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Abstract. The present study assessed the antitumor effect 
of artesunate (ART) in vitro and in vivo, as well as its under-
lying mechanism of action in HCT116 colon cancer cells. An 
MTT assay, DAPI staining, flow cytometry, western blotting, 
immunohistochemistry, transmission electron microscopy and 
TUNEL assay were performed to study the molecular mecha-
nism underlying the antitumor effects of ART in HCT116 colon 
cancer cells. ART was observed to inhibit proliferation by 
inducing the apoptosis of HCT116 cells both in vitro and in vivo. 
Flow cytometry analysis demonstrated that treatment with 2 
and 4 µg/ml ART for 48 h induced early apoptosis in 22.7 and 
33.8% of cells, respectively. In the xenograft tumors of BALB/c 
nude mice, TUNEL‑positive cells increased in the ART group 
compared with that in the normal saline group. Furthermore,the 
associated mitochondrial cleaved‑caspase 3, poly‑ADP ribose 
polymerase (PARP), caspase 9 and Bcl‑2‑associated X protein 
levels increased while B‑cell lymphoma‑2 (Bcl‑2) decreased 
both in the cell and animal ART‑treated group. ART‑treated cells 
also exhibited autophagy induction, as evidenced by increased 
protein expression levels of light chain 3 (LC3) and beclin‑1, 
and the presence of autophagosomes. Notably, pharmacological 
blockade of autophagy activation using hydroxychloroquine 
markedly enhanced ART‑induced apoptosis and increased the 

protein levels of cleaved caspase 3 and PARP, while decreasing 
the levels of LC3 and beclin‑1. These findings suggested that 
the ART‑induced autophagy may have a cytoprotective effect by 
suppressing apoptosis. In conclusion, ART may be a potentially 
clinically useful anticancer drug for human colon cancer. In 
addition, co‑treatment with ART and an autophagy inhibitor 
may be an effective anticancer therapy.

Introduction

Colorectal cancer (CRC) is considered as one of the most 
common malignancies with a high incidence and mortality 
worldwide. It is estimated that 1.4 million individuals were 
newly diagnosed with CRC in 2012, which resulted in 
693,900 mortalities (1). Surgery, chemotherapy and radiation 
treatment are the three main standard therapies for CRC. 
Chemotherapy is an important treatment for cancer, particu-
larly in tumors with a propensity to invade adjacent tissues 
and metastasize to other organs. The introduction of advanced 
surgical and systemic therapeutic options has improved the 
prognosis for CRC over the past few years. However, chal-
lenges remain that require the continued search for novel 
effective and less toxic chemotherapeutic agents for the treat-
ment of colon cancer (2). 

Artesunate (ART), a natural sesquiterpene extracted 
from a Chinese medicinal herb, is recognized as a safe 
compound for treating malaria  (3). It is considered to be 
suitable for drug development due to its aqueous solubility. 
In 1996, Efferth et al  (4) discovered for the first time that 
ART was able to induce tumor cell apoptosis. Currently, the 
potential anticancer effects of ART have been reported in 
numerous tumors, including myelodysplastic syndrome (5,6), 
multiple myeloma (7), chronic myeloid leukemia (8), Burkitt's 
lymphoma  (9), bladder cancer  (10), renal carcinoma  (11), 
cervical  (12), breast  (13), prostate  (14), and head and 
neck (15) cancer, hepatocellular carcinoma (16), esophageal 
cancer (17) and CRC (18). However, the specific mechanism of 
its antitumor activity remain unclear. 

Presently, the ART‑induced tumor cell death has 
been reported to mainly involve apoptosis  (5,16,18,19), 
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autophagy (13), oncosis (11) and ferroptosis (15). Cell death 
signaling is complex, and the different processes function in 
concert. Apoptosis and autophagy are two distinct processes 
that coordinately regulate cell survival and death, and occur 
simultaneously in numerous types of cancer (20). Furthermore, 
these two processes have been identified in CRC (21). 

