Additionally, the proportion of cells in the S phase decreased from 38.46% =+
1.03-25.37% =+ 1.83 and from 31.90% + 1.26-23.15% + 1.21 in the QBC939 and HuCCT1 cells, respectively. Furthermore, the
percentage of cells in the G2/M phase increased from 11% + 0.87-33.45% =+ 1.92 and from 20.68% =+ 1.28-37.15% + 1.27 in the
QBC939 and HuCCT1 cells, respectively (Fig. 4A).

In summary, treatment with TBB significantly altered the distribution of cell cycle phases in the CCA cells, resulting in a decrease in
the proportion of cells in the G1 and S phases, and an increase in the proportion of cells in the G2/M phase. This indicated that TBB
effectively arrested the cell cycle of CCA cells at the G2/M phase.

Moreover, the expression of cyclin B1, an essential factor for G2/M phase transition, was reduced, whereas the expression of the cell
cycle inhibitor, P21, was increased in both the HuCCT1 and QBC939 cells treated with TBB. Additionally, the expression of cyclin E
increased in the QBC939 cells treated with TBB, although no significant change was observed in the HuCCT1 cells (Fig. 4B). Based on
these results, it can be inferred that TBB induces cell cycle arrest in the G2/M phase in CCA cells.

3.3. TBB induced apoptosis of CCA cells

Chemotherapeutic drugs effectively induce apoptosis, a key mechanism of programmed cell death in tumor cells. In our experi-
ment, we used FCM to assess the effect of TBB on the apoptosis of CCA cells. Treatment with TBB resulted in a noticeable increase in the
apoptotic rate of both the QBC939 and HuCCT1 cells compared to that in the vehicle group. Additionally, the apoptotic rate was higher
at a concentration of 5 pM than 2.5 pM for the TBB treatment in both cell lines (Fig. 5A). To investigate the involvement of caspase-3 in
TBB-induced apoptosis, we measured its activity in QBC939 and HuCCT1 cells treated with or without the apoptosis inhibitor z-VAD-
fmk in the presence of TBB. Our data demonstrated that the activity of caspase-3 was stronger in the TBB group than that in the control
group, and this effect was completely reversed by z-VAD-fmk treatment (Fig. 5B). Furthermore, we employed Annexin V-FITC/PI
staining and FCM to evaluate mitochondrial damage and the subsequent production of ROS. Following the incubation with TBB at
concentrations of 2.5 pM and 5 pM, the levels of intracellular ROS were significantly increased in the TBB group compared to those in
the vehicle group, with a more pronounced increase observed at 5 pM than 2.5 pM in both the QBC939 and HuCCT1 cells (Fig. 5C). The
mitochondrial pathway plays a crucial role in apoptosis. In QBC939 and HuCCT1 cells treated with different concentrations of TBB, the
cleaved forms of PARP and caspase-3 were upregulated, whereas Bcl-2 was downregulated, as evidenced by Western blot analysis
(Fig. 5D).

In further research, Hoechst staining and AO/EB staining were employed to observe cell apoptosis of QBC939 cells and HuCCT1
cells which were treated with TBB at 2.5 pM and 5 pM for 24 h. The results showed that TBB increased apoptosis in HUCCT1 and
QBC939 cells (Figure S1A-C, Figure S1 is the supplementary figure to Fig. 5). Overall, these data suggested that TBB enhanced
oxidative stress and promoted apoptosis through mitochondrial pathway in CCA cells.

3.4. TBB inhibited CCA xenograft tumor growth in vivo

In this study, QBC939 cells were used to establish a xenograft tumor model in nude mice to investigate the antitumor effects of TBB
in vivo. Both normal and tumor tissues were collected from the mice to assess the cytotoxicity and specificity of TBB. The data
demonstrated that TBB did not induce any changes in the histology (Fig. 6A) or weight (Fig. 6B) of vital organs, including the heart,
liver, kidney, spleen, and lung. Additionally, there were no significant changes in body weight (Fig. 6C) between the TBB treatment
group and vehicle group. Tumor volume and weight were significantly reduced in TBB treatment group compared to those in the
vehicle-treated group. Moreover, the inhibition of tumor growth by TBB was more potent than that of 5-FU (Fig. 6D-F). We further
observed the histomorphology of the transplanted tumors and found that the cells in the control group were large, and the nuclei were
well arranged, whereas in the TBB- and 5FU-treated groups, the nuclei were dispersed (Fig. 6G). Furthermore, immunohistochemical
analysis revealed that the expression of proliferation markers, PCNA and Ki67, was lower in the TBB treatment group than that in the
vehicle-treated group (Fig. 6G). Thus, our findings indicated that TBB specifically inhibited the proliferation of CCA cells both in vivo
and in vitro studies.

3.5. TBB exerted its anti-tumor effect via JAK/STAT3 signaling pathway regulation

The JAK/STATS3 signaling pathway was related to cell proliferation and apoptosis, and the effect of TBB on the JAK/STAT3
signaling pathway was detected by western blotting. Compared with the control group, IL-6 promoted the phosphorylation of STAT3 in
QBC939 and HuCCT1 cells, and this positive effect was inhibited by TBB (Fig. 7A). At the same time, TBB inhibited the upregulation of
PCNA and Bcl-2 and downregulation of P21 induced by IL-6 (Fig. 7B). Consequently, TBB prevented the proliferation and induced the
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Fig. 6. TBB inhibited the growth of xenograft tumor in vivo.

