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The rising global incidence of bladder cancer and chemotherapy resistance necessitate novel therapies. 
Plant-derived compounds, owing to their diverse biological activities and favorable safety profiles, are 
considered promising candidates for cancer treatment. In this study, we investigated Bousigonine D, 
a monoterpene indole alkaloid isolated from the roots of Bousigonia mekongensis, for its potential 
as a therapeutic agent for bladder cancer. Our results show that Bousigonine D effectively inhibits 
cell proliferation and clonogenic formation, and induces cell cycle arrest at the G0/G1 phase in murine 
and human bladder cancer cells. Furthermore, Bousigonine D significantly promotes apoptosis in 
these cells, surpassing the apoptosis-inducing efficacy of cisplatin. Mechanistically, Bousigonine 
D enhances the generation of reactive oxygen species, disrupts calcium homeostasis, and impairs 
mitochondrial function, leading to cytoskeletal collapse and caspase-dependent apoptotic cell death. 
In vivo, Bousigonine D effectively suppresses tumor growth in an orthotopic MB49 mouse model, 
and importantly, it retains strong anti-tumor efficacy in cisplatin-resistant bladder cancer. Notably, 
Bousigonine D exhibits low toxicity in major organs, similar to cisplatin, underscoring its potential as 
a safe and effective treatment for bladder cancer. This study highlights the promising role of plant-
derived compounds in cancer therapy and supports further development of Bousigonine D as a novel 
therapeutic option for bladder cancer.
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Bladder cancer is a major public health concern, ranking as the 10th most common cancer globally, with 
approximately 550,000 new cases and 200,000 deaths annually1. The disease predominantly affects older adults, 
with a higher incidence observed in men2,3. Bladder cancer is closely associated with several risk factors, 
including smoking, occupational exposure to industrial chemicals, chronic urinary tract infections, and genetic 
predispositions4,5. While early-stage bladder cancer is often amenable to treatment with surgery, chemotherapy, 
and/or radiation, the prognosis for patients with muscle-invasive or metastatic bladder cancer remains poor6–8. 
These advanced stages of disease are characterized by high recurrence rates and limited survival, largely due to 
the aggressive nature of the cancer and its resistance to conventional therapies.

Cisplatin-based chemotherapy is the standard first-line treatment for muscle-invasive bladder cancer, known 
for its ability to induce DNA damage and apoptosis in cancer cells6,9,10. Despite its initial efficacy, cisplatin 
resistance is a significant clinical challenge, as it is commonly observed in advanced bladder cancer11,12. Cisplatin 
resistance is multifactorial, involving mechanisms such as reduced drug uptake, enhanced drug efflux, increased 
DNA repair capacity, evasion of apoptosis, and alterations in the tumor microenvironment13,14. As cisplatin 
resistance develops, treatment options become severely limited, and patient outcomes worsen15. Consequently, 
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there is an urgent need to identify novel therapeutic agents capable of either circumventing cisplatin resistance 
or providing an alternative approach to the treatment of bladder cancer.

In recent years, plant-derived compounds have gained considerable attention as potential anticancer agents 
due to their broad spectrum of biological activities and relatively favorable safety profiles16,17. Many plant-
based molecules exert their anticancer effects through various mechanisms, including modulation of cell cycle 
progression, apoptosis induction, oxidative stress regulation, and inhibition of metastasis18,19. These compounds 
offer an advantage over traditional chemotherapy agents due to their lower toxicity, making them especially 
promising candidates for patients who have developed resistance to standard treatments20. Numerous plant-
derived alkaloids21, flavonoids22, and terpenoids23 have demonstrated significant anticancer activity across 
various tumor types, prompting further investigation into their potential for treating bladder cancer.

Bousigonia mekongensis, a plant native to Southeast Asia, has been used in traditional medicine for the 
treatment of a wide range of ailments, including inflammatory diseases, infections, and metabolic disorders. 
Although this plant has long been recognized for its therapeutic properties, scientific studies exploring its 
anticancer potential remain limited. Recent research has isolated several bioactive compounds from Bousigonia 
mekongensis, including alkaloids and terpenoids, which exhibit notable biological activities such as anti-
inflammatory, antimicrobial, and antioxidant effects24. However, the potential of Bousigonia mekongensis as a 
therapeutic agent for bladder cancer has not yet been explored. In our previous studies, we isolated a compound 
called Bousigonine D from the roots of Bousigonia mekongensis25. This monoterpene indole alkaloid 
demonstrated promising effects in inhibiting mesangial cell proliferation in diabetic nephropathy, where it was 
shown to effectively suppress glucose-induced mesangial cell proliferation. Despite these encouraging findings, 
the anticancer properties of Bousigonine D, particularly in bladder cancer, remain unexplored, as well as its 
underlying molecular mechanisms.

In this study, we investigate the potential of Bounciness D as an anticancer agent for bladder cancer. Specifically, 
we evaluate its effects on bladder cancer cell proliferation, apoptosis induction, and its ability to overcome 
splatting resistance. We found that Bounciness D exerts its anticancer effects by modulating critical cellular 
processes involved in cancer progression, such as oxidative stress, mitochondrial dysfunction, and apoptosis. 
By investigating the underlying molecular mechanisms of Bounciness D’s action, we aim to provide valuable 
insights into its role in bladder cancer therapy. Ultimately, our findings may contribute to the development 
of Bounciness D as a prom988ising therapeutic candidate for patients with bladder cancer, particularly those 
resistant to current chemotherapy regimens.

