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Abstract. Ursodeoxycholic acid (UDCA) is a type of hydro-
philic bile acid extracted from animal bile with a wide range 
of biological functions. The present results demonstrated 
that UDCA could effectively inhibit the proliferation of two 
human melanoma cell line (M14 and A375) with time‑ and 
concentration‑dependence. Following exposure to various 
concentrations of UDCA, M14 cells exhibited typical 
morphological changes and weaker ability of colony forming. 
Flow cytometry analysis demonstrated that UDCA could 
induce a decrease of mitochondrial membrane potential and 
an increase in reactive oxygen species (ROS) levels in M14 
cells. The cell cycle was arrested in the G2/M phase, which 
was confirmed by the decrease of cyclin‑dependent kinase 1 
and cyclinB1 at the protein level. However, when M14 cells 
were treated with UDCA and Z‑VAD‑FMK (caspase inhibitor) 
synchronously, the apoptosis rate of the cells was reduced 
significantly. In addition, it was demonstrated that UDCA 
induced apoptosis of human melanoma M14 cells through the 
ROS‑triggered mitochondrial‑associated pathway, which was 
indicated by the increased expression of cleaved‑caspase‑3, 
cleaved‑caspase‑9, apoptotic protease activating factor‑1, 
cleaved‑poly (ADP‑ribose) polymerase 1 and the elevation of 
B cell lymphoma‑2 (Bcl‑2) associated X protein/Bcl‑2 ratio 
associated with apoptosis. Therefore, UDCA may be a poten-
tial drug for the treatment of human melanoma.

Introduction

Ursodeoxycholic acid (UDCA) is a type of hydrophilic bile 
acid that is produced by intestinal bacteria and accounts for 
only 4% of total bile acids in humans (1). UDCA has been 
reported to reduce the concentration of eosinophilic bile acids 
in bile acids and serum, as well as tumor necrosis factor‑α in 
chronic cholestasis (2). Unlike toxic hydrophobic bile acids 
acting as carcinogens in various organs (the liver, colon and 
gastrointestinal tract), hydrophilic bile acids have long been 
considered as tumor suppressors for hepatocellular and colon 
cancer, as well as a reducer of cholestatic liver diseases (3‑7). 
However, it remains unclear whether UDCA could suppress 
the growth of human melanoma.

Melanoma is the deadliest form of skin cancer and the 
incidence of melanoma in the population has increased steadily 
in recent years: According to the World Health Organization, 
there are 132,000 cases of cutaneous melanoma worldwide each 
year (8), and according to statistics from the American Cancer 
Society, ~9,730 people succumbed to melanoma in the United 
States in 2017 (9,10). The high mortality in melanoma patients 
has prompted novel research on therapies and drugs that increase 
efficacy, but the long‑term survival of melanoma patients remains 
poor (11,12). Therefore, there is an urgent need to identify novel 
therapeutic agents or novel therapeutic strategies to improve the 
outcome of patients with advanced melanoma.

Apoptosis serves an important role in the normal develop-
ment and differentiation of multicellular organisms (13,14). 
Activation of apoptosis in cancer cells may contribute to 
the elimination of cancer cells. The extrinsic and intrinsic 
pathways are the two major pathways regulating apoptosis, 
which are also known as death receptor pathways and mito-
chondrial pathways  (13,15). Mitochondria are two‑layered 
membrane organelles that are present in cells, and are the 
main organelles that maintain homeostasis within cells 
and the main site for aerobic respiration of cells (16). The 
destruction of mitochondria is an important feature of apop-
tosis. Cytoplasmic contraction, extensive plasma membrane 
blistering and nuclear condensation are the morphological 
features of apoptosis, which develops in a caspase‑dependent 
or caspase‑independent manner (17,18). In addition, the ratio 
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of anti‑apoptosis and pro‑apoptotic mitochondrial proteins 
B cell lymphoma‑2 (Bcl‑2) associated X protein (Bax)/Bcl‑2 
determine the susceptibility of cells to apoptosis (19).

In the present study, UDCA suppressed the growth of M14 
cells and induced apoptosis through mitochondrial‑associated 
apoptosis pathways, indicating that UDCA may become a 
potential agent for the treatment of human melanoma.

