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Background: 2-dodecyl-6-methoxycyclohexa-2,5-diene-1,4-dione (DMDD) has been reported to have 
good antitumor effects. The aim of this study was to investigate whether DMDD induces apoptosis and 
autophagy in human cholangiocarcinoma (CCA) QBC939 cells and determine its effect on the PI3K/AKT/
mTOR signaling pathway. 
Methods: QBC939 cells were cultured in vitro and changes in cell viability were detected by the Cell 
Counting Kit (CCK8) assay after treatment with different concentrations of DMDD for 24, 48, and 72 h. 
The cells were divided into control and DMDD-treated groups (treated concentrations were 10, 15, and 
20 μM/L), and the cell cycle, apoptosis, and autophagic vesicles were assessed. The expression levels of 
PI3K, AKT, mTOR, microtubule-associated protein 1 light chain 3 beta (LC3-II)/I, Beclin-1, and P62 were 
detected by Western blot. A xenograft mouse model was constructed to detect the effect of DMDD on CCA.
Results: The experimental results showed that DMDD was able to inhibit proliferation, migration, and 
invasion and induce cell cycle arrest and autophagy of QBC939 cells. In addition, DMDD decreased the 
protein expression of PI3K, AKT, and mTOR and increased the expression of LC3-II/I, Beclin-1, and P62. 
In mice, DMDD was able to inhibit the growth of tumors.
Conclusions: DMDD inhibits CCA cell viability and induces cell cycle arrest and autophagy by a 
mechanism that may be related to the downregulation of the PI3K/AKT/mTOR signaling pathway.
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Introduction

Cholangiocarcinoma (CCA) is  a malignant tumor 
derived from bile duct epithelial cells, and is the second 
most common hepatobiliary-related malignancy besides 
hepatocellular carcinoma, accounting for approximately 
15% of all primary liver tumors. It can be divided into distal 
CCA, hilar CCA, and intrahepatic CCA according to the site 
of tumor occurrence from far to near, while 50–60% of cases 
are hilar CCAs (1-3). Epidemiological surveys have shown 
an increasing trend in the incidence and mortality of CCA, 
especially in Asian regions such as Thailand, China, and 
Korea (4). Radical resection is currently the most effective 
treatment for CCA, which has no specific symptoms in the 
early stage, has a low diagnostic rate, and is mostly clinically 
advanced when detected. CCA is prone to malignant biliary 
obstruction with liver metastases and liver failure, thus many 
patients miss the best time for radical surgical treatment (5). 
Most patients are treated with biliary drainage, radiotherapy, 
and chemotherapy, and the therapeutic effect is not 
satisfactory. Although immunotherapy and targeted therapy 
in recent years have shown some efficacy for certain patients, 
the limitations are obvious. As a result, the mortality rate of 
bile duct cancer remains high, and the 5-year survival rate 
after diagnosis is less than 10% (6). Therefore, the search for 
potential antitumor agents is one of the research priorities of 
CCA studies.

Autophagy is a catabolic process that captures and 
degrades damaged proteins and organelles in the  
lysosome (7). Autophagy occurs frequently during 
tumorigenesis and tumor chemotherapy. In general, 
autophagy plays a protective role for cancer cells during 
chemotherapy, which predisposes to tumor resistance and 
thus transformation into refractory cancer (8). At different 
stages of tumor development, autophagy may have opposite 
effects. CCA is a multistep event caused by genomic 
aberrations and dysregulation of signaling pathways (9,10). A 
study has demonstrated a significant increase in the amount 
of autophagy-associated proteins in CCA tissues (11).  
Autophagy can promote tumor cell survival during 
tumor progression by inhibiting the induction of p53 and 
maintaining mitochondrial metabolic function (12,13). 
Signaling pathways such as PI3K/AKT that regulate 
autophagy can significantly regulate epithelial mesenchymal 
transition and subsequently affect the progression and 
metastasis of CCA (14), and these studies confirm the 
close relationship between autophagy and CCA. Current 
studies show that various natural compounds such as 