Methods
Cell culture
Human bladder cancer cell lines T24 and 253  J were obtained from the American Type Culture Collection 
(ATCC), while the Murine bladder cancer cell line MB49 was purchased from Millilitre. T24 and 253J cells 
were cultured in RPMI 1640 medium (Gibco, USA), and MB49 cells were cultured in DMEM (Gibco, USA). 
All media were supplemented with 10% fetal bovine serum (FBS; Gibco, USA) and 1% penicillin–streptomycin 
(Gibco, USA). Cells were maintained in a humidified incubator at 37 °C with 5% CO₂. For routine subculturing, 
cells were detached using 0.25% trypsin–EDTA (Gibco, USA) and reseeded at a ratio of 1:3 to 1:5 every 2–3 days. 
For cryopreservation, cells were resuspended in a freezing medium (90% FBS and 10% DMSO) and stored in 
liquid nitrogen. All experiments were conducted with mycoplasma-free cells in their exponential growth phase.

Cell viability assay
The SRB assay was used to measure cell viability. Cells were seeded in 96-well plates at a density of 5,000 cells per 
well, treated with varying concentrations of Bousigonine D or cisplatin for specified durations, and then fixed 
with 10% trichloroacetic acid (TCA) for 1 h at 4 °C. Fixed cells were washed with distilled water, stained with 
SRB solution for 30 min, and washed to remove excess dye. The bound dye was solubilized with 10 mM Tris 
base, and absorbance was measured at 560 nm using a microplate reader. Additionally, crystal violet staining 
was performed. After treatment, cells were fixed with 4% paraformaldehyde, stained with 0.05% crystal violet 
for 20 min, and washed with distilled water. Images of stained cells were captured using a microscope equipped 
with a digital camera.

Colony formation assay
Cells were seeded at a low density (1000 cells/well) in cell dishes and cultured in complete medium for 14 days 
to allow for colony formation. The medium was replaced every three days. At the endpoint, colonies were fixed 
with 4% paraformaldehyde for 15 min and stained with 0.05% crystal violet for 15 min. Excess stain was washed 
off with tap water. Colonies were measured using ImageJ software to quantify clonogenic survival.

Wound healing assay
To evaluate cell migration, a wound healing assay was performed. Cells were seeded in 6-well plates and grown 
to near confluence. A sterile pipette tip was used to create a straight scratch in the monolayer. Detached cells 
were removed by washing with PBS, and fresh medium was added. Images of the wound area were captured at 
0, 24, and 48 h using a microscope. The wound width at each time point was measured, and the speed of wound 
closure was calculated to assess migration capacity.

Transwell invasion assay
Cell invasion was assessed using 24-well Transwell plates with 8-µm pore inserts. Cells (5 × 104) in serum-free 
medium were seeded into the upper chamber, while the lower chamber contained complete medium with 10% 
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FBS as a chemoattractant. After 24 h of incubation at 37 °C, non-migrated cells were removed, and migrated 
cells on the lower membrane were fixed with 4% paraformaldehyde, stained with 0.1% crystal violet, and imaged.

Reactive oxygen species (ROS) assay
Intracellular ROS levels were measured using a Reactive Oxygen Species Assay Kit (Beyotime, Shanghai, China). 
Cells were treated with Bousigonine D or cisplatin, washed with PBS, and incubated with DCFH-DA (10 µM) at 
37 °C in the dark for 20 min. Excess probe was removed by washing with PBS. The fluorescence intensity of DCF, 
an indicator of ROS levels, was measured by flow cytometry.

Annexin V-FITC/PI apoptosis assay
Apoptosis was assessed using the FITC Annexin V Apoptosis Detection Kit I (BD Pharmingen). After 48-h 
treatments with Bousigonine D or cisplatin, cells were washed with PBS and resuspended in 1× binding buffer. 
Annexin V-FITC (5 µL) and propidium iodide (PI, 5 µL) were added to 100 µL of the cell suspension, followed 
by incubation in the dark at room temperature for 15 min. Stained cells were analyzed using a flow cytometer to 
determine the proportion of apoptotic cells.

Cell cycle analysis
For cell cycle distribution analysis, treated cells were collected, washed with PBS, and fixed in 70% ethanol at 
4 °C overnight. Fixed cells were washed, resuspended in PBS containing propidium iodide (PI, 50 µg/mL) and 
RNase A (100 µg/mL), and incubated in the dark at room temperature for 30 min. The samples were analyzed 
using flow cytometry, and cell cycle distribution was determined using CytExpert software.