Materials and methods

Reagents. Dulbecco's modified Eagle's medium (DMEM), 
trypsin‑EDTA, fetal bovine serum (FBS), penicillin and 
streptomycin were obtained from Gibco; Thermo Fisher 
Scientific, Inc. (Waltham, MA, USA). MTT, dimethyl sulf-
oxide (DMSO), Hoechst  33258, acridine orange/ethidium 
bromide (AO/EB), Annexin  V‑fluorescein isothiocyanate 
(FITC)/propidium iodide (PI) apoptosis detection kit, Cell 
Mitochondria Isolation kit, JC‑1, cell cycle assay kit, PI and 
caspase inhibitor Z‑VAD‑FMK were purchased from Sangon 
Biotech Co., Ltd. (Shanghai, China). UDCA, radioimmunopre-
cipitation assay buffer and protease inhibitor were purchased 
from Sigma‑Aldrich; Merck KGaA (Darmstadt, Germany). 
Antibodies were purchased from the following sources: 
Actin (1:10,000; mouse polyclonal; cat. no.  60008‑1‑Ig), 
Bax (1:1,000; rabbit polyclonal; cat. no.  50599‑2‑Ig), 
Bcl‑2 (1:1,000; rabbit polyclonal; cat. no.  12789‑1‑Ig), 
cyclin‑dependent kinase (CDK)1 (1:1,000; rabbit polyclonal; 
cat. no. 19532‑1‑AP), cyclinB1 (1:1,000; rabbit polyclonal; 
cat. no.  55004‑1‑AP), p21 (1:1,000; rabbit polyclonal; cat. 
no. 10355‑1‑AP), matrix metalloproteinase (MMP)‑2 (1:1,000; 
rabbit polyclonal; cat. no. 10373‑2‑AP), caspase‑9 (1:1,000; 
rabbit polyclonal; cat.  no.  10380‑1‑AP), MMP‑9 (1:1,000; 
rabbit polyclonal; cat. no. 10375‑2‑AP), caspase‑3 (1:1,000; 
rabbit polyclonal; cat. no. 19677‑1‑AP), p53 (1:1,000; rabbit 
polyclonal; cat. no. 10442‑1‑AP), poly (ADP‑ribose) polymerase 
(PARP)1 (1:1,000; rabbit polyclonal; cat. no. 13371‑1‑AP), 
and apoptotic protease activating factor (Apaf)‑1 (1:1,000; 
rabbit polyclonal; cat.  no.  21710‑1‑AP) antibodies were 
from Wuhan Sanying Biotechnology (Wuhan, China); 
2',7'‑dichlorofluorescin diacetate (DCFH‑DA), RNase H and 
cytochrome c (1:1,000; mouse polyclonal; cat. no. AC908) 
were from (Beyotime Institute of Biotechnology, Haimen, 
China); and goat anti‑mouse and goat anti‑rabbit secondary 
antibodies conjugated to horseradish peroxidase were from 
Sigma‑Aldrich; Merck KGaA.

Cell preparation. Human normal liver cell line (LO2) and 
melanoma cell lines (M14 and A375) were provided by State 
Key Laboratory of Cellular Stress Biology at the Innovation 
Center for Cell Biology, (Xiamen University, Xiamen, China). 
HaCaT cells were purchased from Shanghai Guan&Dao 
Biological Engineering Co., Ltd. (Jinan, China). LO2, HaCaT, 
M14 and A375 were grown in DMEM supplemented with 10% 
FBS and penicillin (100 U/ml)/streptomycin (100 µg/ml) in an 
incubator at 37˚C and 5% CO2 (v/v). In addition, UDCA was 
dissolved in DMSO to obtain various concentrations (0, 50, 10
0, 150, 200, 250 and 300 µg/ml).

Cell viability assay. Briefly, M14 cells were seeded at a density 
of 5x103 cells/well in 96‑well microplates at 37˚C and 5% CO2 

for 24 h, and then the cells were treated with UDCA at different 
concentrations (0, 50, 100, 150, 200, 250 and 300 µg/ml) at 
37˚C for 24, 48 and 72 h. Subsequently, 20 µl MTT solution 
was added to each well followed by incubation at 37˚C for 4 h. 
Finally, the culture solution was discarded and 150 µl DMSO 
was added to each well. The absorbance value was detected at 
a wavelength of 490 nm using a microplate reader.

Observation of cell morphology changes. A total of 
3x105  M14  cells/well were seeded onto the 6‑well cover-
slips and allowed to adhere at 37˚C and 5% CO2 for 12 h 
prior to treatment with different concentrations of UDCA 
(0, 100, 200 and 300 µg/ml) at 37˚C for 48 h. Subsequently, 
cells were washed with PBS three times and stained with 
AO/EB at room temperature for 10 min. Finally, the cells 
were washed twice followed by observation under fluores-
cence microscopy (magnification, x200). In addition, M14 
cells were washed with PBS, fixed with methanol at room 
temperature for 10 min, stained with Hoechst 33258 at room 
temperature for 7  min and observed under fluorescence 
microscopy (magnification, x200).

Cell colony formation assay. M14 cells were seeded into 6‑cm 
plates (500 cells/plate) and allowed to adhere at 37˚C and 5% 
CO2 for 12 h. The old medium was then discarded and different 
concentrations of UDCA (0, 100 200, and 300 µg/ml) was 
added at 37˚C and 5% CO2 for 48 h. Subsequently, the medium 
containing UDCA was discarded, and cells were allowed to 
culture in new media for two weeks. Finally, the cells were 
fixed with anhydrous ethanol at room temperature for 15 min 
followed by washing with PBS twice, stained with Giemsa at 
room temperature for 15 min, washed with PBS twice, photo-
graphed and colonies were counted manually.