It has been reported that ART induces apoptosis and 
autophagic excitation of Raji cells in Burkitt's lymphoma (9) 
and suppresses HCT116 cell proliferation through apoptosis 
pathways (18). Therefore, in the present study, the effects of 
ART on apoptosis and autophagy of HCT116 cells were inves-
tigated, and the association between apoptosis and autophagy 
was explored in vitro. In addition, the inhibitory effect of ART 
on subcutaneous xenografts was assessed in nude mice.

Materials and methods

Cells and animals. The human HCT116 CRC cell line was 
routinely cultured at the Centre Laboratory of the Affiliated 
Hospital of Nanjing University of TCM. The cells were 
cultured in RPMI 1640 medium (HyClone; Thermo Fisher 
Scientific, Inc., Waltham, MA, USA) supplemented with 10% 
fetal calf serum (Evergreen; Zhejiang Tianhang Biotechnology 
Co., Ltd, Luoshe, China). The cells were incubated at 37˚C in 
a humidified atmosphere of 5% CO2. 

The experimental animal protocols were reviewed and 
approved by the Animal Ethics Committee of the Affiliated 
Hospital of Nanjing University of TCM (2017‑DW‑11). A 
total of 20 6‑week‑old BALB/c nude mice weighing 18‑22 g 
(no.  201716339) were purchased from Changzhou Cavens 
Laboratory Animal Co., Ltd (Changzhou, China). They were 
maintained under specific pathogen‑free conditions at room 
temperature (23±2˚C) and relative humidity (40‑60%), with 
a12 h light/dark cycle, and their cages, litter, food and water 
were strictly sterilized.

Materials. ART was purchased from Guilin Pharmaceutical 
Co., Ltd. (Guilin, China). According to the manufacturer's 
protocol, ART was dissolved to a concentration of 20 mg/ml 
and then stored at ‑20˚C. Prior to the experiments, the ART 
stock was diluted to the final desired concentrations with 
complete RPMI 1640. 5‑Fu was purchased from Tianjin King 
York Pharmaceutical Co., Ltd. (Tianjin, China).

Antibodies against caspase 3 (cat. no. 9665), caspase 9 
(cat. no. 9502), poly‑ADP ribose polymerase (PARP; cat. no. 9532), 
B‑cell lymphoma‑2 (Bcl‑2; cat.  no.  2876), Bcl‑extra‑large 
(Bcl‑xL; cat.  no.  2764), Bcl‑2‑associated X protein (Bax; 
cat. no. 2772), light chain 3 (LC3)‑I/II (cat. no. 12741), beclin‑1 
(cat. no. 3495), autophagy protein 5 (Atg5; cat. no. 12994), 
Atg12 (cat. no. 4180), β‑actin (cat. no. 4970) and anti‑rabbit IgG 
HRP‑linked Antibody (cat. no. 7074P2) were purchased from 
Cell Signaling Technology, Inc., (Danvers, MA, USA). Primary 
antibody was purchased from Wuhan Servicebio Technology 
Co., Ltd. (Wuhan, China; cat. no. G2025), and the dilution ratio 
used for each antibody was 1:1,000. Hydroxychloroquine sulfate 
(HCQ) was purchased from Selleck Chemicals (Houston, TX, 
USA).

3‑(4,5‑Dimethylthiazol‑2‑yl)2,5‑diphenyl tetrazolium 
bromide (MTT) assay. Cell viability was evaluated using 

an MTT assay. Briefly, the cells were seeded in 96‑well 
plates at a cell density of 4,000 cells/well. Following treat-
ment of the cells with ART at various concentrations (2.5, 
10, 40 and 80 µg/ml) or the control for the indicated time 
(24, 48 and 72 h), the MTT reagent was added to each well 
at a final concentration of 5 mg/ml, followed by incubation 
at 37˚C for 4 h. Next, the medium was removed, and 150 µl 
dimethyl sulfoxide was added to each well. The absorbance 
was measured at 490 nm using a microplate reader (BioTek 
Instruments, Inc., Winooski, VT, USA). The relative cell 
viability was calculated as follows: Relative cell viability 
(%)=(Mean absorbance of the test wells/mean absorbance of 
the control wells) x100. The half maximal inhibitory concen-
tration (IC50) was calculated using SPSS Software based on 
the results of MTT. Ranjan et al (22) identified the IC50 of 
penfluridol was 6.5 µM in Panc‑1 cells following 24 h treat-
ment. Thus, 5 µM and 10 µM around 6.5 µM were selected 
for the study. Wang et al  (23) selected 20 µM and 40 µM 
emodin for the experiment in accordance with the results of 
IC50. In the present experiment, the IC50 of ART on HCT116 
was 2.18 µg/ml following 48 h. When the concentration of 
ART was <1 µg/ml, the inhibition was <30%, so 2 µg/ml was 
selected as the low dosage group, indicating 30‑50% inhibi-
tion. Twice the low dosage was used for the high dosage group 
(4 µg/ml ART), which resulted in >50% inhibition.