Western blot analysis
Protein extracts were prepared by lysing cells in RIPA buffer supplemented with protease and phosphatase 
inhibitors (Beyotime, Shanghai, China). Protein concentrations were determined using a BCA Protein Assay 
Kit. Equal amounts of protein were separated by SDS-PAGE and transferred onto PVDF membranes (Millipore, 
USA). Membranes were blocked with 5% non-fat milk for 1 h, incubated with primary antibodies overnight 
at 4 °C, and subsequently incubated with HRP-conjugated secondary antibodies for 1 h at room temperature. 
Blots were developed using an enhanced chemiluminescence (ECL) substrate, and images were captured using 
a chemiluminescence detection system (Thermo Fisher Scientific, USA).

Histology and H&E staining
Mouse tissues were fixed in 4% paraformaldehyde, dehydrated through a graded ethanol series, cleared with 
xylene, and embedded in paraffin. Sections (5 µm) were cut, mounted on slides, and stained with hematoxylin 
and eosin (H&E). After differentiation and bluing, slides were dehydrated, cleared, and mounted. Tissue 
morphology was examined under a light microscope.

Immunofluorescence
Cells or paraffin-embedded tissue sections were fixed with 4% paraformaldehyde and permeabilized with 0.1% 
Triton X-100. After blocking with 1% BSA, samples were incubated with primary antibodies overnight at 4 °C. 
Fluorescently labeled secondary antibodies were applied for 1 h in the dark, and nuclei were stained with DAPI. 
Images were acquired using a confocal microscope (Andor Dragonfly 200).

Animal studies
Female C57BL/6 mice (6–8  weeks old) were purchased from Vital River Laboratory Animal Technology 
(Beijing, China) and housed in specific pathogen-free (SPF) conditions. Mice were acclimated for one week 
before experiments, with free access to food and water. All procedures were approved by the Animal Care and 
Use Committee of Qilu Hospital, Shandong University, and followed institutional and national guidelines. Mice 
were anesthetized by inhalation gas with isoflurane and placed on a pre-warmed heating pad to maintain body 
temperature during surgery. The lower abdominal area was shaved and disinfected with povidone-iodine and 
70% ethanol in a sterile surgical field. Using a microsurgical approach under a surgical microscope, a midline 
lower abdominal incision was made, and the skin and muscle layers were carefully separated layer by layer to 
expose the bladder. Luci⁺MB49 cells or cisplatin-resistant Luci⁺MB49 cells (5 × 105) were injected beneath the 
urothelium and above the muscle layer of the bladder wall using a syringe to ensure precise tumor cell delivery. 
To prevent cell leakage, the needle was held in place for a few seconds before careful withdrawal. Following 
injection, the bladder was repositioned, and the muscle and skin layers were sequentially sutured using absorbable 
surgical sutures. Postoperative care included monitoring until full recovery from anesthesia, administration of 
analgesics, and ensuring the mice resumed normal activity. All surgical procedures were performed under strict 
aseptic conditions to minimize infection risk. Tumor burden was monitored using bioluminescence imaging. 
Mice were randomly assigned to treatment groups and treated with Bousigonine D or cisplatin. Tumors were 
collected at the experimental endpoint for analysis. At the endpoint, mice were euthanized using carbon dioxide 
(CO2) inhalation, following established ethical guidelines to minimize distress and ensure humane treatment. 
The ARRIVE guidelines have been followed for conducting and reporting animal experiments.

Imaging procedure
Bioluminescence imaging was performed to monitor tumor progression. Mice were injected intraperitoneally 
with D-luciferin (150  mg/kg) and imaged 15  min later using the IVIS Lumina system (PerkinElmer, USA). 
Luminescence signals were quantified using Living Image Software.
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Statistical analysis
All data are presented as mean ± standard deviation (s.d.). Statistical significance was determined using one-way 
or two-way ANOVA, depending on the experiment. Analyses were conducted using GraphPad Prism Software, 
with p < 0.05 considered statistically significant. Significance levels are indicated as *, **, ***, and **** for p < 0.05, 
0.01, 0.001, and 0.0001, respectively.

Results
Bousigonine D inhibits bladder cancer cell proliferation and induces cell cycle arrest
The chemical structure of Bousigonine D is shown in Fig. 1A. To evaluate its antiproliferative effects, we treated 
murine MB49 bladder cancer cells and human T24 and 253  J bladder cancer cells with two concentrations 
of Bousigonine D and assessed cell viability using the SRB assay. Bousigonine D significantly reduced cell 

