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Abstract. Ailanthone (AIL) is a major quassinoid extracted 
from the Chinese medicinal herb, Ailanthus altissima, which 
has been reported to exert anti‑proliferative effects on various 
cancer cells. The present study aimed to investigate the anti‑
tumor effects of AIL on HCT116 and SW620 colon cancer 
cells, and to analyze the underlying molecular mechanisms. 
CCK‑8 assay was used to detect cell viability. Furthermore, 
colony formation and Transwell assays, and flow cytometry 
were used to examine the effects of AIL on cell proliferation, 
apoptosis and migration. Finally, the expression levels of cell 
cycle control proteins, and caspase and Bcl‑2 family‑related 
proteins involved in the regulation of apoptosis, as well as those 
of cell migration‑ and pathway‑related proteins were examined 
using western blot analysis. Reverse transcription‑quantitative 
PCR was used to quantitatively analyze the changes in the 
JAK and STAT3 gene levels in each group. The in vitro cell 
function tests revealed that AIL inhibited the proliferation and 
migration, and induced the apoptosis and cell cycle arrest of 
HCT116 and SW620 cells. It was further found exerted these 
effects via the JAK/STAT3 signaling pathway, as well as 
through caspase and Bcl‑2 family proteins. On the whole, the 
present study demonstrates that AIL suppresses the activity of 
colon cancer cells via the STAT3 pathway.

Introduction

Colorectal cancer (CRC) is the third most common type of 
cancer worldwide. Statistical data from 2018 indicated that 
there were >1.8 million new cases of CXRC worldwide, and 
>880,000 patients succumbed to the disease. This accounts for 
10.2 and 9.2% of new cancer patients and cancer‑related deaths, 
respectively (1). Chemotherapy is one of the main treatments 
for CRC. However, it is associated with several side‑effects, 
such as nephrotoxicity, cardiotoxicity, gastrointestinal reac‑
tions, neurotoxicity and bone marrow suppression. Long‑term 
multiple chemotherapy often leads to the accumulation of toxic 
side‑effects and to an increase in drug resistance, which is the 
main reason for the failure of chemotherapy (2). At present, 
there is still a lack of effective chemotherapeutic drugs with 
low toxicity. As the source of numerous anticancer agents, 
the extracts of natural plants exert minimal side‑effects and 
can prevent resistance to chemotherapeutic drugs to a certain 
extent (3).

Ailanthus  altissima is a plant of the genus Ailanthus 
in the family Simaroubaceae, commonly known as tree of 
heaven (4). It can be found worldwide, essentially in countries 
with a temperate climate. As a type of traditional Chinese 
medicine, it has a long history of use in China. It can be used 
in the treatment of diseases, such as inflammation, malaria, 
allergy, tuberculosis, ulcers, amoebiasis, viral infections, HIV 
and cancer (5). The medicinal ingredient is considered to be 
Ailanthone (AIL), a water‑soluble quassinoid, and is mainly 
extracted from the bark of this plant (chemical structure 
shown in Fig. 1A). AIL was first isolated in 1955 (6) and its 
structure was clarified in the early 1980s (7). A number of 
in vitro studies have demonstrated that AIL exerts anticancer 
effects on a variety of cancer cells, such as lung cancer (8), 
melanoma (9), bladder (10), stomach (11), prostate (12) and 
liver cancer  (13), etc. In these tumor cells, AIL plays an 
anticancer role mainly through the inhibition of proliferation, 
the induction of apoptosis and autophagy, and by mediating a 
variety of molecular targets and signaling pathways to exert 
anticancer effects.

To date, at least to the best of our knowledge, there is 
no relevant research available the effects of AIL on CRC. 
Therefore, the present study used the HCT116 and SW620 CRC 
cells to observe the effects of AIL on the proliferation, apop‑
tosis and cell cycle distribution of AIL these cells. Moreover, 

Ailanthone suppresses the activity of human colorectal 
cancer cells through the STAT3 signaling pathway

HAIXIANG DING,  XIUCHONG YU  and  ZHILONG YAN

Department of Gastrointestinal Surgery, The Affiliated Hospital of Medical School of 
Ningbo University and Ningbo First Hospital, Ningbo, Zhejiang 315010, P.R. China

Received October 26, 2021;  Accepted December 3, 2021

DOI: 10.3892/ijmm.2021.5076

Correspondence to: Dr Zhilong Yan, Department of 
Gastrointestinal Surgery, The Affiliated Hospital of Medical School 
of Ningbo University and Ningbo First Hospital, 9 Liuting Street, 
Ningbo, Zhejiang 315010, P.R. China
E‑mail: yanzhilong@nbu.edu.cn

