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Abstract: Objective: To investigate the pro-apoptotic effects of Indirubin, a traditional Chinese medicine, on ovar-
ian cancer SKOV3 cell line and to explore its underlying mechanisms. Methods: Ovarian cancer SKOV3 cells were 
divided into a control group (cells cultured normally) and an experimental group (cells cultured in medium contain-
ing Indirubin). SKOV3 cells at the logarithmic phase were treated with Indirubin at various concentrations. Cell 
proliferation was assessed using the Cell Counting Kit-8 (CCK-8) assay and 3-(4,5)-dimethylthiahiazo (-z-y1)-3,5-
di-phenytetrazoliumromide (MTT) assay, while apoptosis was detected by flow cytometry, TdT-mediated dUTP Nick-
End Labeling (TUNEL) staining, and immunofluorescence. Transcriptome sequencing was conducted to screen for 
apoptosis-related factors. qPCR and western blot were used to detect the mRNA and protein expression on added 
of molecules related to mitochondrial permeability transition pores. Results: MTT assay showed that Indirubin in-
hibited the growth of SKOV3 cells in both plate and sphere cultures, with IC50 values of 3.003 μM (plate culture) 
and 4.253 μM (sphere culture), respectively. Indirubin showed a lower inhibitory concentration than cisplatin (IC50 
3.687 μM in plate culture and 7.023 μM in sphere culture), and its effect was comparable to adriamycin. Flow cy-
tometry revealed an increase in apoptosis rates in SKOV3 cells treated with Indirubin. Transcriptome sequencing 
indicated significant changes in the transcription of various apoptosis-related genes, particularly those involved in 
the mitochondrial apoptosis pathway, such as Bcl-2-associated X protein (Bax) and Bcl2 associated agonist of cell 
death (Bad). After Indirubin treatment, the mRNA and protein expression levels of mitochondrial channel-related 
genes Cyclophilin D (CyPD), adenine nucleotide translocator 1 (ANT1), and voltage-dependent anion channel (VADC) 
were significantly elevated (all P < 0.05). By regulating the mitochondrial membrane permeability through the Bcl-2 
family members, Indirubin promoted apoptosis in SKOV3 cells. Conclusion: Indirubin inhibits the proliferation and 
promotes the apoptosis of ovarian cancer cells, exerting an anti-tumor effect. Its pro-apoptotic action is closely re-
lated to the mitochondrial apoptosis pathway.
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Introduction

Ovarian cancer is one of the major malignan-
cies affecting the female reproductive system. 
Due to its insidious onset, 70-80% of ovarian 
cancer patients are diagnosed at an advanced 
stage, leading to the highest mortality rate 
among gynecological malignancies [1]. Epithe- 
lial ovarian cancer, the most common patho-
logical type, accounts for approximately 95% of 
malignant ovarian tumors [2]. The management 
of epithelial ovarian cancer involves a combina-

tion of surgical intervention and platinum-bas- 
ed chemotherapy. Despite achieving complete 
remission with first-line treatment, approxi-
mately 70-85% of ovarian cancer patients expe-
rience relapse, with a median survival time 
ranging from 12 to 24 months in cases of recur-
rence [3]. The advent of molecular diagnosis 
and targeted therapy has significantly improved 
the median survival time and overall survival 
time of ovarian cancer patients [4]. Never- 
theless, the application of targeted therapy 
depends on breast cancer susceptibility (BRCA) 
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gene mutation and homologous recombination 
deficiency (HRD) status. Nearly 50% of patients 
cannot benefit from BRAC gene mutation and 
therefore derive limited benefit from targeted 
therapy, particularly in cases of recurrence and 
drug resistance.