Fig. 1.  Bousigonine D inhibits bladder cancer cell proliferation and induces cell cycle arrest in G0/G1. (A) 
Chemical structure of Bousigonine D. (B) Cell proliferation in MB49, T24, and 253 J bladder cancer cells was 
evaluated using the SRB assay following treatment with Bousigonine D. (C–E) Crystal violet staining of MB49 
(C), T24 (D), and 253 J (E) cells treated with cisplatin (2 μM) as a positive control or Bousigonine D (1 μM 
and 2 μM) for 48 h. (F–H) Cell cycle distribution was analyzed by flow cytometry in MB49 (F), T24 (G), and 
253 J (H) cells after treatment with Bousigonine D, showing G0/G1 arrest. (I) Colony formation assays of 
MB49, T24, and 253 J cells treated with cisplatin (2 μM) or Bousigonine D (1 μM and 2 μM) for 14 days. Data 
are shown as mean ± s.d. Statistical significance was determined by Two-way ANOVA for (B) and One-way 
ANOVA for (F-I). ***p < 0.001, ****p < 0.0001.
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proliferation in a dose-dependent manner across all three cell lines (Fig. 1B). The inhibition of cell proliferation 
became more pronounced with increasing concentrations of Bousigonine D, demonstrating its strong 
antiproliferative activity. To further confirm these effects, we performed crystal violet staining to visualize changes 
in cell density. Consistent with the SRB assay results, treatment with Bousigonine D led to a marked reduction in 
cell density in MB49, T24, and 253 J cells, with higher concentrations of Bousigonine D showing greater effects 
compared to cisplatin (Fig. 1C–E). Flow cytometry analysis of the cell cycle revealed that Bousigonine D induced 
a significant accumulation of cells in the G0/G1 phase in all three cell lines, indicating cell cycle arrest (Fig. 1F–
H). This blockade of cell cycle progression is likely a key mechanism underlying the observed antiproliferative 
effects of Bousigonine D. Additionally, colony formation assays were performed to assess the long-term effects 
of Bousigonine D on clonogenic survival. Treatment with Bousigonine D significantly inhibited the ability of 
MB49, T24, and 253 J cells to form colonies over 14 days, further demonstrating its inhibitory effects on cell 
proliferation (Fig. 1I). These results collectively indicate that Bousigonine D exerts potent antiproliferative effects 
by inducing G0/G1 cell cycle arrest and suppressing clonogenic survival, with efficacy that is comparable to or 
exceeds that of cisplatin. This highlights the potential of Bousigonine D as a therapeutic agent for bladder cancer.

Bousigonine D induces apoptosis in bladder cancer cells
To investigate whether the antiproliferative effects of Bousigonine D were mediated by apoptosis, we assessed 
cell viability and apoptosis using Calcein-AM/PI double staining and flow cytometry. Microscopic observation 
of MB49, T24, and 253 J cells treated with Bousigonine D showed characteristic features of apoptosis, including 
cell shrinkage, reduced cell density, and morphological changes (Fig. 2A). Calcein-AM/PI double staining is 
based on the principle that Calcein-AM stains live cells by entering their cytoplasm, where it is hydrolyzed 
to a fluorescent product, whereas PI is excluded from live cells but can penetrate the membrane of dead cells, 
staining their nuclei. Calcein-AM/PI staining confirmed a significant increase in dead cells in Bousigonine 
D-treated groups compared to cisplatin (Fig. 2B). Flow cytometry analysis using Annexin V/PI double staining 
demonstrated a marked increase in the proportion of apoptotic cells following treatment with Bousigonine D. 
The percentage of apoptotic cells in MB49, T24, and 253 J cells was significantly higher in Bousigonine D-treated 
groups compared to cisplatin-treated controls, with a dose-dependent effect observed (Fig. 2C–E). These results 
suggest that Bousigonine D not only inhibits cell proliferation but also effectively induces apoptosis in bladder 
cancer cells. Moreover, Bousigonine D demonstrated superior apoptotic induction compared to cisplatin, 
highlighting its potential as an alternative therapeutic agent. Collectively, these findings establish apoptosis as a 
major mechanism underlying the antiproliferative effects of Bousigonine D in bladder cancer cells.

Bousigonine D suppresses bladder cancer cell migration and invasion
The effects of Bousigonine D on bladder cancer cell migration and invasion were assessed using wound healing 
and transwell invasion assays. In wound healing assays, MB49, T24, and 253 J cells treated with Bousigonine D 
exhibited significantly reduced wound closure rates at 24 and 48 h compared to cisplatin-treated and control 
groups, suggesting inhibition of cell migration (Fig. 3A–C). To further evaluate the invasive capacity of bladder 
cancer cells, transwell invasion assays were performed. Bousigonine D treatment resulted in a significant 
reduction in the number of invasive cells in all three cell lines, with stronger effects observed at higher 
concentrations (Fig. 3D–F). These results indicate that Bousigonine D effectively inhibits the invasive potential 
of bladder cancer cells. Phalloidin staining of the actin cytoskeleton revealed that Bousigonine D disrupted 
the organization of actin filaments in MB49, T24, and 253 J cells (Fig. 3G–I). This disruption of cytoskeletal 
integrity may contribute to the reduced migratory and invasive abilities observed in Bousigonine D-treated cells. 
Together, these findings demonstrate that Bousigonine D suppresses bladder cancer cell migration and invasion, 
potentially through its effects on cytoskeletal organization.