Abbreviations: AIL, Ailanthone; CRC, colorectal cancer; JAK, Janus 
kinase; STAT3, signal transducer and activator of transcription  3; 
EMT, epithelial‑mesenchymal transition; CDKs,  cyclin‑dependent 
protein kinases; CKIs, CDK inhibitors; CCK‑8, Cell Counting Kit‑8; 
Bcl‑2, B cell lymphoma‑2; Bax, Bcl‑2‑associated X; MMPs, matrix 
metalloproteinases

Key words: Ailanthone, CRC, STAT3, mechanism, apoptosis, EMT

https://www.spandidos-publications.com/10.3892/ijmm.2021.5076
https://www.spandidos-publications.com/10.3892/ijmm.2021.5076


DING et al:  AILANTHONE SUPPRESS THE ACTIVITY OF HUMAN CRC CELLS2

in order to explore the specific molecular mechanisms of AIL, 
the changes in the expression of cell cycle‑related proteins and 
apoptosis regulatory proteins were examined. It was also found 
that AIL inhibit the activation of the Janus kinase (JAK)/signal 
transducer and activator of transcription (STAT)3 signaling 
pathway. These findings clarify the molecular mechanisms 
of AIL against CRC cells to a certain extent, and provide the 
experimental and theoretical basis for the application of AIL 
in the treatment of CRC.

Materials and methods

Materials, antibodies and reagents. AIL was extracted and 
isolated from Ailanthus altissima. The AIL sample (purity 
≥98%) was provided by Shanghai Yiyan Biotechnology 
Co., Ltd. 5‑Fluorouracil (5‑FU) was obtained from 
MedChemExpress. The Cell Mitochondria Isolation kit 
(cat no. C3601) was purchased from the Beyotime Institute 
of Biotechnology. All the antibodies used in the present 
study were as follows: Antibodies for mouse polyclonal 
β‑actin (cat no.  bsm‑33036M), mouse monoclonal B‑cell 
lymphoma‑2 (Bcl‑2; cat no.  bsm‑33411M), rabbit poly‑
clonal Bcl‑2‑associated X protein (Bax; cat no. bs‑0127R), 
rabbit polyclonal cyclin‑dependent protein kinase  1 
(CDK1; cat no. bs‑1341R), rabbit polyclonal Cyclin B1 (cat 
no. bs‑0572R), rabbit polyclonal STAT3 (cat no. bs‑55208R), 
rabbit polyclonal E‑cadherin (cat no.  bs‑10009R), rabbit 
polyclonal N‑cadherin (cat no. bs‑1172R), rabbit polyclonal 
Vimentin (cat no. bs‑8533R), rabbit polyclonal cytochrome c 
(cat no.  bs‑0013R), rabbit polyclonal voltage‑dependent 
anion‑selective channel (VDAC; cat no.  bs‑7647R) were 
purchased from BIOSS. The antibodies for rabbit monoclonal 
caspase‑3 (cat no. 14220), mouse monoclonal caspase‑9 (cat 
no. 9508), rabbit monoclonal PARP (cat no. 9532), horseradish 
peroxidase (HRP)‑conjugated goat anti‑mouse (cat no. 91196) 
immunoglobulin (Ig)G were obtained from Cell Signaling 
Technology, Inc., and goat anti‑rabbit (cat no. AS014) immuno‑
globulin (Ig)G was purchased from ABclonal Biotech Co., Ltd.

Cells and cell culture. The human CRC cell lines, HCT116 and 
SW620 (cat. no. TCHu 99 and TCHu101), were obtained from 
The Cell Bank of Type Culture Collection of The Chinese 
Academy of Sciences. The human normal colonic epithelial 
cell line, NCM460, was also obtained from The Cell Bank of 
Type Culture Collection of The Chinese Academy of Sciences. 
The HCT116 and NCM460 cells were cultured in RPMI‑1640 
medium supplemented with 10% FBS and 1% PS in a humidi‑
fied incubator containing 5% CO2 and 95% air at 37˚C for cell 
subculture and all the experiments. Under the same conditions, 
the SW620 cells were cultured in L‑15 medium supplemented 
with 10% FBS and 1% PS. Stock solutions of AIL were 
prepared in DMSO, and stored at ‑20˚C. Prior to use, stock 
solutions were immediately diluted to the required concentra‑
tion with complete medium; the terminal concentration of 
DMSO in the culture medium was ≤0.1%.