Indirubin, an active ingredient isolated from  
the traditional Chinese medicine Qing Dai, is a 
bisindole anti-cancer drug that has demon-
strated inhibitory effects on various types of 
tumor xenografts in animal models [5]. Indiru- 
bin has a variety of biological functions, includ-
ing immunosuppression, anti-inflammatory res- 
ponse, and tumor inhibition. It has been applied 
in the treatment of leukemia and has also 
shown therapeutic potential in breast cancer. 
The role of Indirubin in the treatment of ovarian 
cancer has been preliminarily explored and 
studied. Indirubin exerts its anti-tumor effects 
by inhibiting cell cycle-related kinases such as 
cyclin-dependent kinases (CDKs) and glycogen 
synthase kinase-3β (GSK-3β), thereby sup-
pressing tumor cell proliferation and metasta-
sis, and promoting apoptosis through multiple 
pathways [5, 6]. While its anti-cancer effects 
may involve multiple synergistic mechanisms, 
the precise pathways by which Indirubin inhib-
its ovarian cancer remain unclear.

Our previous study found that Indirubin could 
promote the apoptosis of ovarian cancer SKO- 
V3 cell line [7]. However, the specific mecha-
nism remains elusive. This study focuses on 
the effects of Indirubin on SKOV3 cell line and 
to explore the mitochondrial pathway of apop-
tosis, aiming to elucidate the potential mecha-
nisms by which Indirubin induces apoptosis.

Materials and methods

Cells, instruments, and reagents

Cells: Ovarian cancer SKOV3 cell line was pur-
chased from the Shanghai Institute of Cell 
Biology, Chinese Academy of Sciences.

Instruments: Refrigerators for targeted temper-
atures of -80°C, -20°C, and 4°C (Thermo, USA); 
a biosafety cabinet; autoclave; cell culture dish-
es; centrifuge tubes; cryopreservation tubes; 
cell collection plates; hemocytometer; fluores-
cence inverted microscope; room temperature 
centrifuge; low temperature centrifuge; flow 
cytometer; cell technology instrument; electro-

phoresis apparatus; and membrane transfer 
device.

Reagents: Indirubin was purchased from 
GLPBIO (Good Laboratory Technology Inc., San, 
USA, Cat. No.: GC12975). RPMI 1640 medium, 
fetal bovine serum (FBS), and trypsin were pur-
chased from Gibco (USA). CCK-8 (Cat. No.: 
C0037) and TUNEL apoptosis assay kits (Cat. 
No.: C1089) were purchased from Beyotime 
Biotechnology (Shanghai, China). Primary anti-
bodies were purchased from BIOSS (Beijing, 
China), including rabbit anti-VDAC1 antibody 
(Cat. No.: bsm-52251R), rabbit anti-VDAC anti-
body (Cat. No.: bs-23683R), rabbit anti-ANT-1 
antibody (Cat. No.: bs-6794R), rabbit anti-
Cyclophilin 40/PPID antibody (Cat. No.: bs-
9878R) and rabbit anti-GAPDH antibody (Cat. 
No.: bsm-52262R). Anti-mouse IgG peroxidase 
conjugate was purchased from Zhongshan 
Jinqiao Biotechnology Co., Ltd., (Beijing, China, 
Cat. No.: ZF-0317).

Cell culture

The SKOV3 cell line was cultured in RPMI 1640 
medium containing 10% fetal bovine serum 
and 1% penicillin-streptomycin in a 37°C incu-
bator with 5% CO2. Cells were passaged when 
they reached 80-90% confluence. Due to their 
strong adherence, cells were passaged using 
0.25% trypsin. Drug interventions were per-
formed when the cell density reached 50-60%.

Drug preparation

Indirubin powder was dissolved in dimethyl sulf-
oxide (DMSO) to prepare a 10 mM stock solu-
tion by incubating it at 37°C for 10 minutes and 
ultrasonication for 2 minutes. The stock solu-
tion was stored at -20°C. For experimental use, 
the stock solution was diluted with complete 
RPMI 1640 medium to achieve final concentra-
tions of 0, 0.1, 0.5, 1, 2, 3, 4, 5, 6, 7, and 10 
μM. Cisplatin was prepared in concentrations 
of 0, 0.1, 0.5, 1, 5, 10, 15, 20, 25, and 30 μM. 
Adriamycin as prepared in a concentration gra-
dient of 0, 0.25, 0.5, 0.75, 1, 1.25, 1.5, 1.75, 2, 
3, 4, 5, 6, 7, 8, 10 μM. Paclitaxel was prepared 
in a concentration gradient of 0, 0.01, 0.05, 
0.1, 0.5, 1, 5, 10, and 20 μM.