Cell morphological changes examined using 4',6‑diamidino‑ 
2‑phenylindole (DAPI) staining. HCT116 cells were treated 
with ART (2 and 4 µg/ml) and 5‑Fu (0.3 µg/ml) for 48 h respec-
tively, fixed with 4% paraformaldehyde for 10 min at room 
temperature and then stained with DAPI (Beyotime Institute 
of Biotechnology, Shanghai, China) for 15 min. Subsequently, 
the cells were observed under an LSM710 microscope (Carl 
Zeiss, Oberkochen, Germany).

Detection of apoptosis using flow cytometry. The apoptosis 
of treated cells was examined using an Annexin V‑FITC/PI 
apoptosis kit (MultiSciences Biotech Co., Ltd., Hangzhou, 
China) according to the manufacturer's protocol. Briefly, the 
cells were collected and washed twice in phosphate‑buffered 
saline (PBS). Cells were then labeled with 500 µl 1X binding 
buffer containing 5 µl Annexin V‑fluorescein isothiocyanate 
(FITC) and 10 µl propidium iodide (PI) in the dark for 5 min. 
Subsequently, apoptosis was detected using a flow cytometer 
(BD Falcon; BD Biosciences, Franklin Lakes, NJ, USA), 
and the Annexin V and PI values were set as the horizontal 
and vertical axes, respectively, for the plot construction. 
Mechanically damaged, late apoptotic, dual negative/normal, 
and early apoptotic cells were located in the upper left, 
upper right, lower left and lower right quadrants of the flow 
cytometric dot plot, respectively.

Transmission electron microscopy (TEM) analysis. HCT116 
cells were postfixed in 2.5% glutaraldehyde for 4 h at 4˚C 
(Wuhan Goodbio Technology Co., Ltd, Wuhan, China), rinsed 
with PBS and then fixed in 1% osmium tetroxide (OsO4; 
Sinopharm Chemical Reagents Co., Ltd., Shanghai, China) in 
0.1 M PBS for 1 h at room temperature. Following dehydra-
tion with ethanol (Sinopharm Chemical Reagent Co., Ltd., 
Shanghai, China), the cells were embedded in Epon resin (Sales 
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Performance International Greater China Co., Beijing, China), 
and ultrathin sections of the selected areas were cut using 
the LKB NOVA ultramicrotome (Leica Biosystems, Solms, 
Germany) using a diamond knife (Daito Me Holdings Co., 
Ltd, Tokyo, Japan). Cells were then stained with a saturated 
solution of uranyl acetate in methanol (50:50) (Sinopharm 
Chemical Reagent Co., Ltd.) for 12 min at 45˚C, followed by 
incubation in an aqueous solution of concentrated bismuth 
subnitrate (Sinopharm Chemical Reagent Co., Ltd.) for 10 min 
at 25˚C. Subsequently, all the sections were examined under a 
Hitachi TEM system (Hitachi, Ltd., Tokyo, Japan).

Animal studies. HCT116 cells in the logarithmic growth phase 
were resuspended and digested to a density of 1x107 cells/ml. 
Each mouse was inoculated with 0.2 ml of the cell suspension 
into the armpit. Approximately 2 weeks after inoculation, 
15 mice that exhibited induration with a diameter of 8‑10 mm, 
which suggested that a successful tumor model was estab-
lished, were randomly divided into three groups. Mice in the 
three groups were administered physiological saline [NS; 
0.2 ml/day, intraperitoneally (i.p.), every other day (qod)], 
5‑fluorouracil (5‑Fu; 12.5 mg/kg, i.p., qod) or ART (100 mg/kg, 
i.p., daily), respectively, for 2 weeks.