Cell viability assay. The Cell Counting Kit‑8 (CCK‑8) assay 
obtained from MedChemExpress (cat no. HY‑K0301) was 
used to measure cell viability. 5‑FU was used in the posi‑
tive control. The NCM460, HCT116, SW620 cells in the 

exponential growth phase (5x103 cells/well) were seeded and 
cultured in 96‑well plates for 24 h, and were then treated with 
AIL (0.2, 0.4, 0.8, 1.6 and 3.2 µM) or 5‑FU (0.2, 0.4, 0.8, 1.6 
and 3.2 µM) for 24, 48, 72 and 96 h at 37˚C; each group was 
analyzed 4 times. Subsequently, 10 µl CCK‑8 solution were 
added to each well. Following incubation for 3 h at 37˚C, the 
optical density was measured at a wavelength of 450 nm using 
a microplate reader (SpectraMax M5; Molecular Devices, 
LLC). The relative cell viability was calculated based on the 
optical density value. Prism 9.2 (GraphPad Software, Inc.) was 
then used to calculate the IC50 value based on the relative cell 
viability.

Transwell assay. A 0.4 µm Transwell assay (Costar; Corning, 
Inc.) was used to assess cell migration. In brief, 6x104 CRC 
cells (HCT116 and SW620) were seeded in the upper side 
of the chamber with non‑serum culture medium. The lower 
chamber was filled with 500 µl complete culture medium. The 
chamber was then placed in a humidified incubator at 37˚C for 
24 h. The CRC cells were treated with 0.4 µM AIL for 48 h, 
and the traversed cells (the cells in the lower chamber) were 
then stained with crystal violet (Sinopharm Group Co., Ltd.) at 
room temperature for 3 h and counted microscopically using 
a binocular microscope (Olympus CX23). Five fields were 
randomly selected for calculation of relative migration.

Cell apoptosis analysis. The Annexin‑V‑FITC Apoptosis 
Detection kit [Hangzhou Multi Sciences (Lianke) Biotech Co.] 
was used to analyze cell apoptosis. Following treatment with 
AIL (0.2 and 0.4 µM) for 48 h, 1x105 SW620 and HCT116 cells 
were collected from each sample. The cells were suspended 
in a binding buffer containing 10 µl Annexin‑V‑FITC, and 
then incubated at room temperature in the dark for 30 min. 
Subsequently, 5 µl PI and 200 ml ice‑cold PBS were added, 
and the samples were immediately analyzed using a FACSscan 
flow cytometer (CytoFLEX; Beckman Coulter, Inc.). FITC+ 
and PI‑ cells were considered apoptotic.

JC‑1 staining. The HCT116 and SW620 cells were seeded in a 
6‑well plate at a density of 1x105 cells/well for 12 h, and treated 
with various concentrations of AIL (0, 0.2 and 0.4 µM) for 
48 h. The cells were then collected and resuspended in JC‑1 
(Solebold) for 30 min at 37˚C in the dark. JC‑1 is a type of dye 
that targets the mitochondrion and is used as a reporter for 
membrane potential. It has two states: Monomer and multimer. 
In normal cells, JC‑1 enters the mitochondria and forms red 
fluorescent multimers due to the increase in the concentration. 
In apoptotic cells, the mitochondrial membrane potential is 
lost, JC‑1 is released from the mitochondria, the concentration 
decreases, and it turns into a green fluorescent monomer form. 
Therefore, the changes in mitochondrial membrane potential 
were quantified by detecting green and red fluorescence using 
a flow cytometer (CytoFLEX; Beckman Coulter, Inc.).

Cell cycle distribution analysis. The cells were seeded in a 
6‑well plate at a density of 1x106/ml and treated with AIL 
(0.2 and 0.4 µM) for 48 h. Following treatment, the cells were 
collected and resuspended in 0.5 ml PBS, fixed with 70% cold 
ethanol at ‑20˚C overnight, and then mixed with 1 ml DNA 
staining solution and incubated at 0˚C for 30 min. The cell 
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cycle distribution was then analyzed using a flow cytometer 
(CytoFLEX; Beckman Coulter, Inc.).

Isolation of mitochondria from cells. The cells were collected 
and washed with PBS, and were pelleted by centrifugation at 
600 x g for 5 min at 4˚C. After the supernatant was discarded, 
1.5 ml mitochondrial separation reagent (cat no. SM0020; 
Beijing Solarbio Science & Technology Co., Ltd.) was added 
to resuscitate the cells, and the cells were then placed in an ice 
bath for 15 min. The cells were homogenized 15 times using 
a homogenizer (cat no. YA0856; Beijing Solarbio Science 
& Technology Co., Ltd.), and the cell homogenate was then 
centrifuged at 800 x g for 10 min at 4˚C. As a final step, the 
supernatant was transferred to another tube and centrifuged 
again at 11,000 x g for 10 min at 4˚C. Finally, the precipitate 
obtained was the separated mitochondria.