Bousigonine D induces mitochondrial dysfunction and oxidative stress-mediated apoptosis
To elucidate the mechanisms by which Bousigonine D induces apoptosis in bladder cancer cells, we investigated 
its effects on ROS production, mitochondrial function, and apoptosis-related pathways. Flow cytometry analysis 
revealed a significant increase in ROS levels in MB49, T24, and 253  J cells treated with Bousigonine D at 
concentrations of 1 μM and 2 μM for 24 h, compared to untreated controls and cisplatin-treated cells (Fig. 4A). 
This elevation in ROS suggests that oxidative stress plays a critical role in the apoptotic effects of Bousigonine D. 
Elevated calcium levels are known to disrupt mitochondrial homeostasis, promoting mitochondrial dysfunction 
and triggering apoptosis. Fluo-4 AM staining, which uses the fluorescent probe Fluo-4 AM to detect changes 
in intracellular calcium levels, revealed significant alterations in calcium levels in Bousigonine D-treated cells, 
consistent with the induction of apoptosis through calcium dysregulation (Fig. 4B). To further investigate the 
impact of Bousigonine D on mitochondria, we analyzed mitochondrial morphology and membrane potential. 
The TOM20 staining technique relies on the mitochondrial outer membrane protein TOM20, and its altered 
expression indicates changes in mitochondrial morphology. Immunofluorescence staining of TOM20 revealed 
significant alterations in mitochondrial structure and distribution in cells treated with Bousigonine D, indicative 
of mitochondrial damage (Fig. 4C). Additionally, JC-1 staining, which is based on the mitochondrial membrane 
potential (ΔΨm)-dependent uptake of the JC-1 dye, showed a substantial loss of mitochondrial membrane 
potential in Bousigonine D-treated cells, further confirming mitochondrial dysfunction (Fig. 4D). To confirm 
the activation of apoptotic pathways, we measured cleaved caspase-3 levels using flow cytometry. Bousigonine D 
treatment significantly upregulated cleaved caspase-3 expression in a dose-dependent manner in bladder cancer 
cells, compared to cisplatin-treated and untreated controls (Fig. 4E). This finding highlights the activation of 
caspase-dependent apoptotic pathways, further supporting the pro-apoptotic effects of Bousigonine D. TUNEL 
assays were employed to evaluate apoptotic DNA fragmentation, a hallmark of apoptosis. The TUNEL assay 
labels DNA strand breaks, enabling the detection of apoptotic cells. Flow cytometry analysis demonstrated 
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a significant increase in TUNEL-positive cells following Bousigonine D treatment, highlighting its ability to 
induce apoptosis through mitochondrial pathways (Fig. 4F). Western blot analysis provided further molecular 
evidence for the involvement of mitochondrial pathways in Bousigonine D-induced apoptosis. Treatment 
with Bousigonine D resulted in the upregulation of cleaved caspase-3, a key effector of apoptosis, and 
downregulation of anti-apoptotic proteins Bcl-2, Mcl-1 and p-ERK1/2. Furthermore, Cyclin-D1, a regulator 
of cell cycle progression, was also reduced, consistent with the G0/G1 cell cycle arrest observed previously 
(Fig. 4G). Collectively, these findings demonstrate that Bousigonine D induces apoptosis in bladder cancer cells 
through a mechanism involving oxidative stress, caspase activation, calcium dysregulation, and mitochondrial 

Fig. 2.  Bousigonine D induces apoptosis in bladder cancer cells. (A) Microscopic examination of cell density 
and morphology in MB49, T24, and 253 J cells following treatment with cisplatin (2 μM) or Bousigonine D 
(1 μM and 2 μM) for 48 h. (B) Cell viability analysis using the Calcein-AM/PI double staining method to assess 
live and dead cells in MB49, T24, and 253 J cells treated with cisplatin (2 μM) or Bousigonine D (1 μM and 
2 μM). (C–E) Apoptosis levels in MB49 (C), T24 (D), and 253 J (E) cells were quantified using flow cytometry 
with Annexin V/PI double staining after treatment with cisplatin (2 μM) or Bousigonine D (1 μM and 2 μM) 
for 48 h. Data are presented as mean ± s.d. Statistical significance was determined using One-way ANOVA. 
*p < 0.05, **p < 0.01, ***p < 0.001.
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Fig. 3.  Bousigonine D inhibits the invasion and migration of bladder cancer cells. (A–C) Wound healing 
assays were performed to evaluate the migration ability of MB49 (A), T24 (B), and 253 J (C) cells after 
treatment with cisplatin (2 μM) or Bousigonine D (1 μM and 2 μM) at 0, 24, and 48 h. (D–F) Transwell 
invasion assays were conducted to assess the invasive capacity of MB49 (D), T24 (E), and 253 J (F) cells treated 
with cisplatin (2 μM) or Bousigonine D (1 μM and 2 μM) for 24 h. (G–I) Phalloidin immunofluorescence 
staining was used to visualize the organization of actin filaments in MB49 (G), T24 (H), and 253 J (I) cells 
following treatment with cisplatin (2 μM) or Bousigonine D (1 μM and 2 μM) for 24 h. Data are presented as 
mean ± s.d. Statistical significance was determined using One-way ANOVA. *p < 0.05, **p < 0.01, ***p < 0.001.
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dysfunction. The disruption of mitochondrial membrane potential, altered mitochondrial morphology, and 
activation of apoptotic pathways underscore the central role of mitochondria in mediating the pro-apoptotic 
effects of Bousigonine D (Fig. 4H). These results strongly support the therapeutic potential of Bousigonine D as 
a novel agent targeting mitochondrial dysfunction in bladder cancer therapy.