Observation of antitumor effects. The daily diet, defecation, 
urination, activity status and tumor growth of the mice were 
observed. Subsequent to treatment, the short‑ and long‑axis 
diameters of the tumors were measured every other day, and 
the tumor volumes were calculated as follows using the Steel 
formula  (17): Tumor volume (V) (cm3)=(long diameter x 
short diameter2)/2. The volume inhibition rate (%) was also 
determined as follows: (1‑Vexperimental group/Vcontrol group) x100%. 
The mice were euthanized on day 14 after drug administra-
tion. The primary tumors were excised, and the tumor volumes 
were measured as V=4/3πr3, where r is the mean radius of three 
measurements. Half of the tumor tissue was fixed in formalin 
for 24 h at room temperature and embedded in paraffin for 
TdT‑mediated dUTP nick end labelling (TUNEL) and immu-
nohistochemical assays, while the other part of the tumor was 
snap frozen in liquid nitrogen and stored at ‑80˚C for western 
blotting analysis.

Immunohistochemistry. Paraffin‑embedded tumor tissue 
samples were cut into 3‑µm sections, deparaffinized and 
subjected to antigen recovery with citric acid buffer (Wuhan 
Servicebio Technology Co., Ltd.) under high pressure for 2 min. 
Following blocking with goat serum (OriGene Technologies, 
Inc., Beijing, China) at room temperature for 10 min, then the 
samples were stained with rabbit anti‑cleaved caspase 3 (1:300), 
anti‑Bax (1:200) and anti‑Bcl‑2 (1:200) antibodies at 4˚C over-
night. 3,3'‑Diaminobenzidine (Wuhan Servicebio Technology 
Co., Ltd.) was used to detect the immunocomplexes, whereas 
hematoxylin was used for nuclear counterstaining. An immu-
noglobulin‑negative control was used to eliminate nonspecific 
binding. The sections were examined by light microscopy 
(Leica Biosystems, Solms, Germany) at x200 magnification. 
Images were analyzed using Image Pro Plus (version 6.0; 
Media Cybernetics, Inc., Rockville, MD, USA). The Integrated 
optical density from three fields of each slice was calculated 
using Intel IPP software (version 6.0; Intel, Mountain View, 

CA, USA). Three fields were selected from the top to the 
bottom of each slice randomly.

TUNEL assay. Sections (3  µm thick) cut from the 
paraffin‑embedded tissue were dewaxed with xylene twice for 
15 min, hydrated using an ethanol gradient (twice with 100% 
for 5 min, then 85% for 5 min and 75% for 5 min), fixed in 4% 
formaldehyde solution for 20 min at room temperature and then 
incubated with proteinase K at 37˚C for 30 min. The TUNEL 
assay kit (Roche Diagnostics, Basel, Switzerland) containing 
TdT was prepared immediately before use according to the 
manufacturer's protocol. Subsequent to washing with PBS, the 
sections were counterstained with DAPI. Apoptotic cells in 
the sections were detected using a microscope (Nikon Corp., 
Tokyo, Japan).

Western blot analysis. The cells and tumor tissues were lysed 
with ice‑cold radio immunoprecipitation assay buffer containing 
a protease inhibitor and phosphatase inhibitors (KeyGen 
Biotech Co., Ltd., Nanjing, China). Protein concentrations were 
determined using a modified bovine serum albumin assay kit 
(Thermo Fisher Scientific, Inc.). Equal amounts of protein (30 µg) 
from each sample were separated using 10% sodium dodecyl 
sulfate‑polyacrylamide gel electrophoresis, followed by transfer 
onto polyvinylidene difluoride membranes (EMD Millipore, 
Billerica, MA, USA) and then incubation with 5% BSA for 1 h 
at room temperature for blocking. The membranes were subse-
quently probed with different primary antibodies (Cell Signaling 
Technology, Inc.) at 4˚C overnight. Next, the membranes were 
washed with Tris‑buffered saline with Tween‑20 (Sangon Biotech 
Co., Ltd. Shanghai, China) and incubated with anti‑rabbit IgG 
HRP‑conjugated antibody. An enhanced chemiluminescence kit 
(EMD Millipore) was subsequently used to detect the immuno-
reactive signals. Image J software (version 2.1; National Institutes 
of Health, Bethesda, MD, USA) was used analyze the results and 
calculate the expression of the protein.