Western blot analysis. Following treatment with AIL (0.2, 0.4, 
0.8, 1.6 and 3.2 µM) for 48 h at 37˚C, the HCT116 and SW620 
cells were washed twice with ice‑cold PBS and suspended in 
lysis buffer (cat no. R0020; Solarbio Biotech Co., Ltd.) on ice 
for 30 min. The lysates were then cleared by centrifugation 
at 12,000 x g for 15 min at 4˚C. Subsequently, the Bradford 
protein assay kit (cat no. P0006; Beyotime Biotech Co., Ltd.) 
was used to measure the total protein concentration of each 
sample. A total of 50 µg protein samples from each group 
were separated by 12% SDS‑PAGE and were then transferred 
onto polyvinylidene fluoride membranes (MilliporeSigma). 
The membranes were then blocked with 5% non‑fat dry 
milk dissolved in TBS containing 0.05% Tween‑20 (TBST) 
at room temperature for 1 h, and were then washed three 
times with TBST. Subsequently, the membranes were incu‑
bated with the primary antibodies (1:1,500) overnight at 4˚C. 
After washing three times with TBST, the membranes were 
incubated with HRP‑conjugated goat anti‑mouse (1:2,000) 
or anti‑rabbit (1:2,000) IgG secondary antibodies at room 
temperature for 1 h. The immunoreactive bands were visual‑
ized with chemiluminescent substrates (cat no. K‑12045‑D50; 
Advansta Scientific, Inc.) using an X‑ray film processor (Clinx 
ChemiScope 3000Mini; Clinx Science Instruments Co., Ltd.). 
β‑actin and VDAC were used as loading controls. The experi‑
ment was independently repeated three times, and ImageJ 
software (version 1.8.0; National Institutes of Health, USA) 
was used for densitometric analysis of the protein bands.

Total RNA extraction and reverse transcription‑quantitative 
PCR (RT‑qPCR). To detect the relative expression levels 
of JAK and STAT3, RT‑qPCR was performed. Briefly, 
the HCT116 and SW620 cells were treated with various 
concentrations (0, 0.2 and 0.4 µM) of AIL for 48 h. Total 
RNA from was then extracted from the CRC cell lines using 
TRIzol® reagent (Invitrogen; Thermo Fisher Scientific, Inc.) 
as per the manufacturer's instructions. The extracted RNA 
was then converted into cDNA using the GoScript Reverse 
Transcription System (Promega Corporation) using following 
the steps: i) Denaturation of the template into single strands; 
ii) annealing (25˚C, 5 min) of primers to each original strand 
for new strand synthesis; and iii) extension (43˚C, 55 min) 
of the new DNA strands from the primers. Subsequently, 
qPCR was performed using GoTaq® 2‑Step RT‑qPCR System 

(Promega Corporation) by applying a Stratagene MX3005P 
qPCR System (Agilent Technologies, Inc.) using 5 µl cDNA. 
The primer sequences used were as follows: JAK forward, 
5'‑TCT​GGG​GAG​TAT​GTT​GCA​GAA​‑3' and reverse, 5'‑AGA​
CAT​GGT​TGG​GTG​GAT​ACC​‑3'; STAT3 forward, 5'‑GAG​
AAG​GAC​ATC​AGC​GGT​AAG​‑3' and reverse, 5'‑CAG​TGG​
AGA​CAC​CAG​GAT​ATT​G‑3'; and human GAPDH (used as an 
internal control) forward, 5'‑AAG​GTG​AAG​GTC​GGA​GTC​
AA‑3' and reverse, 5'‑AAT​GAA​GGG​GTC​ATT​GAT​GG‑3'. 
ΔΔCq values were calculated to reflect the expression of JAK 
and STAT3 (14).

Statistical analysis. All data were analyzed using SPSS 
software (version 18.0; SPSS, Inc.). All statistical graphs are 
constructed using Prism 9.2 (GraphPad Software, Inc.). All 
the experiments were conducted in triplicate, and all data 
are expressed as the mean ± SD. An unpaired Student's t‑test 
was used to compare differences between two groups. The 
statistical significance of the differences among more than two 
groups were analyzed using one‑way ANOVA and a Tukey's 
post hoc test. P<0.05 was considered to indicate a statistically 
significant difference.