Cell migration assay. M14 cells were cultured at 37˚C in 5% 
CO2 (v/v) until the cells covered the entire bottom of the 6‑well 
plate. The old medium was discarded and a small 10‑µl white 
pipette was used to draw an artificial wound area at the bottom 
of the dish. Following treatment with different concentrations 
of UDCA (0, 100, 200, and 300 µg/ml) at 37˚C and 5% CO2 
for 48 h, the cells were washed, then fixed in pure methanol 
at room temperature for 10 min. The wounds were photo-
graphed under inverted ordinary phase‑contrast microscopy 
(TE2000‑U; Nikon Corporation, Tokyo, Japan) equipped with 
NIS‑Elements (Nikon Corporation; magnification, x200).

Cell cycle distribution analysis. A total of 3x105 M14 cells/well 
were seeded onto 6‑well plates and allowed to adhere at 37˚C 
and 5% CO2 for 12 h and following treatment with different 
concentrations of UDCA (0, 100, 200, and 300 µg/ml) for 
48 h, cells were collected by centrifuging at 1,500 x g at 4˚C 
for 10 min and the precipitations were washed once with PBS. 
The cells were fixed with a pre‑cooled ethanol‑PBS mixture 
(7:3, v/v) at 4˚C for 60  min and washed twice with PBS. 
Finally, 10 mg/ml RNase and 1 mg/ml PI was added followed 
by incubating at 37˚C for 30 min in the dark. Following filtra-
tion of the cells with a 300‑mesh sieve, the cells were detected 
by flow cytometry and processed using the ModFit LT 3.3 
(Verity Software House, Inc., Topsham, ME, USA) analysis 
software.
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Cell apoptosis rate analysis. The apoptosis rate was measured 
using the Annexin V‑FITC/PI Apoptosis Detection kit. M14 
cells were seeded using DMEM at a density of 5x103 cells/well 
in 6‑well microplates at 37˚C and 5% CO2 for 24 h, and then 
the cells were treated with UDCA at different concentrations 
(0, 100, 200, and 300 µg/ml) at 37˚C for 48 h., cells were 
collected and then washed once with PBS; 195 µl binding 
buffer (1X) and 5 µl Annexin V‑FITC was then added to 
each sample, which were then incubated at 37˚C for 15 min. 
Following centrifugation at 1,500 x g at 4˚C for 5 min, 200 µl 
binding buffer (1X) was added to each tube to wash; subse-
quently, 190 µl binding buffer (1X) and 10 µl PI solution was 
added to each tube to resuspend the cells, and incubated at 
room temperature for 15 min. The cell apoptosis rate was 
measured by a FC500 flow cytometer (Beckman Coulter, Inc., 
Brea, CA, USA) within 4 h, and the data was analyzed using 
FCS analysis software (Beckman Coulter, Inc.).

Mitochondrial membrane potential (ΔΨi) analysis. The mito-
chondrial membrane potential changes in treated cells which 
were seeded using DMEM at a density of 5x103 cells/well 
in 96‑well microplates at 37˚C and 5% CO2 for 24 h and 
following by UDCA treatment (0, 100, 200, and 300 µg/ml) 
were measured using a mitochondrial membrane potential 
assay kit (JC‑1). The cells were washed with PBS once, and 
500 µl culture medium was added to each tube to resuspend the 
cells. An equal volume of JC‑1 working fluid was added and 
the tube was inverted several times. The cells were incubated 
at 37˚C and 5% CO2 (v/v) for 20 min and washed twice with 
JC‑1 staining buffer (1X). The cells were resuspended in JC‑1 
staining buffer (1X) at room temperature for 5 min and the 
intracellular mitochondrial membrane potential was detected 
using a FC500 flow cytometer (Beckman Coulter, Inc.) and the 
data was analyzed using FCS analysis software.

Reactive oxygen species (ROS) analysis. A total of 3x105 
M14 cells /well were seeded onto the 6‑well plates and allowed 
to adhere at 37˚C and 5% CO2 for 12 h, following treatment with 
different concentrations of UDCA (0, 100, 200, and 300 µg/ml) 
for 48 h, M14 cells were centrifuged at 3,000 x g at 4˚C for 
5 min, and the pellet was washed once with PBS. Subsequently, 
500 µl 10 mmol/l DCFH‑DA was added to each tube, and the 
cells were resuspended and incubated at 37˚C in 5% CO2 (v/v) 
for 20 min. Cells were then centrifuged at 1,500 x g at 4˚C for 
5 min and the supernatant was discarded. Finally, the cells were 
filtered through a 300‑mesh sieve and active oxygen content 
was determined by a FC500 flow cytometer (Beckman Coulter, 
Inc.) and the data was analyzed using WinMDI 2.9 (The 
Scripps Research Institute, La Jolla, CA, USA).