Statistical analyses. The results are expressed as the 
mean ± standard error of the mean. The data were analyzed 
using the t‑test and one‑way analysis of variance. Differences 
among the groups were analyzed using Duncan's multiple 
range test with the SPSS software (version 22.0; IBM Corp., 
Armonk, NY, USA). A value of P<0.05 was considered to 
denote a statistically significant difference.

Results 

ART inhibits the viability and growth of HCT116 cells. The 
structure of ART (Fig. 1A) was derived from the instructions 
of pharmaceutical company. Treatment of HCT116 cells with 
different concentrations of ART for various times inhibited the 
cell viability in a time‑ and concentration‑dependent manner as 
determined by the MTT assay results (Table I). Upon treatment 
with different concentrations, the inhibition rates at 48 and 
72 h were significantly different as compared with that at 24 h 
(P<0.01). Furthermore, at 48 and 72 h, incubation with 40 and 
80 µg/ml ART resulted in significantly inhibited cell viability 
when compared with that observed for the 2.5 and 10 µg/ml 
concentrations (P<0.05), whereas no significant difference was 
observed among the various concentrations at 24 h. (Fig. 1B).
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ART promotes apoptosis in HCT116 cells via the mitochon‑
drial pathway. Treatment of HCT116 cells with 2, 4 µg/ml ART 
and 0.3 µg/ml 5‑Fu for 48 h evidently reduced the number of 
viable cells. The cell morphology was markedly changed, with 

cell elongation and membrane foaming observed (Fig. 1C). 
DAPI staining also revealed the typical apoptotic morpho-
logical changes of nuclear condensation, fragmentation, and 
chromatin shrinkage (Fig. 1D). 

Figure 1. ART inhibits the growth of HCT116 cells and induces apoptosis. (A) Structure of ART. (B) Cell viability of HCT116 cells treated with ART (2.5, 
10, 40 and 80 µg/ml) for 24, 48 and 72 h, determined using an MTT assay. In HCT116 cells treated with 2 and 4 µg/ml ART for 48 h, (C) morphological 
changes were examined using phase‑contrast microscope (magnification, x200), (D) DAPI staining and confocal microscopy were used to assess changes 
in the nucleus, (E) apoptosis was analyzed using flow cytometry, and (F) apoptosis‑associated proteins (including caspase 3, PARP, Bax, Bcl‑2, Bcl‑xL and 
caspase 9) were examined using western blotting. *P<0.01 vs. corresponding inhibition rate at 24 h; #P<0.05 vs. inhibition rates of 2.5 and 10 µg/ml ART at the 
same time point. ART, artesunate; PARP, poly‑ADP ribose polymerase; Bcl‑2, B‑cell lymphoma‑2; Bax, Bcl‑2 associated X protein; Bcl‑xL, Bcl‑extra‑large 
protein; 5‑Fu, 5‑fluorouracil. 
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To further confirm the apoptosis‑inducing activity of ART, 
HCT116 cells were subjected to Annexin V‑FITC/PI staining 
with flow cytometry, while 5‑Fu was used as the positive 
proapoptotic drug. The analysis of the results revealed that 
apoptotic cells accounted for 22.7 and 33.8% of the cells in 
early apoptosis (lower right quadrant) following a 48‑h treat-
ment with 2 and 4 µg/ml ART, while that accounted for 40.5% 
treated with 5‑Fu, respectively (Fig. 1E).