Fig. 4.  Bousigonine D induces mitochondrial disruption in bladder cancer cells, leading to apoptosis. (A) 
ROS levels in bladder cancer cells were analyzed by flow cytometry following treatment with cisplatin (2 μM) 
or Bousigonine D (1 μM and 2 μM) for 24 h. (B) Intracellular calcium levels were measured using Fluo-4 
AM and analyzed by flow cytometry in bladder cancer cells treated with cisplatin (2 μM) or Bousigonine D 
(1 μM and 2 μM) for 24 h. (C) Mitochondrial morphology and distribution were visualized using TOM20 
immunofluorescence staining in bladder cancer cells after treatment with cisplatin (2 μM) or Bousigonine 
D (1 μM and 2 μM). (D) Mitochondrial membrane potential was assessed using JC-1 staining and confocal 
microscopy in bladder cancer cells treated with cisplatin (2 μM) or Bousigonine D (1 μM and 2 μM) for 24 h. 
(E) Cleaved caspase-3 levels were quantified by flow cytometry to assess apoptosis in bladder cancer cells 
treated with cisplatin (2 μM) or Bousigonine D (1 μM and 2 μM) for 24 h. (F) Apoptotic DNA fragmentation 
was evaluated using TUNEL assays and analyzed by flow cytometry in bladder cancer cells treated with 
cisplatin (2 μM) or Bousigonine D (1 μM and 2 μM) for 24 h. (G) Western blot analysis of mitochondrial 
apoptosis-related proteins, including p-ERK1/2, cleaved caspase-3, Bcl-2, Mcl-1, and Cyclin-D1, in bladder 
cancer cells treated with cisplatin (2 μM) or Bousigonine D (1 μM and 2 μM). (H) Schematic illustration of the 
mechanism of Bousigonine D in bladder cancer cells. Data are presented as mean ± s.d. Statistical significance 
was determined using One-way ANOVA. *p < 0.05, **p < 0.01, ***p < 0.001.
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Bousigonine D suppresses tumor growth in an orthotopic mouse model of bladder cancer
To investigate the therapeutic potential of Bousigonine D in vivo, an orthotopic Luci+ MB49 bladder cancer 
mouse model was established. The experimental design for treatment with cisplatin and Bousigonine D 
is illustrated in Fig.  5A. Tumor progression was monitored using bioluminescence imaging over 20  days. 
Bousigonine D treatment significantly reduced tumor burden in comparison to cisplatin treated and control 
groups, with noticeable effects as early as day 10 and persisting through day 20 (Fig.  5B, C). These results 
indicate that Bousigonine D exhibits robust antitumor activity in vivo. Macroscopic examination of excised 
bladder tumors further confirmed the antitumor effects of Bousigonine D. Tumors from Bousigonine D-treated 
mice were significantly smaller in size and weight compared to those from cisplatin treated and control groups, 
highlighting its superior efficacy (Fig. 5D). To understand the cellular effects of Bousigonine D in the tumor 
microenvironment, immunofluorescence analysis was performed on tumor sections. Ki67 staining revealed a 
significant reduction in proliferative activity in tumors treated with Bousigonine D, as evidenced by decreased 
Ki67 expression (Fig.  5E). Furthermore, TUNEL staining showed a marked increase in apoptotic cells in 
the Bousigonine D-treated group, indicating that its antitumor effects are mediated by enhanced apoptosis 
(Fig. 5F). Overall, these results demonstrate that Bousigonine D effectively suppresses bladder cancer growth 
in an orthotopic mouse model by reducing tumor proliferation and promoting apoptosis. Its efficacy in vivo 
underscores its potential as a promising therapeutic agent for bladder cancer.

Bousigonine D retains efficacy in cisplatin-resistant bladder cancer models
To evaluate whether Bousigonine D can overcome cisplatin resistance, a cisplatin-resistant Luci+ MB49 bladder 
cancer mouse model was established. The experimental design is shown in Fig.  6A. Tumor progression was 
monitored using bioluminescence imaging. Mice treated with Bousigonine D exhibited a significant reduction 
in tumor burden compared to the cisplatin-treated group, with effects becoming evident as early as day 10 and 
persisting through day 20 (Fig. 6B, C). Quantitative analysis of bioluminescence intensity confirmed the robust 
inhibitory effects of Bousigonine D, even in cisplatin-resistant tumors, demonstrating its ability to effectively 
suppress tumor growth in this challenging context. Macroscopic examination of excised tumors further supported 
the efficacy of Bousigonine D. Tumors from the Bousigonine D-treated group were significantly smaller in size 
and weight compared to those from the cisplatin-treated group, highlighting its superior antitumor activity 