Transcriptome sequencing

SKOV3 cells were seeded in 25 ml culture 
flasks, with control (normal culture) and experi-
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mental (Indirubin treatment) groups, each hav-
ing three replicates. After 24 hours of incuba-
tion, cells were treated with complete medium 
or medium containing 10 μmol/L Indirubin for  
4 hours. Cells were collected, lysed with 1 ml 
Trizol (TaKaRa, Dalian, China) per flask, and 
stored in liquid nitrogen before being sent to 
Novogene for sequencing.

CCK-8 cell viability assay and MTT assay

SKOV3 cells were seeded in 96-well plates at  
a density of 3 × 103 cells per well and cultured 
for 24 hours to allow adherence. Cells were 
then incubated with Indirubin, Cisplatin, Adria- 
mycin and Paclitaxel at gradient concentra-
tions. 20 μl CCK-8 solution was added to each 
well of the plate containing Cisplatin, Adria- 
mycin, and Paclitaxel medium. 20 μl MTT solu-
tion was added to each well of the plate con-
taining indirubin medium. The 96-well plate 
containing CCK-8 solution was incubated in an 
incubator until the OD value of the control 
group was between 0.8 and 1.2. The 96-well 
plate containing MTT solution was incubated in 
the incubator for 3 hours, then immediately 
removed and added with 100 μl of the solution 
and placed on the shaker for 5 minutes before 
detection. For the CCK-8 assay, the OD value of 
cells at 450 nm was detected by microplate 
reader. For the MTT assay, the OD value of cells 
at 490 nm was detected. Cell viability was cal-
culated using the formula: cell viability (%) = (A 
(substance) - A (blank))/(A (0 substance) - A 
(blank)) × 100.

Flow cytometry

SKOV3 cells were seeded and incubated until 
they reached 50-60% confluence, then treated 
with Indirubin at gradient concentrations (0, 2, 

5 μM) for 24 hours. Cells were digested with 
EDTA-free trypsin to prepare a suspension of 1 
× 106 cells/ml. After three washes with PBS, 
the cells were stained using the TUNEL one-
step apoptosis assay kit according to the man-
ufacturer’s instructions, with 50 μl of staining 
solution added per sample and incubated at 
37°C in the dark for 30 minutes. After three 
PBS washes, the cells were resuspended in 
100 μl PBS and analyzed using a flow cytome-
ter (BD Biosciences, San Jose, CA, USA). Data 
were analyzed using CellQuest Pro and BD 
associated software. The apoptosis rate was 
calculated as: apoptosis rate = (early apoptosis 
cells) + (late apoptosis cells)/(total cells) × 
100%.

Immunofluorescence

SKOV3 cells were seeded on a round cell slide, 
with the control group (Indirubin concentration: 
0 μM) and the experimental group (Indirubin 
concentration: 10 μM). The cells were permea-
bilized using Triton X-100. Apoptosis was ob- 
served under a fluorescence microscopy after 
staining with Cy3 (red fluorescence) and DAPI 
(blue fluorescence).

qRT-PCR

SKOV3 cells were seeded and incubated until 
they reached 50-60% confluence, followed by 
treatment with Indirubin at gradient concentra-
tions (0, 2, 5, 10, 20 μM) for 24 hours. Total 
RNA was extracted using the TRIzol kit, and 2 
μg of RNA was reverse-transcribed into cDNA. 
β-actin was used as the reference gene. The 
qRT-PCR mixture (20 μl) contained 10 μl 2× TB 
Green Premix Ex Taq II, 100 ng cDNA, 0.8 μl 
forward and reverse primers (10×), and sterile 
enzyme-free water to a final volume of 20 μl. 