To explore the pattern of ART‑induced apoptosis of 
HCT116 cells, the levels of key proteins involved in mito-
chondria‑associated apoptosis were measured using western 
blotting. As shown in Fig. 1F, procaspase 3 was cleaved to 
active caspase 3 following ART treatment. In addition, ART 
increased the proteolytic cleavage of 116 kDa PARP to its 
89 kDa fragment, which is a hallmark of apoptosis. ART also 
increased the protein expression of Bax and decreased the 
levels of Bcl‑2 and Bcl‑xL, which are mitochondria‑associated 
proteins. The expression of relative proteins was also increased 
in the 5‑Fu group. These findings suggest that ART activates 
mitochondria‑mediated apoptosis in HCT116 cells. 

ART induces autophagy in HCT116 cells. Treatment of 
HCT116 cells with 2 and 4 µg/ml ART for 48 h induced the 
appearance of autophagosomes in the cells (Fig. 2A). The 
protein expression levels of the autophagy‑specific proteins 
beclin‑1 and LC3‑I/II, the level of Atg5 and the complexation 
of Atg12‑Atg5 increased following ART exposure, all the 
protein in 5‑Fu group were not markedly increased (Fig. 2B). 
These findings suggest that ART induced autophagy in 
HCT116 cells.

Autophagy inhibition promotes ART‑induced apoptosis in 
HCT116 cells. HCT116 cells were treated with 4 µg/ml ART, 
4 µg/ml ART + 10 µM HCQ (which is a classic autophagy 
inhibitor)  (22), or 10 µM HCQ. As shown in Fig.  3A, the 
inhibition of autophagy enhanced the ART‑induced inhibition 
of cell proliferation (P<0.05). Furthermore, the examination 
of HCT116 cells in each group using Annexin V‑FITC/PI 
staining with flow cytometry revealed that the early apoptotic 
cells accounted for 13.5% in ART group, but increased to 
21.9% in the ART + HCQ group (Fig. 3B). Examination of 

Figure 2. ART promotes autophagy in HCT116 cells. (A) Transmission electron microscopy images displayed autophagosomes in cells treated with 2 µg/ml 
ART for 48 h. (B) Western blot analysis of cells treated with 2 and 4 µg/ml ART for 48 h was conducted to determine the LC3, beclin‑1, Atg5 and Atg12‑Atg5 
conjugate expression levels. ART, artesunate; LC3, light chain 3; Atg, autophagy protein; 5‑Fu, 5‑fluorouracil. 

Table I. Growth inhibition rate of HCT116 cells at different ART concentrations and incubation times.

	 Cell growth inhibition rate (%)
	‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑
ART concentration (µg/ml)	 24 h	 48 h	 72 h

2.5	 22.95±6.13	 50.40±2.87a	 57.81±1.79a

10	 25.38±5.59	 51.56±6.03a	 63.38±2.07a

40	 27.07±1.34	 63.60±7.19a,b	 79.91±1.60a,b

80	 28.30±4.17	 82.24±5.68a,b	 90.29±3.30a,b

aP<0.01 vs. corresponding inhibition rate at 24 h; bP<0.05 vs. inhibition rates of 2.5 and 10 µg/ml ART at the same time point. ART, artesunate.
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the expression levels of autophagy‑ and apoptosis‑associated 
proteins revealed that cleaved caspase 3 and pro‑PARP levels 
increased, while those of LC3‑I/II and beclin‑1 decreased 
in the ART+HCQ group (Fig. 3C). These results indicated 
that the number of apoptotic cells following ART treatment 
increased when autophagy was inhibited by HCQ.

ART inhibits transplanted tumor growth in mice. The mental 
state of the animals, intake of food and water, urination, 
defecation and other activities were not significantly different 
between the NS, 5‑Fu and ART groups. Compared with the 
control group, the weight of mice in the two treatment groups 
was not significantly different (P>0.05; data not shown). After 
a 14‑day treatment with the test substances, the mean tumor 
volumes of the mice in the ART and 5‑Fu groups were smaller 
compared with those in the control group (Fig. 4A and B). At 
the end of the experiment, the ART and 5‑Fu groups exhibited 
more significant inhibition of tumor growth in comparison 
with that observed in the control group (P<0.01; Fig. 4A, C 
and D)