Results

AIL inhibits CRC cell proliferation. CCK‑8 assay was used 
to detect the effects of AIL on the growth of the HCT116, 
SW620 and NCM460 cells treated with AIL (0‑3.2 µM) or 
5‑FU (0‑3.2 µM) for 24, 48, 72 and 96 h at 37˚C. AIL inhibited 
the viability of these three cells in a dose‑ and time‑dependent 
manner (Fig. 1B‑D). The half maximal inhibitory concentra‑
tion (IC50) values of AIL in the HCT116 cells at 24, 48 72 
and 96  h were 1.79±0.139, 1.147±0.056, 0.603±0.067 and 
0.449±0.021 µM, respectively. The half maximal inhibitory 
concentration (IC50) values of AIL in the SW620 cells at 24, 
48 72 and 96 h were 3.255±0.479, 2.333±0.23, 1.01±0.079 
and 0.834±0.066 µM, respectively. Cells treated with 5‑FU 
were considered as the positive control group; 5‑FU also 
inhibited the growth of these two CRC cells in a dose‑ and 
time‑dependent manner (Fig. 1E and F). The IC50 values 
of 5‑FU in the HCT116 cells at 24, 48 72 and 96 h were 
4.511±0.572, 1.691±0.355, 0.576±0.045 and 0.358±0.011 µM, 
respectively. The IC50 value of 5‑FU in SW620 cells at 24, 
48, 72 and 96 h were 5.666±0.259, 4.96±0.61, 3.304±1.059 
and 1.065±0.144 µM, respectively. When comparing the IC50 
values of these two drugs, it was found that the antitumor 
effect of AIL on the CRC cells was similar to that of 5‑FU.

Furthermore, the cytotoxicity of AIL on normal intestinal 
epithelial cells NCM460 was also evaluated. The IC50 values 
at 24, 48, 72 and 96 h were 5.67±0.155, 3.89±0.553, 1.759±0.119 
and 1.314±0.027 µM, respectively (Fig. 1D). It can be seen that 
in the experimental group (0.2 and 0.4 µM), AIL exerted more 
significant cytotoxic effects on the tumor cells than on the 
normal intestinal epithelial cells (Fig. 1G).

AIL inhibits colorectal cancer cell migration. Transwell assay 
was conducted to assess the migratory capacity of the CRC 
cells. As shown in Fig. 2A, the relative migration rate was 
significantly decreased in the AIL group compared with the 
control group (P<0.01 or P<0.001). By performing western blot 
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Figure 2. AIL inhibits the migration of colorectal cancer cells. (A) AIL inhibited the migration of the HCT116 and SW620 cells. (B and C) Changes in the 
expression of EMT‑related proteins (E‑cadherin, N‑cadherin and Vimentin). Data are presented as the mean ± standard deviation, n=3. *P<0.05, **P<0.01 and 
***P<0.001, vs. control (0 h). AIL, Ailanthone. 

Figure 1. Growth‑inhibitory effects of AIL and 5‑FU on the HCT116 and SW620 cells, and the growth‑inhibitory effects of AIL on the NCM460 cells. 
(A) Molecular structure of AIL. (B‑D) AIL exerted inhibitory effects on the growth of HCT116, SW620 and NCM460 cells in a concentration‑ and time‑depen‑
dent manner. (E and F) Effects of 5‑FU induced on HCT116 and SW620 cell growth. (G) Comparison of the IC50 values of AIL in the three cell lines (HCT116, 
SW620 and NCM460) following treatment with AIL for different periods of time (24, 48, 72 and 96 h). Data are presented as the mean ± standard deviation, 
n=3. *P<0.05, **P<0.01 and ***P<0.001, vs. respective control. AIL, Ailanthone; 5‑FU, 5‑fluorouracil. 
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analysis, it was found that the protein levels of N‑cadherin and 
Vimentin were both significantly downregulated in the AIL 
group, as compared with the control group, while E‑cadherin 
expression was significantly upregulated (P<0.05, P<0.01, 
P<0.001 or P<0.0001 Fig. 2B and C). These results demon‑
strated that AIL was able to suppress the migratory capacities 
of the CRC cells.

AIL induces caspase‑dependent apoptosis. To confirm 
the occurrence of apoptosis, an Annexin V‑FITC/PI 
double‑staining assay was performed. As shown in Fig. 3A, 
the percentage of apoptotic HCT116 cells (including early and 
late apoptotic cells) significantly increased with the increasing 
AIL concentration, from 7.90±0.18 to 17.25±0.15%, while the 
apoptotic rate of the SW620 cells increased from 9.97±0.40 to 
30.7±0.77%. It was also found that at the same concentration 

(0.4  µM), the apoptosis‑promoting effects of AIL on the 
HCT116 cells (17.22±0.19%) were more prominent than those 
of 5‑FU (13.41±0.92%). Similar results were obtained for 
the SW620 cells. The apoptosis induction rates of the two 
drugs for the SW620 cells were 30.70±0.77 and 14.22±0.15%, 
respectively.