Z‑VAD‑FMK treatment. M14 cells were plated in 6‑well 
plates as described above, but treated with UDCA (300 µg/ml) 
and Z‑VAD‑FMK (40 µM) alone or in combination. Then 
the morphological changes of these cells were observed and 
changes in apoptosis rate were detected as described above.

Western blot analysis. M14 cells were plated in 6‑well plates 
as described above following treating M14 cells with UDCA 
(0, 100, 200, and 300 µg/ml) at 37˚C and 5% CO2 for 48 h, the 
cells were collected and washed twice. Proteins were extracted 

with RIPA buffer and centrifuged at 20,000 x g for 30 min 
at 4˚C. Total protein concentration was determined using the 
bicinchoninic acid assay protein assay kit (Beyotime Institute 
of Biotechnology). Subsequently, the same amount of protein 
lysates (50 ug/lane) added with loading buffer were sepa-
rated by 10% SDS‑PAGE, which were then transferred onto 
polyvinylidene difluoride (PVDF) membranes. The PVDF 
membranes were blocked with 5% fat‑free milk at 4˚C for 
1 h. Soon afterwards, the membrane was incubated with the 
specific primary antibodies (diluted with ddH2O to 1:1,000) at 
4˚C overnight, and then proteins were visualized with horse-
radish peroxidase‑coupled secondary antibodies (1:10,000) at 
room temperature for 1 h. Finally, the results were detected 
using an enhanced chemiluminescence kit (Pierce; Thermo 
Fisher Scientific, Inc.).

Observation of mitochondria with transmission electron 
microscopy (TEM). A total of 3x105  M14 cells/well were 
seeded onto the 6‑well plates with DMEM and allowed to 
adhere at 37˚C and 5% CO2 for 12 h, following 48 h of UDCA 
treatment (0, 100, 200, and 300 µg/ml) of M14 cells, cells were 
collected and washed, and then fixed in 4% formaldehyde at 
4˚C for 2‑3 h. Next, the specimens were cut into 4‑5 8‑mm3 
samples. Cell pellets were fixed with 2.5% glutaraldehyde in 
0.1 M cacodylate buffer at 4˚C for 2 h followed by washing with 
PBS, fixed with 1% osmium tetroxide at 4˚C for 1 h and then 
dehydrated with alcohol and acetone. Samples were embedded 
at room temperature overnight in spur‑resin, then heated to 
70˚C for 9 h in capsules. Finally, the samples were cut into 
70‑nm‑thick sections using an ultramicrotome, and the speci-
mens were double‑stained with uranyl acetate and lead citrate 
for 10 min each. The sample was observed and photographed 
using a transmission electron microscope (magnifica-
tion, x1,000).

Statistical analysis. All presented data were performed at least 
in triplicate. Data are presented the as mean + standard devia-
tion. Differences between two groups were analyzed using 
Student's t‑test, and one‑way analysis of variance followed by 
Dunnett's multiple comparisons test was applied for more than 
two groups. P<0.05 was considered to indicate a statistically 
significant difference.

Results

UDCA inhibits the proliferation of two human melanoma 
cell lines and the ability of colony formation. To evaluate 
the effects of UDCA (Fig. 1A) on proliferation of M14 cells 
using MTT assays, melanoma M14 cells were treated for 
24, 48 and 72 h with different concentrations of UDCA (0, 50, 
100, 150, 200, 250 and 300 µg/ml). The proliferation rate of the 
treated groups (150, 200, 250 and 300 µg/ml) was significantly 
reduced compared with that of the control group (0 µg/ml 
UDCA) as demonstrated in Fig. 1B. With certain concentra-
tions of UDCA (150, 200, 250 and 300 µg/ml) for 48 h, the 
inhibition rates were 25.65, 56.60, 64.70 and 75.22% compared 
with that of the control group, respectively. However, UDCA 
caused very little toxicity in human LO2 hepatocytes and the 
human keratinocyte HaCaT cells at the same concentration, in 
comparison with M14 cells as demonstrated in Fig. 1C and D.
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Figure 2. UDCA induced morphological changes in M14 cells. (A) Effects of UDCA on the motility of M14 cells. (B) Morphological changes in M14 cell line 
treated with UDCA at different concentrations for 48 h using fluorescence microscopy with AO/EB and Hoechst 33258 staining. UDCA, ursodeoxycholic 
acid; AO/EB, acridine orange/ethidium bromide.

Figure 1. UDCA inhibited cell proliferation and colony‑forming ability in M14 cells. (A) The structure of UDCA. (B) Effect of UDCA on the survival rate of 
M14 cells via MTT assay. (C) Effect of UDCA on the survival rate of LO2 cells using MTT assay. (D) Effect of UDCA on the survival rate of HaCaT cells 
via MTT assay. (E) The clone‑formation of M14 cells treated with different concentrations of UDCA. *P<0.05 and **P<0.01 as compared with control group. 
UDCA, ursodeoxycholic acid.
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To explore whether UDCA could affect the colony‑forming 
ability of M14 cells, 500 M14 cells were seeded into 6‑cm plates 
and then treated with UDCA. As demonstrated in Fig. 1E, 
when the concentration of UDCA was 100 µg/ml, the colony 
forming ability of M14 cells did not change markedly. However, 
when the concentration of UDCA was 200 and 300 µg/ml, the 
colony forming ability of M14 cells was markedly decreased. 
In addition, UDCA could affect the migration ability of M14 
cells, as demonstrated in Fig. 2A.