ART promotes the apoptosis of HCT116 cells in trans‑
planted mouse tumors. To elucidate the mechanism of the 
ART‑induced tumor size and weight suppression, a TUNEL 
assay was performed to examine apoptosis and associated 
protein expression levels in tumor tissues. ART and 5‑Fu 
promoted the apoptosis of the tumor cells of transplanted mice 

as evidenced by the detection of TUNEL‑positive cells with 
increased DNA fragmentation in the ART and 5‑Fu treated 
group compared with that in the NS group (Fig. 5A). The 
immunohistochemical and western blot analyses also revealed 
that the protein expression levels of cleaved caspase 3 and Bax 
increased, while the level of Bcl‑2 decreased in the ART and 
5‑Fu group (Fig. 5B and C). The results further confirmed 
that the antitumor activity of ART in transplanted tumors was 
associated with increased apoptosis.

Discussion

The US Food and Drug Administration‑approved ART is 
currently the most potent antimalarial agent available (24). 
The selective killing of cancer but not normal cells may also 
be a major advantage of ART, which is already known to be a 
generally safe and well‑tolerated drug, even in the fetus during 
the first trimester of pregnancy (25). To fully understand the 
mechanisms of the antitumor actions of ART, the present 
study investigated for the first time the association between 
apoptosis and autophagy in HCT‑116 cells treated with ART.

In the present study, it was observed that ART signifi-
cantly inhibited the proliferation of HCT116 cells after 48 h 
of treatment, whereas the effect was not significant after 
24 h. This result was not consistent with the observations 
of a previous study, indicating ART significantly inhibited 
the cell viability of HCT116 after 24 h of treatment  (18), 

Figure 3. Autophagy inhibition enhances the ART‑induced apoptosis of HCT116 cells. (A) MTT assay of cell viability of HCT116 cells pretreated with an 
autophagy inhibitor (10 µM HCQ; 1 h) followed by ART (4 µg/ml; 48 h). (B) Apoptosis of cells treated with ART (4 µg/ml), ART (4 µg/ml) +HCQ (10 µM), and 
HCQ (10 µM) alone for 48 h was analyzed by flow cytometry. (C) Cells were incubated with ART, ART+HCQ and HCQ for 48 h, and then caspase 3, PARP, 
LC3 and beclin‑1 protein expression levels were determined using western blotting. ART, artesunate; HCQ, hydroxychloroquine sulfate; PARP, poly‑ADP 
ribose polymerase; LC3, light chain 3.
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and a possible explanation for this apparent discrepancy 
may be the different drug sources. In the current study, a 
commercially available injectable formulation was used that 
may contain a number of water‑soluble ingredients, while 
ART as a monomer was used in the previous investigation 
that was purchased from Sigma‑Aldrich (Merck, Darmstadt, 
Germany) (18). 

Apoptosis is an active process of programmed cell death 
that occurs in multicellular organisms, while the mitochon-
drial pathway is an important form of apoptosis. Bax and Bcl‑2 
proteins are members of the Bcl‑2 family, which consists of 
pro‑ and anti‑apoptotic proteins that exert opposing effects on 
the mitochondria (26). Upregulation of Bax and caspase 3, and 
downregulation of Bcl‑2 may result in cell apoptosis (27). Bax 
permeabilizes the mitochondrial outer membrane, releasing 
pro‑apoptotic factors that activate caspases (28), which can 
then active the nuclear protein PARP (29). In the present study, 
HCT116 cell apoptosis following intervention with ART was 
assessed by DAPI staining and flow cytometry in vitro. The 
western blot analysis revealed that the protein expression levels 
of Bax, cleaved caspase 3 and cleaved PARP were increased, 
while those of Bcl‑2 and Bcl‑xL were decreased, which are 
all mitochondria‑associated proteins. In vivo, ART signifi-
cantly inhibited tumor size and weight, and evidently induced 
the apoptosis of transplanted tumor cells by increasing the 
levels of proteins associated with the mitochondrial pathway. 
Therefore, the present study suggested that ART induces the 
apoptosis of HCT116 cells through the mitochondrial pathway, 
which was also observed in other cells, including HepG2 (19), 
Eca109 and Ec9706 cells (17). 