In addition, compared with the control group, following 
48 h of treatment with AIL (0‑0.4 µM) at 37˚C, the expres‑
sion level of the inhibitor of apoptosis protein, Bcl‑2, in the 
two CRC cells was decreased, while the expression level 
of the apoptosis‑promoting protein, Bax, was increased 
(Fig.  3B and C). Since caspase activation is considered a 
hallmark of apoptosis, western blot analysis was performed 
to examine caspase activation. The levels of cleaved caspase‑9 
and cleaved caspase‑3 were significantly increased in the 
AIL‑treated cells. The expression of the caspase cleaved 

Figure 3. AIL induces caspase‑dependent apoptosis. (A‑a) Detection of the apoptosis of CRC cells (HCT116 and SW620) treated with AIL or 5‑FU for 48 h 
at 37˚C. Early (lower right quadrant) and late (upper right quadrant) apoptotic cells were detected using flow cytometry. (A‑b) Percentage of apoptotic cells. 
(B) Effects of AIL on the mitochondrial membrane potential of CRC cells. (B and C) Changes in the expression of apoptosis‑related proteins (Bcl‑2 and Bax). 
(D and E) Changes in the expression of apoptosis‑related proteins (caspase‑3 and ‑9). Data are presented as the mean ± standard deviation, n=3. *P<0.05, 
**P<0.01 and ***P<0.001, vs. respective control. AIL, Ailanthone; 5‑FU, 5‑fluorouracil; CRC, colorectal cancer. 
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substrate PARP was significantly decreased, which also indi‑
cated caspase activation (Fig. 3D and E).

AIL induces apoptosis through mitochondrial pathways. 
Subsequently, mitochondrial membrane potential was analyzed 
using JC‑1 staining. As shown in Fig. 4A, the JC‑1 red/green 

percentage in the two CRC cell lines decreased following AIL 
treatment.

Mitochondrial dysfunction, can subsequently lead to the 
release of cytochrome c from the mitochondria to the cytosol. 
The increased distribution of cytochrome c in the cytosol 
is considered to be related to the apoptosis induced by the 

Figure 4. Effects of AIL on the mitochondrial membrane potential of colorectal cancer cells. (A‑a) The red‑green percentage of mitochondrial JC‑1 activity 
was determined using flow cytometry. (A‑b) Comparison of red‑green ratio. (B and C) Western blot analysis revealed that the change in the distribution of 
cytochrome c from the mitochondria to the cytosol. Data are presented as the mean ± standard deviation, n=3. *P<0.05, **P<0.01 and ***P<0.001, vs. control 
(no treatment). AIL, Ailanthone.
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caspase cascade pathway (15). Therefore, to further confirm 
this, the effects of AIL on cytochrome c were examined using 
western blot analysis. The results revealed that AIL increased 
the level of cytochrome c in the cytoplasm and decreased its 
expression level in the mitochondria (Fig. 4B and C). These 

results indicate that AIL promoted the mitochondrial‑mediated 
apoptosis of CRC cells.

AIL induces cell cycle arrest by regulating cell 
cycle regulatory proteins. To investigate whether the 

Figure 5. AIL induces cell cycle arrest and inhibits the activation of tumor‑related signaling pathways. (A) Flow cytometry was used to determine the DNA 
content of CRC cells treated with AIL for 48 h at 37˚C. (A‑a) Percentage of cells in each cell cycle phase. (A‑b) Comparison of the percentage of cells in the G2/M 
phase. (B and C) Effect of AIL on cell cycle regulatory proteins (cyclin B1 and CDK1). (D and E) AIL inhibited the expression of STAT3 and JAK proteins. 
(F) Changes in JAK and STAT3 mRNA levels in the two CRC cell lines treated with AIL. Data are presented as the mean ± standard deviation, n=3. *P<0.05, 
**P<0.01, ***P<0.001 and ****P<0.0001, vs. control (no treatment). AIL, Ailanthone; JAK, Janus kinase; STAT3, signal transducer and activator of transcription 3. 
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anti‑proliferative effects of AIL on CRC cells were triggered 
by cell cycle arrest, the cell cycle phase ratio was measured 
using flow cytometry with DNA staining solution. As illus‑
trated in Fig. 5A, compared with the control, AIL treatment 
induced the significant accumulation of cells in the G2/M 
phase. The percentage of HCT116 cells in the G2/M phase 
significantly increased with the increasing AIL concentra‑
tion, from 16.2±0.65 to 23.43±1.22%, and that of SW620 cells 
increased from 3.0±0.34 to 13.41±0.92%. To investigate the 
molecular mechanisms through which AIL inhibited the G2/M 
transition in the tumor cells, the cells were treated with AIL 
and the expression of proteins involved in cell cycle regulation 
was then analyzed. It was found that AIL treatment decreased 
cyclin B1 and CDK1 expression (Fig. 5B and C).