curcumin and ginsenosides may have an important role 
in cancer prevention by participating in the regulation 
of oxidative stress responses, blocking proliferation, and 
regulating autophagy levels (15,16). Chloroquine and 
its derivative hydroxychloroquine (HCQ) are autophagy 
inhibitors, and more than 3 relevant clinical trials suggest 
that autophagy inhibitors are associated with antitumor 
activity (17,18). The PI3K/AKT/mTOR signaling pathway 
is widely involved in several biological processes such as 
cell proliferation, apoptosis, autophagy, and metabolism. A 
study has found that a variety of natural active ingredients 
exert their antitumor effects by targeting the PI3K/AKT/
mTOR signaling pathway, and targeting autophagy induced 
by this pathway can be an important tool for tumor therapy 
and enhancing chemotherapy sensitivity (19). Studies 
have reported that impaired autophagy regulation is 
closely associated with carcinogenesis, metastasis and poor 
prognosis of bile duct cells and can be an effective anti-
cancer target. Three autophagy-associated long-stranded 
non-coding RNAs have been identified as prognostic 
features of bile duct cancer (20,21).

2-dodecyl-6-methoxycyclohexa-2,5-diene-1,4-dione 
(DMDD) is a quinone extracted from the root of Populus 
tremula, with hypoglycemic, lipid-regulating, and 
inflammation-reducing effects. Recent studies have found 
that DMDD can inhibit the proliferation of breast, lung, 
and bone cancer cells, as well as inhibit the growth of 
breast cancer in mice (22-24). In this study, we investigated 
the effect of DMDD on human QBC939 CCA cells, and 
tentatively demonstrated that DMDD is a novel inducer 
of autophagy and induces autophagy by regulating the 
PI3K/AKT/mTOR signaling pathway in the QBC939 cell 
line. We present the following article in accordance with 
the ARRIVE reporting checklist (available at https://jgo.
amegroups.com/article/view/10.21037/jgo-22-298/rc).

Methods

Drugs and cell culture

Yangtze root DMDD was prepared by our group. The 
human CCA cell line QBC9939 was purchased from 
Shanghai Cell Bank. QBC939 cells were revived and 
inoculated in Dulbecco’s modified Eagle’s medium (DMEM) 
(Biological Industries) containing 10% fetal bovine serum 
(FBS) (BI) and 1% cytochalasin (Solarbio) and placed in a 
cell culture incubator. Cells used for experiments were in 
logarithmic growth phase.

l 
https://jgo.amegroups.com/article/view/10.21037/jgo-22-298/rc
https://jgo.amegroups.com/article/view/10.21037/jgo-22-298/rc
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CCK8 assay for QBC939 cell viability

QBC939 cells at logarithmic growth stage were obtained, 
adjusted to a density of 5×104 cells/mL, and added to 96-
well plates at 100 μL/well. Cells were incubated overnight 
in a CO2 incubator at 37 ℃. The control group and 
experimental group with different concentrations of DMDD 
(5, 10, 20, 40, and 80 μM/L) were set up and incubated for 
24, 48, and 72 h. Then, 10 μL CCK8 solution was added 
and incubation was continued for 2 h. The absorbance value 
of each well was read at 450 nm on an enzyme standard 
instrument. Cell viability (%) = [optical density (OD) 
of experimental group − OD of control group]/(OD of 
control group − OD of blank group) × 100%, and the half-
inhibitory concentration (IC50) of DMDD on QBC939 
cells was calculated.