Table 1. Primer sequences for the target genes
Oligo name Sequence (5’ to 3’)
GAPDH F: GGAGCGAGATCCCTCCAAAAT

R: GGCTGTTGTCATACTTCTCATGG
Cyclophilin D, CypD F: CGCTTTCCTGACGAGAACTTT

R: TCTTTGACGTGACCGAACACA
Adenine nucleotide translocase 1, ANT1 F: CTCTCCTTCTGGAGGGGTAAC

R: GAACTGCTTATGCCGATCCAC
Voltage-dependent anion channel 1, VDAC1 F: CTGACCTTCGATTCATCCTTCTC

R: CTCCCGCTTGTACCCTGTC
Voltage-dependent anion channel 2, VDAC2 F: GGCGTGGAATTTTCAACGTCC

R: AGACCATACTCACACCACTTGTA
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Figure 1. The inhibitory effect of Indirubin and commonly used chemotherapeutic drugs on the proliferation of 
SKOV3 ovarian cancer cells under different culture methods. A: SKOV3 cells in plate culture interface (×200). B: 
SKOV3 cells in sphere culture interface (×200). C: MTT assay showed the inhibitory effect of Indirubin, paclitaxel, 
cisplatin and adriamycin on SKOV3 cells by plate culture. D: MTT assay showed the inhibitory effect of Indirubin, 
paclitaxel, cisplatin and adriamycin on SKOV3 cells by sphere culture.

Figure 2. The effect of Indirubin on SKOV3 cell apoptosis detected by immu-
nofluorescence techniques. A: Immunofluorescent staining of SKOV3 cells in-
cubated with complete medium after 24 hours (×200). B: Immunofluorescent 
staining of SKOV3 cells incubated with Indirubin after 24 hours (×200).

The amplification conditions were as follows: 
95°C for 30 seconds, followed by 40 cycles of 
95°C for 5 seconds and 60°C for 20 seconds. 
CT values were recorded, and gene expression 
levels were analyzed using the 2-ΔΔCT method. 
Specific primer sequences for the target genes 
are listed in Table 1.

Western blot analysis

Cells were lysed to extract total protein for 
western blot analysis as previously described 
[7]. Primary antibodies used for immunodetec-
tion included anti-CyPD, anti-ANT1, anti-VDAC1, 
anti-VDAC, and secondary antibodies were anti-
rabbit and anti-mouse IgG peroxidase conju-
gate. GAPDH was used as a loading control. 
The results were quantified by densitometry, 
using Image J software (NIH, Bethesda, MD). 
Results were expressed as a ratio of the protein 

of interest to GAPDH to cor-
rect for variations in sample 
loading.

Statistical analysis

Statistical analysis was per-
formed using GraphPad Prism 
8 (GraphPad Software, San 
Diego, California, USA). Data 
were presented as mean ± 
standard deviation. Analysis 
of variance (ANOVA) was used 
to assess differences in cell 
viability and apoptosis. For 
multiple group comparisons, 
one-way ANOVA was used, fol-
lowed by Tukey’s and Dun- 
nett’s post-hoc tests for pair-
wise comparisons. A P-value 
of < 0.05 was considered sta-
tistically significant.

Results

Indirubin inhibited SKOV3 cell 
viability

SKOV3 cell line was incubated 
with different concentrations 

of Indirubin and the first-line chemotherapeutic 
drugs (Paclitaxel, Cisplatin, Adriamycin) com-
monly used in ovarian cancer therapy. MTT 
assay showed that Indirubin inhibited the viabil-
ity of SKOV3 cells in both plate and sphere cul-
tures (Figure 1A, 1B). The IC50 of Indirubin was 
3.003 μM for plate culture and 4.253 μM for 
sphere culture, which were lower than the IC50 
values of Cisplatin (IC50 of 3.687 μM in plate 
culture and 7.023 μM in sphere culture), dem-
onstrating superior efficacy over Cisplatin in 
inhibiting SKOV3 cells (Figure 1C, 1D).