To confirm whether M14 cells undergo morphological 
changes following UDCA treatment, their morphological 
characteristics were observed with an optical inverted phase 
contrast microscope. As demonstrated in Fig. 2B, M14 cells 
became smaller and more rounded following UDCA treatment 
compared with the control group. Following Hoechst 33258 
staining, the UDCA‑treated cells exhibited brighter blue 
light than that of the control cells, which indicated pyknotic 
and deep‑dyed nuclei. With AO/EB staining, some of the 

UDCA‑treated M14 cells emitted orange and red fluorescence 
whose size was smaller compared with the control group.

In addition, UDCA significantly inhibited the proliferation 
of A375 cells and induced morphological changes following 
UDCA treatment as demonstrated in Fig. 3A and B. In Fig. 3A, 
with different concentrations of UDCA (250 and 300 µg/ml) 
for 48 h, the inhibition rates were 20.61 and 34.47% compared 
with the 0 µg/ml group respectively. In Fig. 3B, A375 cells 
became smaller and more rounded following UDCA treatment 
compared with the control group. Following Hoechst 33258 
and AO/EB staining, A375 cells exhibited typical morpho-
logical changes in apoptosis as in M14 cells. However, UDCA 
exhibited more evident toxicity in M14 compared with A375 
cells at the same concentration and UDCA did not markedly 
affect the migration of A375 cells (Fig. 3C).

These results indicated that M14 cells exhibited marked 
apoptosis‑associated morphological features and the colony 
forming ability was decreased following UDCA treatment.

Figure 3. UDCA inhibited cell proliferation, motility ability and induced morphological changes in A375 cells. (A) Effect of UDCA on the survival rate of the 
M14 cells and A375 cells using MTT assay. *P<0.05 and **P<0.01 as compared with control group. (B) Morphological changes in A375 cell line treated with 
UDCA at different concentrations for 48 h using fluorescence microscopy with AO/EB and Hoechst 33258 staining. (C) Effects of UDCA on the motility of 
A375 cells. UDCA, ursodeoxycholic acid; AO/EB, acridine orange/ethidium bromide.
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UDCA inhibits the migration of M14 cells. Wound healing 
was used to determine whether UDCA could affect the 
migration ability of M14 cells. The results are presented in 
Fig. 2A. Following culture for 96 h, cells in the control group 
quickly migrated to the scratches and the scratches were 
notably compressed. In the 100 µg/ml group, wounds in the 
UDCA‑treated group were similar to those in the control 
group; the wounds in the 200 µg/ml group were larger than 
those in the first two groups and the wounds in the 300 µg/ml 
group were wider still. However, UDCA did not markedly 
inhibit the migration of A375 cells at the same concentration 
in M14 cells (Fig. 3C).

UDCA induces cell cycle arrest in M14 cells. To further explore 
the role of UDCA in inhibiting the proliferation of M14 cells, 
flow cytometry was used to detect the cell cycle distribution 
of M14 cells under different concentrations of UDCA (Fig. 4), 
by detecting the DNA content of cells (20). M14 cells were 
stained with PI following 48 h of UDCA treatment to quantify 
the DNA content of cells. As revealed in Fig. 4A and C, the 
percentage of M14 cells in each phase from the control to the 
UDCA‑treatment groups (100, 200, and 300 µg/ml), respec-
tively, were as follows: G0/G1 phase, 70, 71, 52 and 68%; 
S phase, 25, 22, 32 and 12%; G2/M phase, 5, 8, 15 and 19%. 
The percentage of cells in the G2/M phase increased from 
5 to 19% in a dose‑dependent manner. This result indicated 
that UDCA could induce M14 arrest in G2/M phase.

UDCA induces apoptosis in M14 cells. To distinguish the 
normal, early and late apoptotic cells, flow cytometric analysis 
was conducted by double staining. In Fig. 4B and D, the results 
indicated that the apoptosis rate induced by UDCA presented 
a dose‑dependence from 0‑300 µg/ml. Total proportion of 
apoptotic cells increased to 12.18% of 300 µg/ml‑treatment 
group from the 1.65% of the control. These results indicated 
that UDCA inhibits the growth of M14 cells by inducing apop-
tosis via activation of caspases.