Scratch assay

The scratch test was performed to assess the migration 
ability of cells. QBC939 cells at logarithmic growth stage 
were obtained, and 1 ml of medium containing 2×105 cells 
was placed into each well of a 6-well plate and incubated in 
an incubator at 37 ℃ and 5% CO2 for 24 h. After the cells 
were spread, a 100 μL pipette tip was used to form a scratch 
on the cells in each well. QBC939 cells were divided into 
control, DMDD low concentration group (DMDD L),  
DMDD medium concentration group (DMDD M), and 
DMDD high concentration group (DMDD H), and then the 
cells in different groups were treated with the corresponding 
concentrations of DMDD in 2% FBS medium for 24 h. 
Finally, the cells were observed under an inverted light 
microscope and photographed and recorded, and the cell 
migration area was calculated by Image J software.

Transwell analysis

Transwell chambers (8 μm pore size, BD) were coated with 
Matrigel (Corning) and then placed in an incubator at 37 ℃ 
for 1 h to make them gel-like. QBC939 cells were treated 
with different concentrations of DMDD for 24 h. Cells 
were collected and resuspended in serum-free medium, then 
300 μL of serum-free medium containing 3×104 cells was 
added to the transwell and 700 μL of medium containing 
10% FBS was added to the lower chamber. After 24 h of 
incubation, the upper chamber was washed with PBS to 
remove the upper chamber cells. Cells were fixed on the 
lower side of the chamber with 4% paraformaldehyde, and 

crystalline violet (0.1%) was applied to stain the cells for 
45 min at room temperature. After washing and drying, 
photographic recording was performed under an inverted 
microscope.

Flow cytometry cell cycle assay

Logarithmic growth phase QBC939 cells were inoculated in 
6-well (3×105 cells) plates for 24 h, and DMDD medium of 
different concentrations was added for 24 h. The cell cycle 
was assessed by flow cytometry according to the Cell Cycle 
and Apoptosis Analysis Kit (Beyotime, C1052, China).

Cellular autophagy vesicle assay

Logarithmic growth phase QBC939 cells were inoculated 
in 6-well (3×105 cells) plates for 24 h. DMDD medium 
of different concentrations was added and incubated 
for 24 h. The Autophagy Staining Assay Kit with 
monodansylcadaverine (MDC) (Beyotime, C3018S) was 
used to detect cellular autophagy quickly and conveniently 
using MDC as a fluorescent probe. Staining was observed 
by fluorescence microscopy with photographs and Image J 
was used to calculate the average fluorescence intensity.

Western blot analysis

Different groups of cells were treated with corresponding 
concentrations of DMDD for 48 h. Then, QBC939 cells 
from different groups were digested and collected separately 
into centrifuge tubes. RIPA cell fast lysate (Beyotime) 
was mixed with protease inhibitor mixture (Beyotime) in 
a 100:1 ratio, and the mixture was used to extract total 
protein. The BCA kit (Beyotime) was used to detect protein 
concentration. After electrophoresis by SDS-PAGE, 
proteins were transferred to PVDF membranes (Millipore, 
ISEQ00010). Membranes were incubated with blocking 
solution at room temperature for 2 h. After washing with 
TrisBuffered Saline and Tween 20, membranes were 
incubated with primary antibodies overnight at 4 ℃. 
TBST washing was followed by the addition of secondary 
antibodies and incubation at room temperature for 2 h. The 
dark room was developed by Enhanced chemiluminescence, 
and grayscale values were analyzed by Image J software. 
β-actin was used as an internal reference. The antibodies 
PI3K, AKT, β-actin, HRP-conjugated Affinipure Goat Anti-
Mouse IgG (H+L), and HRP-conjugated Affinipure Goat 
Anti-Rabbit IgG (H+L) were purchased from Proteintech 
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Group, while mTOR, P62, Beclin 1, and MAP1LC3A 
antibodies were purchased from Sangon Biotech.

Animals

BALB/c mice (male, 5–6 weeks, 20–22 g) were purchased 
from the Animal Center of Guangxi Medical University, 
and all animal experiments were conducted with the 
approval of the Institutional Animal Care and Use 
Committee of the First Affiliated Hospital of Guangxi 
Medical University [No. 2022 (KY-E-031)]. Animal ethics 
review followed the national standard GB/T35892-2018 
published by the Ministry of Science and Technology of 
the People’s Republic of China on the Guidance on the 
Handling of Laboratory Animals and the Guide to Ethical 
Review of Laboratory Animals-Animal Welfare. A protocol 
was prepared before the study without registration.