Indirubin promoted cell apoptosis

Cells were seeded in 6-well plates and allowed 
to adhere. After adhesion, the cells were incu-
bated with complete medium and 10 μmol/L 
Indirubin for 24 hours. In situ staining was per-
formed using the Elabscience TUNEL kit (red 
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Figure 3. The effect of Indirubin at different concentrations on SKOV3 cell apoptosis detected by flow cytometry. A: 
Apoptosis at concentration of 0 μmol/L; B: Apoptosis at concentration of 2 μmol/L; C: Apoptosis at concentration of 
5 μmol/L; D: Quantified results of cell apoptosis. ***P < 0.001.

fluorescence), followed by DAPI counterstaining 
(blue fluorescence). As shown in Figure 2, the 
number of apoptotic cells increased significant-
ly after Indirubin incubation. SKOV3 cells were 
seeded in 10 cm dishes, and after adhesion, 
SKOV3 cells were treated with various con- 
centrations of Indirubin (0, 2, 5 μmol/L) for 24 
hours. Cells were stained with the TUNEL kit 
and analyzed by flow cytometry. The results 
showed a significant increase in apoptosis with 
increasing concentrations of Indirubin (Figure 
3). Compared to the control group, the propor-

tion of apoptotic cells was significantly higher in 
the 2 μmol/L and higher concentration groups 
(P < 0.001). Additionally, compared to the 2 
μmol/L group, the apoptosis rate increased in 
the 5 μmol/L groups (P < 0.001).

Indirubin induced mitochondrial apoptosis

As shown in Figure 4, transcriptome sequenc-
ing revealed significant changes in the expres-
sion of several apoptosis-related genes after 
4-hour incubation with 10 μmol/L Indirubin. 
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Figure 4. Transcriptome sequencing analysis of the impact of Indirubin on the expression of apoptosis-related genes. 
A: Effects of Indirubin on gene expression in ovarian cancer SKOV3 cell line analyzed by Transcriptome sequencing 
analysis; B: Hierarchical clustering analysis of genes with differential expression; C, D: The effects of Indirubin on 
the expression of mitochondrial apoptosis associated genes. *P < 0.05, **P < 0.01.

Hierarchical analysis of these genes revealed a 
significant impact on the mitochondrial apopto-
sis pathway. Specifically, the expression levels 
of BCL2L11 were significantly higher in the 
experimental group (150.19 ± 6.07) compared 
to the control group (103.83 ± 10.57). Addi- 
tionally, expressions of BCL2L12, BAX, BAD, 
DDIT3, DDIT4, and the tumor suppressor gene 
TP53I3 were all elevated (FC=2, all P < 0.05).

Indirubin promoted apoptosis by altering mito-
chondrial membrane permeability

qPCR results showed that the mRNA expres-
sion levels of CypD, ANT1, VADC1, and VADC2 
in SKOV3 cells were significantly elevated in  
the Indirubin-treated groups (0, 2, 5, 10, 20 

μmol/L) compared to the control group (*P < 
0.05, **P < 0.01, ***P < 0.001, ****P < 
0.0001), displaying a dose-dependent relation-
ship, as illustrated in Figure 5.

Western blot was used to examine the protein 
expression of CypD, ANT1, VADC1, and VADC. 
As shown in Figure 6, dose-dependent increa- 
se in the expression of these proteins was 
observed in SKOV3 cells after treatment with 
escalating concentrations of Indirubin (0 μm, 1 
μm, 2 μm, 5 μm, 10 μm, 20 μm) for 6 hours.

Discussion

Ovarian cancer is one of the three major malig-
nant tumors of the female reproductive system, 
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Figure 5. Effects of Indirubin on the expression of mitochondrial membrane 
permeability associated genes. A: mRNA expression of CypD; B: mRNA ex-
pression of ANT1; C: mRNA expression of VADC1; D: mRNA expression of 
VADC2. *P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001.

with an incidence rate second only to cervical 
and endometrial cancer. Globally, approximate-
ly 31,400 new cases and 207,000 deaths 
occur annually worldwide due to ovarian cancer 
[8]. The disease is characterized by insidious 
onset and rapid progression, making it the 
deadliest gynecological malignancy [9, 10].