Fig. 5.  Bousigonine D inhibits bladder cancer growth in an orthotopic mouse model. (A) Schematic 
representation of the experimental design for the treatment of Luci + MB49 tumor-bearing C57BL/6 mice 
with cisplatin and Bousigonine D. (B) Bioluminescence images of Luci + MB49 tumor-bearing C57BL/6 
mice on days 5, 10, 15, and 20 post-treatment with cisplatin or Bousigonine D. (C) Quantitative analysis of 
bioluminescence intensity in Luci + MB49 tumor-bearing C57BL/6 mice at days 5, 10, 15, and 20 following 
treatment with cisplatin or Bousigonine D. (D) Representative macroscopic images of excised bladder tumors 
from Luci + MB49 tumor-bearing C57BL/6 mice treated with cisplatin or Bousigonine D. Scale bars represent 
1 cm (up). Tumor weight measurements of excised Luci + MB49 tumors from C57BL/6 mice following 
treatment with cisplatin or Bousigonine D (low). (E) Immunofluorescence staining for Ki67 (red, proliferation 
marker), WGA (green, cell membrane marker), and DAPI (blue, nuclear stain) in tumor sections from 
C57BL/6 mice. Scale bars: 50 μm. (F) Immunofluorescence staining for TUNEL (red, apoptotic marker) and 
DAPI (blue, nuclear stain) in tumor sections from C57BL/6 mice. Scale bars: 50 μm. Data are presented as 
mean ± s.d. Statistical significance was determined using One-way ANOVA. *p < 0.05, **p < 0.01, ***p < 0.001.
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in cisplatin-resistant bladder cancer (Fig. 6D). To assess the safety profile of Bousigonine D, hematoxylin and 
eosin (H&E) staining was performed on major organs, including the heart, liver, spleen, lung, and kidney. No 
significant histopathological abnormalities were observed in Bousigonine D-treated mice, suggesting minimal 
systemic toxicity (Fig.  6E). Furthermore, body weight monitoring revealed a modest reduction in the drug-
treated groups (Fig.  6F), with Bousigonine D showing similar effects to cisplatin. This modest weight loss 
highlights the need for a more comprehensive toxicity evaluation before advancing to clinical trials. Together, 
these results demonstrate that Bousigonine D not only retains its antitumor efficacy in cisplatin-resistant bladder 
cancer models but also maintains a low toxicity profile, making it a promising therapeutic candidate for the 
treatment of cisplatin-resistant bladder cancer.

Discussion
Bladder cancer remains one of the most prevalent malignancies worldwide, and despite the availability of 
chemotherapy options like cisplatin, the survival rates for advanced or metastatic bladder cancer patients remain 
dismal26. One of the primary challenges in the treatment of BC is the development of resistance to chemotherapy, 
particularly cisplatin, which has long been the cornerstone of treatment for muscle-invasive bladder cancer6,7,27. 
Cisplatin resistance complicates the clinical management of BC and is associated with poor prognosis and 
limited therapeutic options11,13. As a result, there is an urgent need for novel agents that can either overcome 
resistance or provide a viable alternative for patients who fail conventional therapies. Plant-derived compounds, 
which have gained significant attention in recent years, represent a promising avenue for the development of new 
cancer treatments due to their diverse biological activities and generally favorable safety profiles17,28.

Numerous plant-derived compounds, including flavonoids, alkaloids, and terpenoids, have shown significant 
anticancer potential through mechanisms such as apoptosis induction, cell cycle regulation, oxidative stress 
modulation, and metastasis inhibition29–31. These compounds often exhibit lower toxicity compared to 
conventional chemotherapy agents, making them especially promising for treating chemotherapy-resistant 
cancers32. Alkaloids and terpenoids, in particular, have demonstrated potent anticancer properties by targeting 
various pathways involved in cancer progression33,34. Several studies have highlighted the potential of these 
plant-derived compounds in bladder cancer, with promising effects observed in preclinical models35–38. 
However, despite the growing body of evidence supporting their anticancer potential, there remains a lack of 
in-depth studies on their effects on cisplatin-resistant bladder cancer and the mechanisms underlying their 

Fig. 6.  Bousigonine D exhibits inhibitory effects in a cisplatin-resistant mouse model of bladder cancer. (A) 
Schematic representation of the experimental design for the cisplatin-resistant Luci + MB49 tumor-bearing 
C57BL/6 mouse model. (B) Bioluminescence images of cisplatin-resistant Luci + MB49 tumor-bearing 
C57BL/6 mice at days 5, 10, 15, and 20 following treatment with cisplatin or Bousigonine D. (C) Quantitative 
analysis of bioluminescence intensity in cisplatin-resistant Luci + MB49 tumor-bearing C57BL/6 mice at 
days 5, 10, 15, and 20 after treatment with cisplatin or Bousigonine D. (D) Macroscopic images of excised 
bladder tumors from cisplatin-resistant Luci + MB49 tumor-bearing C57BL/6 mice treated with cisplatin 
or Bousigonine D. Scale bars represent 1 cm (up). Tumor weight measurements of excised bladder tumors 
from cisplatin-resistant Luci + MB49 tumor-bearing C57BL/6 mice treated with cisplatin or Bousigonine D 
(low). (E) Hematoxylin and eosin (H&E) staining of heart, liver, spleen, lung, and kidney tissues from mice 
treated with cisplatin or Bousigonine D to evaluate potential organ toxicity. (F) Body weight monitoring of 
cisplatin-resistant Luci + MB49 tumor-bearing C57BL/6 mice during treatment with cisplatin or Bousigonine 
D. Data are presented as mean ± s.d. Statistical significance was determined using One-way ANOVA. ns: no 
significance, *p < 0.05, **p < 0.01, ***p < 0.001.
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action. Historically, several plant-derived compounds, such as paclitaxel, vincristine, vinblastine, etoposide, 
and topotecan, have proven their clinical efficacy, further underscoring the vast potential of natural products 
in cancer treatment12,39–42. These compounds have been pivotal in modern cancer therapies, illustrating the 
considerable therapeutic promise of plant-derived agents in the fight against various malignancies.