Establishment of the xenograft mouse model and animal 
management

QBC939 cells were cultured in large numbers to reach 
logarithmic growth phase, followed by digestion and 
collection. In BALB/c mice, 0.1 mL of cell suspension 
containing 1×109 QBC939 cel ls  was transplanted 
subcutaneously in the right axilla to establish a subcutaneous 
transplantation tumor mouse model of bile duct cancer. The 
growth of tumors was measured every other day. When the 
tumor grew to 100 mm3, the mice were randomly divided 
into 4 groups: model group and DMDD-L group (DMDD, 
10 μg/g), DMDD-M group (DMDD, 15 μg/g), and 
DMDD-H group (DMDD, 20 μg/g). Each group contained 
3 mice, and tumor injection treatment was performed on 

alternate days 3 consecutive times. Mice were observed for 
1 week, and then the mice were anesthetized and sacrificed.

Statistical analysis

SPSS 23 software was used to analyze the results. All data 
were expressed as mean ± standard deviation. Univariate 
analysis or the t-test was performed to compare the 
differences between experimental and control groups. 
P<0.05 was considered statistically significant.

Results

Effect of DMDD on the proliferation, migration, and 
invasion of CCA cells

The cell proliferation assay showed that DMDD had a 
significant inhibitory effect on QBC939 cells and showed 
concentration and time dependence (Figure 1). We set up 
subsequent experimental groupings, namely the control 
(CK) group, DMDD L group (10 μM), DMDD M group 
(15 μM), and DMDD H (20 μM) group. The effects of 
DMDD on migration, invasion, and the cell cycle were 
then examined. The results showed that DMDD could 
significantly inhibit the migration and invasion ability of 
tumor cells (Figure 2).

Effect of DMDD on the cell cycle and autophagy of CCA cells

Next, we treated the CCA cell line QBC939 according 
to the above grouped concentrations of DMDD, and 
examined the changes in the cell cycle after treatment 
with different concentrations. With the increase of drug 
concentration, the number of QBC939 cells in G1 phase 
gradually increased and the number of cells in S and G2 
phases gradually decreased (Figure 3), suggesting that 
DMDD significantly induced G1 phase cell cycle arrest 
in QBC939 cells. In addition, we examined the effect of 
DMDD on autophagy in QBC939 cells using MDC as a 
fluorescent probe, and as the drug concentration increased, 
the autophagic vesicles of the cells increased compared with 
the control group (Figure 4).

Effect of DMDD on the PI3K/AKT/mTOR signaling 
pathway in QBC939 cells

Western blot analysis showed that DMDD decreased the 
protein expression of PI3K, AKT, and mTOR and increased 

Figure 1 Effect of DMDD on the proliferation of QBC939 cells. 
DMDD, 2-dodecyl-6-methoxycyclohexa-2,5-diene-1,4-dione.
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the expression of LC3-II/I, Beclin-1, and P62 compared 
with the control group (Figure 5).

DMDD inhibits tumor growth in CCA mice

The success rate of the mouse CCA xenograft model was 
100%. The tumor nodules reached 100 mm3 around day 10. 

The tumor volume increased slowly in the DMDD group, 
while the tumor volume increased significantly in the model 
group (Figure 6).

Discussion

Apoptosis is a programmed cell death process involving 

Figure 3 Effect of DMDD on the cell cycle of cholangiocarcinoma cells. (A,B) The effect of different concentrations of DMDD on the 
cell cycle of QBC939 cells. Compared with the control group, *, P<0.05; ***, P<0.001. DMDD, 2-dodecyl-6-methoxycyclohexa-2,5-diene-
1,4-dione; CK, control; L, DMDD L group; M, DMDD M group; H, DMDD H group; G1, DNA synthesis; S, DNA synthesis; G2, DNA 
synthesis.