QBC939 cells were subcutaneously injected into nude mice, which were randomly divided into three groups and treated with TBB and 5-FU every
two days by intraperitoneal injection when the tumor volume grew to 60-100 mm3. The nude mice were euthanized after 12 intraperitoneal in-
jections of TBB. (A) H&E staining and (B) weights of the heart, liver, kidney, spleen, and lung in mice in the TBB, 5-FU and vehicle groups. (C) Body
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weight of the nude mice in the TBB, 5-FU, and vehicle groups were recorded. (D) General observations, (E) volume, and (F) weight of the xenograft
tumors in the nude mice were compared in the TBB, 5FU, and vehicle groups. (G) H&E and IHC staining of the nude mice xenograft tumor tissues.
Data values were expressed as mean + SEM of three independent experiments. *P < 0.05, **P < 0.01, and ***P < 0.001.

apoptosis of CCA cells, by potentially suppressing the activation of STAT3 transcription; that is, TBB played an antitumor role by
inhibiting the JAK/STATS3 signaling pathway (Fig. 7C).

4. Discussion

Given the poor prognosis and high mortality associated with CCA, there is an urgent need to identify novel chemotherapeutic drugs.
The use of natural products for the discovery of new drugs has a long history [38]. Here, we demonstrate for the first time that TBB
exerts an antitumor effect in CCA. As an extract of Wedelia trilobata, in our study, TBB significantly suppresses the proliferation of CCA
cells and promotes their apoptosis both in vitro and in vivo. Furthermore, TBB downregulates PCNA and Bcl-2 expression, while
upregulating P21 expression at the protein level through the promotion of STAT3 phosphorylation. Overall, our findings indicates that
TBB exerts its antitumor effects by inhibiting the JAK-STAT3 pathway in CCA cells.

In drug research, evaluating the efficacy of drugs by examining their ability to arrest the cell cycle is an effective method [39]. For
example, Silibinin improves the treatment of various cancers by acting as a cell cycle inhibitor [40]. Similarly, Dihydroartemisinin
arrests the cell cycle and induces apoptosis of CCA cells [41]. In a separate study, four Wedelia trilobata extracts show not only cell
proliferation inhibition and apoptosis acceleration but also cell cycle arrest in prostate cancer cells [42]. In our study, TBB arrests the
cell cycle at the G2/M phase in the QBC939 and HuCCT1 cells, similar to other extracts; however, the underlying mechanism needs to
be further explored.

A previous study demonstrated that numerous drugs were developed to specifically target mitochondria, which served as crucial
regulators of cellular processes and played a significant role in cancer treatment [43]. Trilobolide-6-O-isobutyrate boosts the pro-
duction of ROS, thereby inducing oxidative stress reactions and increasing the Bax/Bcl-2 ratio to activate mitochondria-mediated
apoptosis in CCA cells. This aligns with a previous study in which Betulinic acid was found to induce apoptosis in differentiated
PC12 cells by activating the ROS-mediated mitochondrial pathway [44].

Trilobolide-6-O-isobutyrate effectively inhibited the growth of xenograft tumors in nude mice. 5-Fluorouracil, a thymidylate
synthase inhibitor, is the first-line chemotherapeutic drug for the treatment of CCA. However, their clinical application is limited by
the development of severe drug resistance [45,46]. Therefore, it is necessary to develop new chemotherapeutic drugs for CCA
treatment. In our study, TBB demonstrates superior efficacy compared to 5-FU. Evidence reveals that xenograft tumor mice treated
with TBB display smaller tumor volumes and lower tumor weights than those treated with 5-FU.

The JAK/STATS3 signaling pathway is widely recognized for its role in the regulation of cell growth, proliferation, and apoptosis
[47-50]. Increasing evidence suggests that dysregulation of the JAK/STAT3 pathway is implicated in various cancers, making it a
prime target for the antitumor effects of numerous drugs [51-54], such as Banxia xiexin decoction [55], Curcumin [56] and Triptolide
[57]. In this study, TBB effectively inhibits the progression of CCA by suppressing the phosphorylation of STAT3. Additionally, it
regulates tumor growth by modulating the transcription of key genes involved in cell proliferation and apoptosis [52]. Particularly,
TBB decreases PCNA expression, downregulates the Bcl-2/Bax ratio, and increases the expression P21 by inhibiting STAT3 pathway
activation. These findings suggest that TBB exerts its antitumor effects by targeting the JAK/STAT3 signaling pathway, making it a
potential chemotherapeutic agent for CCA and improving patient prognosis.

5. Conclusions

We demonstrate the antitumor efficacy of TBB against CCA in vitro and in vivo. Mechanistically, TBB suppresses the proliferation of
CCA cells and triggers apoptosis by inhibiting the JAK/STAT3 signaling pathway. Our findings indicate that TBB holds promise as a
potent chemotherapeutic agent, thereby offering a potential pathway for enhancing CCA treatment.
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Fig. 7. Potential mechanism of TBB was explored in CCA cells

(A) STAT3 phosphorylation, and (B) PCNA, P21, and Bcl-2 expression by western blotting in QBC939 and HuCCT1 cells treated with TBB and/or IL-
6. (C) Schematic diagram of TBB versus CCA.
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