To further confirm the effect of UDCA on M14 cells by 
inducing apoptosis, AO/EB and Hoechst  33258 staining 
were performed to observe the change of cell morphologies. 
AO/EB staining could distinguish apoptotic and necrotic 
cells with different fluorescence. As demonstrated in Fig. 2B, 
the control group exhibited a normal morphology and a pale 
green fluorescence. However, when cells were treated with 
different concentrations of UDCA, the number of cells gradu-
ally decreased and some cells emitted bright green and red 
fluorescence. When UDCA‑treated M14 cells were stained 
with Hoechst 33258, typical apoptotic features were detected 
including chromatin condensation and the destructive frag-
mentation of nuclei as demonstrated in Fig. 2B.

UDCA triggers the generation of ROS in M14 cells. ROS are 
a by‑product of the aerobic metabolism of organisms (21). It 
has previously been demonstrated that active oxygen is closely 
associated with tumor formation, cell cycle and apoptosis (22). 
To detect whether UDCA could induce increased intracellular 
ROS levels in M14 cells, the intracellular ROS level was exam-
ined using flow cytometry (Fig. 5). The mean value of ROS 
was markedly elevated with the increase of UDCA concentra-
tion as demonstrated in Fig. 5A and C. The ROS generation in 

the 300 µg/ml‑treatment group increased by 65.27% compared 
with the control group, which suggested that the increase of 
ROS was one of the main factors of apoptosis.

UDCA induces mitochondrial dysfunction in M14 cells. Flow 
cytometry was used to examine the quantification of ΔΨm in 
M14 cells following treatment with UDCA. The decrease in 
ΔΨm is a hallmark event in early stages of apoptosis (23,24). 
JC‑1, a fluorescent probe widely used to detect mitochondrial 
membrane potential, is able to detect cells, tissues and purified 
ΔΨm (25). When the ΔΨm is high, JC‑1 in the form of a polymer, 
accumulates in the matrix of mitochondria, and produces red 
fluorescence; when the ΔΨm decreases, JC‑1 flows out of the 
mitochondrial matrix in the form of a monomer, producing 
green fluorescence (26). Therefore, the degree of mitochondrial 
depolarization could be quantified by calculating the ratio of 
red‑green fluorescence. As demonstrated in Fig. 5B and D, 
following M14 cells exposed to UDCA for 48 h, there was a 
significant increase of the mitochondrial depolarization from 
1.5 to 27.5% at 300 µg/ml compared with the control. The 
results indicated that each concentration of UDCA could effec-
tively reduce the ΔΨm with dose‑dependence.

Observation of mitochondrial morphology in M14 cells 
treated with UDCA using TEM. In the present study, UDCA 
was used to induce melanoma cell apoptosis. As demonstrated 
in Fig.  6A, mitochondrial morphological changes mainly 
included two stages: When the concentration was 100 µg/ml, 
the number of mitochondria increased, the distribution was 
not uniform and some mitochondria began to exhibit dense 
material deposition; when the concentration was 200 µg/ml, 
mitochondria swelled, and the structure of mitochondria disap-
peared, leaving only a single layer of film. Nuclear chromatin 
condensation appeared at 300 µg/ml and adhered to the nuclear 
membrane to form a wavy curve profile, which was typical 
of apoptotic cells (27). Therefore, during the entire process of 
apoptosis in the present study, the changes in mitochondria 
preceded that in the nucleus.

Changes in M14 apoptosis rate treated with UDCA and caspase 
inhibitors  (Z‑VAD‑FMK). The ratio of the apoptotic cells 
decreased when M14 cells were synchronously treated with 
UDCA and Z‑VAD‑FMK (Fig. 6B and C). These morpholog-
ical observations on apoptosis were consistent with the results 
of the flow cytometric analysis. The UDCA‑induced M14 cell 
apoptosis ratio could be reduced by the Z‑VAD‑FMK (40 µM) 
from 12.18 to 6.35% (Fig. 6C and D).

Western blotting. The expression of CDK1 and cyclinB1 at the 
proteins level were decreased distinctly as demonstrated in 
Fig. 7A, which was consistent with the results of the flow cytom-
etry analysis in Fig. 4A and C. In addition, western blotting 
results demonstrated that the expression of MMP‑2 and MMP‑9 
at the protein levels were markedly decreased following UDCA 
treatment compared with the 0 µg/ml‑UDCA group (Fig. 7B), 
which was consistent with the results of wound healing analysis 
in Fig. 2A. PARP1 protein is a marker of apoptosis, which was 
activated immediately by cleaved‑caspase. The activation of 
p53, the release of cytochrome c and the cleavage of caspase‑3 
and PARP1 were increased in a dose‑dependent manner as 
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Figure 4. Cell cycle distribution changes and apoptosis induced in M14 cell line by UDCA. (A) Cell cycle distribution changes induced in M14 cell line by 
UDCA at different concentrations (0, 100, 200 and 300 µg/ml) for 48 h. The cells were stained with PI, and cell cycle distribution changes in the cell cycle were 
detected by flow cytometry. (B) Flow cytometric analysis of cell apoptosis rates in M14 cells. (C) The quantification of cell cycle distribution in each phase. 
(D) The quantification of the apoptosis cell ratio. One representative experiment out of three is presented. *P<0.05, **P<0.01 as compared with control group. 
UDCA, ursodeoxycholic acid; PI, propidium iodide; FITC, fluorescein isothiocyanate.