Figure 2 Effect of DMDD on the migration and invasion of bile duct cancer cells. (A,B) Effect of different concentrations of DMDD on 
the migration ability of the QBC939 cell line. (C,D) Effect of different concentrations of DMDD on the invasion ability of the QBC939 cell 
line. (A) Cell migration was observed by scanning electron microscopy. (C) Stained with crystal violet. Compared with the control group, *, 
P<0.05; ***, P<0.001. DMDD, 2-dodecyl-6-methoxycyclohexa-2,5-diene-1,4-dione; CK, control; L, DMDD L group; M, DMDD M group; 
H, DMDD H group.
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multiple factors. One of the characteristics of tumor 
cells is the lack of this programmed death process, and in 
this way, the induction of apoptosis becomes a means to 
combat tumors. It was shown that DMDD could inhibit 
cell proliferation and induce cell cycle arrest and apoptosis 
in 4T1 breast cancer cells (24). In addition, it was found 
that DMDD could inhibit apoptosis in HT22 mouse 
hippocampal neurons and improve cognitive impairment 

in diabetes mice (25). The effect of DMDD on CCA cells 
needs to be confirmed. The results of this experiment 
showed that DMDD treatment in QBC939 cells resulted 
in decreased cell viability and cell cycle arrest, suggesting 
that the induction of cell cycle arrest is one of the important 
mechanisms of DMDD inhibition of CCA, which is 
consistent with the current literature reports.

Cancer is the leading cause of death worldwide, and 

Figure 4 Effect of DMDD on autophagic vesicles in cholangiocarcinoma cells. (A,B) Effect of different concentrations of DMDD on 
autophagic vesicles in the QBC939 cell line. Monodansylcadaverine stains the cells. Compared with the control group, **, P<0.01; ***, 
P<0.001. DMDD, 2-dodecyl-6-methoxycyclohexa-2,5-diene-1,4-dione; CK, control; L, DMDD L group; M, DMDD M group; H, DMDD 
H group.

Figure 5 Effect of DMDD on the PI3K/AKT/mTOR signaling pathway in cholangiocarcinoma cells. (A) Western blot analysis. (B-G) 
Expression analysis of PI3K, AKT, mTOR, Beclin-1, P62, and LC3-II/I proteins. Compared with the control group, *, P<0.05; **, P<0.01; 
***, P<0.001. DMDD, 2-dodecyl-6-methoxycyclohexa-2,5-diene-1,4-dione; CK, control; L, DMDD L group; M, DMDD M group; H, 
DMDD H group.
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the incidence of cancer is increasing. Although there 
have been great advances in treatments for cancer, 
their efficacy remains limited (26). Autophagy is an 
evolutionarily conserved lysosomal degradation pathway 
prevalent in eukaryotic cells, through which autophagy 
can remove damaged organelles, maintain the stability of 
the intracellular environment and genome, and suppress 
inflammatory responses and oxidative stress (27). Under 
physiological conditions, cellular autophagic activity is 
sustained at low levels, which helps maintain cell survival 
and energy homeostasis (28,29).  However, certain 
conditions can lead to excessive activation of autophagy. 
Autophagy exerts an inhibitory effect on tumor formation 
by reducing the accumulation of useless or damaged 
organelles and proteins and inhibiting processes such as 
oxidative stress. In this way, promoting autophagic activity 
or even inducing autophagic death in tumor cells can have 
an antitumor effect (30). One of the characteristics of 
autophagy is the production of autophagic vesicles with a 
bilayer membrane structure (31). The results of this study 
showed that after DMDD treatment in cells, the level of 
cellular autophagic vesicles was significantly increased by 
rapid detection using the MDC fluorescent probe. LC3, 
Beclin-1, and P62 are important markers of autophagy and 
can effectively respond to the level of autophagy (32,33). 
The results of Western blot analysis in this study showed 
that DMDD significantly increased Beclin-1, LC3 Ⅱ/I, and 
P62 protein expression compared with the blank control 
group. The above results suggest that DMDD may have the 
effect of inducing autophagy in QBC939 cells.