In light of these successful examples, the search for novel plant-derived agents with anticancer activity 
continues to be a highly fruitful area of research. In this context, the present study explores the anticancer 
potential of Bousigonine D, a monoterpene indole alkaloid isolated from Bousigonia mekongensis25. Our results 
demonstrate that Bousigonine D effectively inhibits bladder cancer cell proliferation, induces apoptosis, and 
significantly overcomes cisplatin resistance. These findings are consistent with the broader body of research 
showing that plant-derived compounds can effectively target cisplatin-resistant cancer cells by modulating 
cellular processes such as oxidative stress, mitochondrial dysfunction, and apoptosis. We acknowledge that 
the concentration of cisplatin used in our study (2  μM) is relatively mild. Therefore, while Bousigonine D 
demonstrated superior apoptotic effects compared to cisplatin at the tested concentrations, additional studies 
using higher cisplatin doses are necessary to fully evaluate its comparative efficacy.

The anticancer activity of Bousigonine D appears to be largely attributed to its ability to induce significant 
oxidative stress, as evidenced by the increased production of ROS in bladder cancer cells. ROS generation has 
long been recognized as a key mechanism through which many anticancer agents exert their cytotoxic effects43. 
Elevated ROS levels can damage cellular macromolecules, including lipids, proteins, and DNA, ultimately leading 
to cell death. This process is especially effective in cancer cells, which often exhibit dysregulated redox balance. In 
line with previous research, our study suggests that Bousigonine D exploits this vulnerability in bladder cancer 
cells to promote apoptosis. Additionally, our findings that Bousigonine D disrupts mitochondrial function and 
alters mitochondrial membrane potential further corroborate its role in inducing apoptosis through the intrinsic 
pathway. These mechanisms have been well-documented in other plant-derived anticancer agents, highlighting 
the consistency of Bousigonine D’s actions with other natural compounds44.

Moreover, the ability of Bousigonine D to overcome cisplatin resistance is particularly noteworthy. Cisplatin 
resistance is a multifactorial phenomenon involving reduced drug uptake, enhanced drug efflux, activation 
of DNA repair mechanisms, and evasion of apoptosis. Previous studies have identified several compounds, 
including plant-derived molecules, that can circumvent these resistance mechanisms by targeting alternative 
cellular pathways45,46. For example, natural products like curcumin, resveratrol, and certain flavonoids have 
been shown to modulate apoptosis-related proteins and enhance the efficacy of cisplatin in resistant cancer 
cells47–49. Bousigonine D shares similar properties, as our results indicate that it can induce apoptosis in cisplatin-
resistant bladder cancer cells by activating caspase-dependent pathways and inhibiting anti-apoptotic proteins 
such as Mcl-1 and Bcl-2. This ability to bypass common mechanisms of cisplatin resistance underscores the 
therapeutic potential of Bousigonine D for patients with refractory bladder cancer. We recognize that additional 
experiments are required to draw definitive conclusions regarding the clinical applicability of Bousigonine D 
in cisplatin-resistant bladder cancer. Future studies should focus on evaluating its effects in well-established 
cisplatin-resistant cell lines and in vivo models to further validate its therapeutic potential.

Despite the promising results observed in this study, there are several key considerations for future research. 
While we have demonstrated the efficacy of Bousigonine D in preclinical models, further studies are necessary to 
better understand its pharmacokinetics and pharmacodynamics. Specifically, the bioavailability and metabolic 
stability of Bousigonine D need to be thoroughly investigated to optimize its therapeutic application. Additionally, 
identifying the precise molecular targets of Bousigonine D will provide deeper insights into its mechanisms of 
action and allow for the development of potential biomarkers to guide patient selection. Future studies utilizing 
metastatic bladder cancer models will be necessary to further evaluate its potential in inhibiting tumor spread. 
Lastly, the potential for combination therapies involving Bousigonine D and other chemotherapeutic agents, 
particularly cisplatin, should be explored to determine if synergistic effects can further enhance therapeutic 
outcomes.

In conclusion, Bousigonine D represents a promising novel therapeutic agent for bladder cancer, particularly 
for patients who have developed resistance to cisplatin-based treatments. Through its ability to induce apoptosis, 
modulate oxidative stress, and overcome cisplatin resistance, Bousigonine D shows considerable potential as 
a safe and effective treatment for bladder cancer. These findings contribute to the growing body of evidence 
supporting the development of plant-derived compounds as effective cancer therapies and offer hope for 
improving the treatment of bladder cancer, especially in cases where conventional chemotherapy options have 
failed. Future studies will be crucial in advancing Bousigonine D from preclinical models to clinical trials, paving 
the way for its potential inclusion in bladder cancer treatment regimens. The success of plant-derived compounds 
like paclitaxel, vincristine, and topotecan in clinical settings further emphasizes the enormous potential for new 
natural products to play a pivotal role in cancer treatment.

Data availability
The original contributions presented in the study are included in the article, further inquiries can be directed to 
the corresponding author.
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