Figure 5. UDCA increases intracellular ROS levels and induces ΔΨm collapse in M14 cells (A) M14 cells were incubated with UDCA. The changes of the 
ROS level were examined by flow cytometry. (B) Cells were treated with UDCA. Changes in ΔΨm were examined by flow cytometry. (C) The quantification 
of intracellular ROS levels of cells. (D) The quantification of mitochondrial depolarization. One representative experiment out of three is presented. *P<0.05, 
**P<0.01 as compared with the control group. UDCA, ursodeoxycholic acid; ROS, reactive oxygen species; ΔΨm, mitochondrial membrane potential.
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demonstrated in Fig. 7C‑E. Cytochrome c in cytoplasm gradu-
ally increased with UDCA treatment, which demonstrated that 
cytochrome c was gradually released from the mitochondria into 
cytoplasm (Fig. 7E). In addition, the ratio of Bax/Bcl‑2 serves an 
important role in regulating apoptosis, which was demonstrated 
in Fig. 7A. Finally, the results of all protein molecule expression 
changes are summarized in Fig. 7F.

Discussion

The efficacy of UDCA in primary biliary cirrhosis has been 
identified previously (28). UDCA is able to improve a series 
of biochemical and histological parameters  (prothrombin 
time, alkaline phosphatase, alanine transaminase, fatigue, 
hepatomegaly or splenomegaly) induced by primary biliary 
cirrhosis, thereby prolonging the patient's survival (29). It has 

previously been reported that UDCA could effectively induce 
apoptosis in liver cancer, gastric cancer and colon cancer cell 
lines (7,30‑32). However, to the best of our knowledge the role 
of UDCA in human melanoma has not yet been explored. The 
present study investigated the effect of UDCA on the prolif-
eration and apoptosis of human melanoma cell lines to observe 
its mechanism of the effects. The present data demonstrated 
that UDCA could significantly inhibit the growth of human 
melanoma M14 and A375 cells, but the inhibitory effect on 
LO2 human normal liver cells and the human keratinocyte 
cells HaCaT in the same concentration for comparison was not 
obvious. However, a number of other chemotherapeutic drugs 
currently in use have many side effects, such as ipilimumab, 
nivolumab and pembrolizumab (11,12,33).

LO2 is a human normal liver cell. In the present study, 
LO2 cells were selected as the cultured cell representing 

Figure 6. Transmission electron microscopy to observe morphological changes of mitochondria and the effect of the caspase inhibitor Z‑VAD‑FMK on 
apoptotic changes in M14 cells treated with UDCA. Cells were treated with 300 µg/ml UDCA in the presence or absence of 40 µM Z‑VAD‑FMK. (A) Cells 
were observed under transmission electron microscopy. Red arrows indicate the location of mitochondria. (B) Morphological apoptotic changes in M14 cells 
stained with Hoechst 33258. (C) Flow cytometric analysis of apoptosis ratio. (D) The quantification of the apoptosis cell ratio. One representative experiment 
out of three is presented. **P<0.01. UDCA, ursodeoxycholic acid; PI, propidium iodide; FITC, fluorescein isothiocyanate.
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tissue from the biggest digestive gland, the liver, where 90% 
of drugs are metabolized by cytochrome P450 enzymes (34) 
with the majority of them producing efficacy or toxicity after-
wards (35). In addition, the liver is very sensitive to xenobiotics 
and is subject to damage by drug doses several times lower 
than that which damages other organ tissues (36). In addition, 
the results of the MTT assay for detecting the inhibitory effect 
of UDCA on HaCaT cells at different time points demonstrated 
that UDCA was specific for the inhibition of M14 cells.

To the best of our knowledge, the present study is the first 
to explore the mechanism of UDCA‑induced apoptosis in M14 
cells. It has been reported that there are two primary methods 
of cell death: Apoptosis and cell necrosis. The present results 
demonstrated that UDCA could significantly inhibit the prolif-
eration of M14 and A375 cells but caused little toxicity in LO2 
and HaCaT cells. In addition, UDCA had more evident toxicity 
in M14 compared with A375 cells at the same concentration. 
Therefore, the mechanism of UDCA induced apoptosis in M14.