AIL inhibits JAK/STAT3 pathway activation in CRC cells. 
JAK/STAT3 is an important signaling pathway related to 
the occurrence and development of cancer. This pathway can 
be abnormally activated by a variety of upstream signals in 
cells, can regulate EMT‑related genes, and is closely related 
to tumor proliferation, invasion, metastasis and angiogen‑
esis (16,17). It has been confirmed that the activation of this 
pathway is directly related to the development of CRC (18). The 
present study found that AIL treatment inhibited JAK3 and 
STAT3 expression in the two CRC cell lines (Fig. 5D and E). 
Furthermore, the changes in JAK and STAT3 gene levels 
were detected using RT‑qPCR. The results revealed that AIL 
inhibited the expression of the JAK and STAT3 genes in the 
HCT116 and SW620 cells (Fig. 5F).

Discussion

Medicinal plants have long been used in cancer treatment. 
Countries, such as China, Japan and Thailand have used 

traditional medicinal plants in the treatment of cancer for 
thousands of years (19). Several antitumor drugs that have 
been clinically used are derived from plants and have signifi‑
cantly prolonged the survival time of patients. For example, 
vincristine can be used in the treatment of leukemia (20), 
lymphoma  (21), breast cancer  (22), lung cancer  (23) and 
pediatric solid tumors  (24); paclitaxel has also been used 
in the treatment of ovarian, breast, lung, bladder cancer 
and head and neck tumors (25); docetaxel has been used in 
the treatment of breast (26) and lung cancer (27); in addi‑
tion, irinotecan has been used in the treatment of CRC and 
lung cancer (28). Ailanthus altissima has a long history in 
China as a medicinal plant. AIL, one of the primary active 
quassinoids in Ailanthus altissima, has also been reported 
to possess certain anticancer properties in numerous in vitro 
studies (8,9,11,29,30). However, the antitumor activity of AIL 
against human |CRC and its mechanisms of action have not 
yet been elucidated. Therefore, the aim of the present study 
was to examine the effects of AIL on human CRC and to 
elucidate the underlying molecular mechanisms. To the best 
of our knowledge, the present study demonstrates for the first 
time that AIL inhibits the proliferation of CRC cells in vitro. 
The present study also revealed the molecular mechanisms 
through which AIL affects CRC cells and further evalu‑
ated the toxicity of AIL to normal intestinal epithelial cells 
(NCM460); 5‑FU was used as a positive control to reflect the 
advantages of AIL.

The findings of the present study demonstrated that AIL 
suppressed the growth of HCT116 and SW620 cells in a 
concentration‑ and time‑dependent manner. In addition, the 
inhibitory effects of AIL on the proliferation of NCM460 cells, 
as well as its cytotoxic effects were less prominent than those 
on the HCT116 and SW620, indicating that AIL exhibited a 
greater sensitivity to tumor cells. Moreover, when comparing 

Figure 6. Mechanisms involved in the suppressive effects of Ailanthone on the activity of human colorectal cancer cells. Bcl‑2, B cell lymphoma‑2; 
Bax, Bcl‑2‑associated X; JAK, Janus kinase; STAT3, signal transducer and activator of transcription 3; EMT, epithelial‑mesenchymal transition. 
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the IC50 values of AIL and 5‑FU, it was found that AIL and 
5‑FU had a similar cytotoxicity.

The majority of the cells in the body of healthy individuals 
are in a quiescent phase, and cells will only re‑enter the cycle 
when and where they are needed. The dysregulation of cell 
cycle progression is also considered a common characteristic 
of cancer, which may lead to excessive or uncontrolled cell 
proliferation (31). Therefore, targeting the regulatory compo‑
nents of the cell cycle machinery is an important strategy for 
the treatment of human malignancies. As previously demon‑
strated, AIL induced the G0/G1 and G2/M phase arrest of B16 
and A375 melanoma cells by downregulating cyclin E and 
cyclin B expression (9). In hepatocellular carcinoma, AIL has 
been shown to induce the G0/G1 phase arrest of Huh7 cells 
by downregulating the expression of cyclin D, cyclin E, and 
CDK2, CDK4 and CDK6 (13). The present study indicated 
that AIL induced the G2/M cycle arrest of HCT116 and SW620 
CRC cells by downregulating the levels of positive regulators 
of the G2/M phase (cyclin B and CDK1), and inhibiting cell 
proliferation.