PI3K/AKT/mTOR is an important signaling pathway 
that regulates cell proliferation, migration, apoptosis, 
and autophagy. PI3K belongs to a family of lipid kinases 
that can be activated by many cytokine receptors. PI3K 
activation leads to AKT phosphorylation, which further 

activates downstream signaling molecules such as mTOR, 
thereby inhibiting autophagy (34). In contrast, mTOR is 
usually highly expressed in tumor cells, and inhibition of 
mTOR function, which inactivates the PI3K/AKT/mTOR 
signaling pathway, induces autophagy (35). Metastasis of 
CCA is an important cause of death in patients, and there 
is no effective method to predict and prevent metastasis 
of CCA. DMDD has a significant inhibitory effect on the 
migration and invasion of QBC939 cells. Blocking this 
cascade reaction may inhibit the migration and invasion of 
CCA cells (36,37). The PI3K/AKT/mTOR pathway is a 
central regulator of cell growth, survival and metabolism, 
and is involved in the development of biliary tract cancer. 
The mutations in PI3K, AKT, mTOR, and alterations 
in gene copy number are associated with poorer survival 
outcomes (38). Several preclinical studies have shown that 
PI3K/AKT/mTOR pathway inhibitors play a therapeutic 
role in biliary tract cancer (39).The results of Western 
blot analysis in this study showed that the expression levels 
of PI3K, AKT, and mTOR gradually decreased with the 
increase of DMDD concentration. The above results 
suggest that DMDD may have an inhibitory effect on the 
PI3K/AKT/mTOR signaling pathway in QBC939 cells. 
The inhibitory effect of DMDD on the migration and 
invasion of QBC939 cells may be through the inhibition of 
this signaling cascade.

There is an increasing number of antitumor studies on 
natural active substances associated with autophagy that are 
possibly involved in tumor immune escape. Ginsenoside 
Rh2, the main active component of ginseng, could inhibit 
cisplatin-induced autophagy and PD-L1 expression in 
tumor cells by increasing superoxide dismutase activity 
to enhance the antitumor function of cisplatin (40). 
Baicalein could increase the expression of autophagy 
initiator BECN1 and the autophagy protein LC3, and 

Figure 6 DMDD inhibits tumor growth in vivo. (A) Tumor images. (B) Tumor volume curve after treatment. DMDD, 2-dodecyl-6-
methoxycyclohexa-2,5-diene-1,4-dione; CK, control; L, DMDD L group; M, DMDD M group; H, DMDD H group.
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downregulate the expression of p-AKT and p-mTOR, thus 
inducing autophagy in breast cancer cells (41). In addition, 
strychnine was found to inhibit tumor cell autophagy 
through the ERK1/2-mTOR signaling pathway, while on 
the other hand, it could promote the proliferation of CD8+ 
T cells and induce immunogenic cell death in mice (42). 
All these studies suggest that some natural active substances 
can induce tumor cell autophagy and may be involved in 
regulating the immune response. In this study, it was found 
for the first time that DMDD can induce autophagy in 
CCA cells, and it may be used as a potential therapeutic 
agent. More anti-tumor mechanisms, as well as whether 
DMDD is involved in regulating immune responses, need 
to be confirmed by subsequent studies. DMDD may be 
helpful in the prevention and treatment of patients with 
CCA, but its application in the clinical setting still requires 
extensive research.

Conclusions

In summary, DMDD significantly induced cell cycle arrest 
and autophagy in QBC939 cells, and the specific molecular 
mechanism may be the inhibition of PI3K, AKT, and 
mTOR protein expression, which in turn downregulates the 
PI3K/AKT/mTOR signaling pathway.
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