Autophagy is important in normal development and 
cellular response to environmental stimuli. It is an intra-
cellular degradation system that delivers cytoplasmic 
constituents to the lysosome and involves the formation of 
a double‑membrane vesicle, also termed autophagosome. 
Autophagosomes encapsulate the cytoplasm and organelles, 

and fuse with lysosomes, thereby degrading the vesicle 
contents (30). This physiological process is mediated by the 
interaction of various molecules, such as beclin1 and LC3, as 
well as Atg5 and Atg12 (21), which form a conjugate that is 
essential for autophagosome formation (31). In CRC cells with 
high microsatellite instability (such as HCT116 cells), Atg5 
and Atg12 mutations may contribute to the tumor progression 
by deregulating the autophagy process (32). In the present 
study, intracellular autophagosomes were identified using 
TEM, indicating that autophagy occurred in the ART‑treated 
HCT116 cells. In addition, western blotting revealed that the 
levels of LC3‑II, beclin‑1 and Atg5, as well as the Atg5‑Atg12 
conjugate, increased after HCT116 cells were treated with 
ART. These results indicate that ART induced autophagy in 
HCT116 cells, which was also previously reported in breast 
cancer cells (13). 

Autophagy and apoptosis are well‑regulated biological 
processes that have important roles in tumor development 
and progression. Whether autophagy is pro‑tumorigenic or 
antitumorigenic in cancer development and therapy remains 
unclear. Several studies have demonstrated that autophagy has 
an anti‑apoptotic role in numerous types of cancer (33‑36), 
whereas other studies reported its essential pro‑apoptotic role 
in certain cancer tissues (22‑23,37,38). In the current study, 
it was observed that the inhibition of autophagy enhanced 
the ART‑induced inhibition of cell proliferation. In addi-
tion, the percentage of early apoptotic cells increased after 
co‑treatment with ART and HCQ compared with that of cells 
treated with ART alone. Similarly, autophagy and apoptosis 
are closely linked in the expression of specific proteins. The 
inhibition of beclin‑1 by RNAi suppressed autophagic activity 
and proliferation, but promoted apoptosis in the CRC HCT116 
and SW620 cell lines (39). The present study revealed that the 
protein expression of cleaved caspase 3 and PARP increased, 
while that of beclin1 and LC3 decreased in the ART + HCQ 
group compared with cells treated with ART alone. Therefore, 

Figure 4. ART inhibits the growth of transplanted HCT116 cell‑induced tumors. (A) Images of transplanted tumor in the three groups of mice. (B) Volume 
change curve of transplanted tumor with increasing treatment time. (C) Volume of transplanted tumors in the three groups at the end of treatment. (D) Weight 
of transplanted tumor in the three groups at the end of treatment. *P<0.01 vs. NS group; **P<0.01 vs. NS group.
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the results are consistent with those of other published studies, 
demonstrating that autophagy inhibition promotes the apop-
tosis of certain cancer cells (33‑36). 

In conclusion, ART induced apoptosis both in vitro and 
in  vivo, as well as autophagy in HCT116 cells. However, 
autophagy protected HCT116 cells from the apoptosis induced 

Figure 5. ART induces apoptosis in HCT116 cell‑induced tumors in mice. (A) Apoptosis was determined using TUNEL assay in the three groups. Green 
fluorescence indicates TUNEL‑positive cells in the microscopic fields (magnification, x400). (B) Apoptosis‑associated protein expression was determined 
using immunohistochemistry. (C) Western blotting was used to examine the protein expression of cleaved caspase 3, PARP, Bax and Bcl‑2. ART, artesunate; 
PARP, poly‑ADP ribose polymerase; Bcl‑2, B‑cell lymphoma‑2; Bax, Bcl‑2 associated X protein; 5‑Fu, 5‑fluorouracil.
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by ART. These findings provide a basis for further investiga-
tion and development of ART as a potential drug for CRC. 
Furthermore, co‑administration of ART with an autophagy 
inhibitor may improve the efficacy of ART; however, further 
research would be required to verify the antitumor activity of 
ART.
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