The present experiments further confirmed that UDCA 
could inhibit cell growth by inducing cell cycle arrest and 
cell apoptosis in M14 cells. In cancer, controlling cell cycle is 
an effective way to inhibit tumor growth. The present results 
demonstrated that UDCA arrested the cell cycle of M14 cells in 
the G2/M phase by downregulating the key factor CDK1 and 
cyclinB1 proteins (37). These data indicated that the periodic 
block of M14 by UDCA was an important signaling pathway 
for its anti‑proliferative effect. The present Annexin V‑FITC/PI 
staining results clearly demonstrated that the rate of apoptosis 
induced by UDCA was dose‑dependent. At the same time, 
in order to further confirm that UDCA could promote cell 
apoptosis, a series of morphological changes in M14 cells were 
detected. A series of morphological changes including a change 
from the shuttle‑type to irregular polygon‑ or round‑shaped, 
chromosome condensation, deepening of staining, nuclear 
debris and apoptotic bodies, was consistent with the results 
of flow cytometry analysis. These morphological changes are 

Figure 7. Western blotting results and the illustration of apoptotic signaling induced by UDCA in human melanoma M14 cells. (A‑D) Western blotting results 
of M14 cell protein changes following treatment with UDCA. (E) Western blotting results of M14 cell cytosol protein changes following treating with UDCA. 
(F) Signaling pathway of apoptosis of M14 cells induced by UDCA. UDCA, ursodeoxycholic acid; CDK, cyclin‑dependent kinase; MMP, matrix metallopro-
teinase; PARP, poly (ADP‑ribose) polymerase; Apaf, apoptotic protease activating factor; Bcl‑2. B cell lymphoma‑2; Bax, Bcl‑2 associated x protein; ROS, 
reactive oxygen species, ΔΨm, mitochondrial membrane potential.
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also typical features of apoptosis (38,39), thus UDCA might 
induce M14 cell death by apoptosis.

Apoptosis comprises two pathways, including the 
mitochondria‑mediated inward apoptotic pathway and the 
death receptor‑mediated external apoptotic pathway  (39). 
Mitochondrial dysfunction is the initial step in the intrinsic 
apoptotic pathway (40). In addition, ΔΨm arises from respira-
tion. The electron transport chain pumping protons out of the 
inner membrane is a key step in the production of ATP (41). 
Therefore, changes in ΔΨm have been considered as one of 
the hallmark events of early apoptosis. In mitochondrial 
endogenous apoptotic pathways, cells are subjected to external 
stimuli resulting in changes in ΔΨm, which in turn leads to 
an increase in apoptosis‑associated proteins and cytochrome c 
release‑related proteins (19). Finally, cytochrome c binds to 
Apaf‑1 and this formed protein complex initiates apoptosis by 
activating downstream caspase. In the present study, the results 
of flow cytometry indicated that UDCA at all concentrations 
could effectively reduce ΔΨm. With the increased concentra-
tion of UDCA, the degree of mitochondrial depolarization 
increased gradually. Changes in the ΔΨm could lead to changes 
in the conformation of the permeability transition pore, which 
in turn led to changes in the mitochondrial structure. This 
structural damage induced the release of cytochrome c.

ROS are a by‑product of the aerobic metabolism of organ-
isms. Previous studies have demonstrated that active oxygen is 
closely associated with tumor formation, cell cycle and apop-
tosis. The present results demonstrated that intracellular ROS 
levels were significantly increased following UDCA treatment. 
It was previously indicated that intracellular ROS accumulation 
is strongly associated with apoptosis (42). Once the accumula-
tion of ROS in the cell reaches a certain level, it will lead to 
mitochondrial dysfunction and p53 activation which serves a 
vital role in cell apoptosis (43). The present western blotting 
results demonstrated that p53 protein was significantly upregu-
lated with increasing UDCA concentration. This indicated that 
the accumulation of ROS induced the activation of p53 and led 
to the apoptosis of M14 cells. It has been reported that Bax and 
Bcl‑2 proteins are important members of Bcl‑2 family proteins, 
of which the former has a pro‑apoptotic effect, and the latter has 
an inhibitory effect on apoptosis (44). In addition, Bax protein is 
an important transcriptional target of p53 protein (45). In addi-
tion, Bax protein promotes the release of cytochrome c from 
mitochondria into cytosol to active caspase‑3 and finally, the 
cleavage of caspase‑3 leads to cleavage of PARP1, which leads 
to cell apoptosis (40). In the present study, the protein expression 
level of Bax was not markedly amended, but the protein expres-
sion level of Bcl‑2 had decreased, and the cleavage of PARP1 
was elevated significantly, which demonstrated that UDCA 
regulated M14 apoptosis via elevating the ratio of Bax/Bcl‑2 
proteins and caused the elevation of p53 which triggered ROS 
production. Furthermore, electron microscopic observations 
revealed that the mitochondrial morphology in M14 cells was 
markedly changed following treatment with UDCA.

In conclusion, UDCA is a novel active compound that could 
arrest the M14 cells at the G2/M phase and induce apoptosis 
through ROS‑triggered mitochondrial‑associated pathways. 
Therefore, UDCA might become a potential drug for the treat-
ment of melanoma. However, a limitation of the present study 
is that it was mainly focused on the effect of UDCA in M14 

cells; therefore, further studies with A375 and other melanoma 
cell lines are required.
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