In the 1980s, Indirubin was first used in China 
for the treatment of chronic myeloid leukemia 
(CML), with over 50% of patients achieving par-
tial or complete remission, comparable to stan-
dard treatment with cytotoxic agent busulfan 
[11, 12]. Numerous studies have demonstrated 
that Indirubin has excellent anti-cancer, anti-
inflammatory, and neuroprotective properties 
[13, 14]. Indirubin and its derivatives regulate 
the expression of key molecules such as CDKs, 
GSK-3β, Bax, Bcl-2, c-Myc, matrix metallopro-
teinases (MMPs), and focal adhesion kinase 
(FAK), primarily through signaling pathways  
like PI3K/AKT/mTOR, NF-κB, MAPK, and JAK/

STAT3, thereby exerting anti-
cancer effects [5]. Nam et al. 
found that Indirubin and its 
derivatives (E564, E728, and 
E804) inhibited the prolifera-
tion and promoted the apopto-
sis of breast and prostate can-
cer cells by inhibiting STAT3 
[15]. These drugs may inhibit 
oncogenes such as c-Myc and 
activate Bax, exerting anti-
tumor effects. Additionally, Li 
et al. reported that Indirubin 
promoted apoptosis by alter-
ing the expression of proteins 
such as Bax, Bcl-2, and PARP, 
while also inducing autophagy 
by upregulating the expres-
sion of LC3BI, LC3BII, ATG12, 
and ATG5 [16].

It is well established that the 
activation of mitochondrial 
apoptosis pathway is a prima-
ry mechanism through which 
cells undergo damage in res- 
ponse to external stressors or 
drugs [17]. Our previous stud-
ies found that Indirubin can 
inhibit the proliferation of ova- 
rian cancer cells and promote 
their apoptosis [7]. To further 

explore the mechanism of Indirubin-induced 
apoptosis, we performed transcriptome se- 
quencing and hierarchical analysis of apopto-
sis-related genes. We discovered that Indirubin 
significantly affected mitochondrial apoptosis-
related molecules, leading to increased expres-
sion of pro-apoptotic genes such as BCL2L12, 
BAX, and BAD after Indirubin treatment.

The Bcl-2 family is an important group of mito-
chondrial apoptosis regulators, divided into two 
categories based on their function and struc-
ture: anti-apoptotic members (e.g., Bcl-2, Bcl-xl, 
Bcl-w, Mcl-1) and pro-apoptotic members (e.g., 
Bax, Bad, Bid, Bak) [18-22]. Bcl-2 proteins are 
located in the mitochondria, endoplasmic retic-
ulum, and nuclear outer membrane, primarily 
on the mitochondrial membrane, where they 
regulate transmembrane channels or the mito-
chondrial permeability transition pore (MPTP), 
activating caspases and leading to apoptosis 
[23, 24]. The mitochondrial PT pore is com-
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Figure 6. Effects of Indirubin on the expression of mitochondrial membrane permeability associated proteins. (A) 
Representative western blots for CypD, ANT1, VADC1, and VADC in SKOV3 cells treated with various concentrations 
of Indirubin (0, 1, 2, 5, 10, 20 μmol/L); (B-E) Quantified expression levels of CyPD (B), ANT1 (C), VDAC1 (D) and VDAC 
(E). *P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001.

posed of proteins such as adenine nucleotide 
translocator (ANT) in the inner mitochondrial 
membrane and voltage-dependent anion chan-
nel (VDAC) in the outer membrane, regulated  
by multiple mitochondrial proteins [25, 26]. 
Cyclophilin D (CypD), a peptidyl-prolyl cis-trans 
isomerase, plays a crucial role in MPTP forma-
tion and regulation [27]. CypD is a convergence 
point for various cell death pathways, making  
it a key regulator of apoptosis across diffe- 
rent disease conditions. Our qPCR analysis of  
mitochondrial channel proteins ANT1, VDAC1, 
VDAC2, and CypD revealed an increasing trend 
in gene expression, suggesting that Indirubin 
may promote apoptosis by upregulating the 
expression of pro-apoptotic Bcl-2 family mem-
bers such as Bax and Bid, thereby regulating 
mitochondrial membrane permeability.

In conclusion, Indirubin inhibits the prolifera-
tion and induces the apoptosis of ovarian can-
cer SKOV3 cell line. The underlying mechanism 
may involve altering mitochondrial membrane 
permeability, thereby inducing mitochondrial 
pathway apoptosis. This study provides valu-
able experimental evidence for the potential 
use of Indirubin in the treatment of ovarian 
cancer.
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