Apoptosis, also known as programmed cell death, is an 
important terminal pathway of multicellular biological cells. In 
the majority of eukaryotic cells, there are two major apoptotic 
pathways: The death receptor pathway and the mitochondrial 
pathway. The process is highly regulated, which can eliminate 
damaged cells (such as DNA‑damaged cells) and senescent 
cells in an orderly and effective manner to maintain the 
stability of the internal environment (32). The evasion of cell 
death is one of the important characteristics of the malignant 
transformation of normal cells to tumor cells (33). It has been 
found that a variety of novel drugs, such as Bcl‑2 inhibitors 
(ABT‑263, ABT‑737, GX15‑070 and fenretinide) (34), caspase 
activators  (35), caspase inducers (apoptin)  (36), etc. can 
induce tumor cell apoptosis. In the present study, it was found 
that AIL induced cell apoptosis through the mitochondrial 
pathway. The Bcl‑2 protein family is considered to be a switch 
that controls the mitochondrial apoptotic pathway by affecting 
the permeability of the mitochondrial membrane  (37). To 
further investigate the underlying molecular mechanisms 
of AIL‑induced apoptosis, the protein expression levels of 
Bcl‑2, Bax were detected in CRC cells treated with AIL. The 
results of western blot analysis revealed that AIL increased 
the Bax and decreased Bcl‑2 expression, which altered the 
permeability of the mitochondrial membrane, resulting in an 
increase in the amount of cytochrome c in the cytosol, finally 
inducing caspase‑3 and ‑9 activation, as well as apoptosis.

STAT family members are usually divided into two 
subgroups. The first group is involved in T‑cell development 
and IFN‑γ signal transduction and mainly includes STAT2, 
STAT4 and STAT6. The second group is related to embryo‑
genesis, breast development and tumor occurrence, and mainly 
includes STAT1, STAT3 and STAT5 (38). Among them, STAT3 
is considered to be highly related to tumor development. It can 
regulate cell proliferation‑related genes (c‑Myc and cyclin D1), 
anti‑apoptotic genes (Mcl1, Bcl‑xL, Bcl‑2 and survivin), and 
angiogenesis‑related genes (BFGF, HIF‑1α, VEGF and HGF) 
and metastasis and EMT process‑related genes [Snail, Slug, 
Twist1, Vimentin, matrix metalloproteinase (MMP)2, MMP9 
and HMGB1] (16,39). The STAT3 pathway is closely related 
to the occurrence and development of CRC, and the activation 

of this pathway can affect the progression of CRC via several 
mechanisms  (40,41). The activation of STAT3 signaling 
can drive Th17 cells in CRC to secrete cytokines (IL‑17A, 
IL‑17F, IL‑21 and IL‑22) to promote tumor angiogenesis 
and tumorigenesis (42). c‑Myc is an important transcription 
factor that can affect a variety of cell biological functions, 
such as proliferation, differentiation, growth and apoptosis. 
The high expression of c‑Myc is common in CRC, which is 
often associated with a poor prognosis (43). The continuous 
activation of STAT3 activates c‑Myc to promote tumor 
progression. Furthermore, the STAT3 signaling pathway can 
upregulate the expression of the positive cell cycle regulatory 
protein, cyclin D1 (44). STAT3 can induce the expression of 
the anti‑apoptotic proteins, Bcl‑2, Mcl‑1, survivin and Bcl‑xL, 
to inhibit apoptosis and promote proliferation (45,46). The 
activation of the STAT3 signaling pathway can also induce 
the expression of MMPs and EMT regulatory factors (Snail 
and Twist1), and can downregulate E‑cadherin and upregulate 
vimentin expression, thereby enhancing the invasiveness and 
metastatic ability of CRC (47,48). Therefore, targeting the 
STAT3 signaling pathway may be a feasible and effective 
treatment strategy. A number of clinical studies using STAT3 
pathway‑targeting drugs have been performed, such as IL‑6 
inhibitors (siltuximab) (49), JAK inhibitors (ruxolitinib and 
itacitinib) (50,51) and STAT3 inhibitors (OPB‑31121, GRIM19, 
AZD9150 and TTI‑101) (52‑55). In addition, certain naturally 
derived compounds (piperine, matrine, luteolin, curcumin, 
etc.) have been confirmed to target the STAT3 signaling 
pathway and to exert anticancer effects (56‑59). In the present 
study, it was found that AIL significantly inhibited the expres‑
sion of JAK and STAT3 proteins in HCT116 and SW620CRC 
cells. Furthermore, specific primers for JAK and STAT3 were 
designed. In addition, the changes in the mRNA levels of JAK 
and STAT3 were examined following treatment with AIL 
using RT‑qPCR, and found that AIL inhibited the expression 
of the two genes. It was thus demonstrated that AIL inhibited 
the activation of the JAK/STAT3 signaling pathway in the 
HCT116 and SW620 CRC cell lines. In addition, compared 
with the control group, the mRNA levels of JAK1 and STAT3 
were significantly decreased. All these results indicate that 
AIL inhibits the activation of the JAK/STAT3 signaling 
pathway in the HCT116 and SW620 CRC cell lines.

In conclusion, the findings of the present study indicated 
that AIL inhibited the proliferation and migration of HCT116 
and SW620 CRC cells in  vitro, promoted apoptosis and 
exerted inhibitory effects on tumor‑related signaling pathways 
(Fig. 6). These results indicate that AIL may have potential for 
use in the treatment of CRC; thus, it may be worthy of further 
investigation.
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