
Vol.:(0123456789)1 3

Neurochem Res (2017) 42:997–1005 
DOI 10.1007/s11064-016-2132-5

ORIGINAL PAPER

Induction of G1 Cell Cycle Arrest in Human Glioma Cells 
by Salinomycin Through Triggering ROS-Mediated DNA Damage 
In Vitro and In Vivo

Shi‑Jun Zhao1,2,3 · Xian‑Jun Wang4 · Qing‑Jian Wu2 · Chao Liu2 · Da‑Wei Li2 · 
Xiao‑Ting Fu2 · Hui‑Fang Zhang2 · Lu‑Rong Shao2 · Jing‑Yi Sun2 · Bao‑Liang Sun2 · 
Jing Zhai2 · Cun‑Dong Fan2 

Received: 26 October 2016 / Revised: 27 November 2016 / Accepted: 2 December 2016 / Published online: 19 December 2016 
© Springer Science+Business Media New York 2016

and G1 cell cycle arrest, and eventually reversed salinomy-
cin-induced cytotoxicity. Importantly, salinomycin treat-
ment also significantly inhibited the U251 tumor xenograft 
growth in vivo through triggering DNA damage-mediated 
cell cycle arrest with involvement of inhibiting cell pro-
liferation and angiogenesis. The results above validated 
the potential of salinomycin-based chemotherapy against 
human glioma.

Keywords  Salinomycin · Glioma · Cell cycle arrest · 
DNA damage · Reactive oxide species

Introduction

Glioma is the most frequent brain tumor which accounts 
for about half of all intracranial primary tumors. The aver-
age survival time of malignant glioma sufferers is approxi-
mately 16 months due to its high malignant degree. Patients 
with glioma carry poor prognosis, and only 20–30% 
patients could survive 5  years [1–3]. Although the surgi-
cal treatment and postoperative radiotherapy have achieved 
exciting success, chemotherapy still represents one of the 
most effective strategies in treating human glioma [4–7]. 
Hence, search of novel chemotherapy drugs against glioma 
is still urgent and significant.

Salinomycin has always been used as a veterinary anti-
biotic originally to prevent coccidiosis in poultry and to 
improve nutrient absorption in ruminants [8–10]. Gupta 
et al. firstly found that salinomycin could selectively kill 
breast cancer stem cells [11]. Recently, increasing studies 
revealed that salinomycin had the potential to inhibit the 
growth of various cancer cells, such as pancreatic cancer 
[12], ovarian cancer [13], gastric cancer [14], breast can-
cer [15], fibrosarcoma [16] and glioma [17–19]. Several 
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mechanisms were involved in salinomycin mediated-
anticancer effects, such as inhibition of Wnt signaling 
[20], anti-angiogenesis [21], apoptosis [22], autophagy 
[23] and induction of oxidative stress [24]. However, the 
underlying mechanism of salinomycin against human 
tumors remains unclear. Particularly, as yet, salinomycin-
mediated cell cycle arrest has not been reported. Hence, 
the anticancer effect of salinomycin on human glioma 
was evaluated and the mechanism was investigated in the 
present study.

Materials and Methods

Reagents

Salinomycin, MTT, propidium iodide (PI), DCFH-DA 
probes were purchased from Sigma. DMEM, FBS, Paren-
zyme and penicillin–streptomycin were bought from Gibco. 
Any antibodies used for Western blotting and immunohis-
tochemistry staining were purchased from Abcam company 
(Abcam, United Kingdom). The water mentioned in this 
study was produced by a Milli-Q water purification system 
(Millipore, USA). The grade of all solvents is high-perfor-
mance liquid chromatography (HPLC).

Cell Culture

U87 and U251 cells were cultivated in conventional 
DMEM medium which supplemented with 1% penicillin/
streptomycin and 10% fetal bovine serum (FBS) at 37 °C in 
5% CO2. The cell growth situation was observed daily and 
the medium was changed twice a week.

Cell Viability

Cell viability was evaluated via MTT method. In brief, 
6 × 103 cells were seeded per well in 96-well plate and pre-
incubated for 24 h for adhere. Then cells were treated with 
salinomycin at various concentrations (0, 2, 4 and 8  μM) 
for 24 and 48  h. Cis-platinum, an anticancer drug widely 
used in clinic, was employed as the positive control. After 
treatment, 20 μl of MTT (5 mg/ml) was added into every 
well and incubated for 5 h in dark at 37 °C. Then, DMSO 
(150 μl/well) was added and the microplate reader (Molec-
ular Devices, USA) was used to measure the intensity of 
the solvent at 570 nm. The value of each treatment group 
was expressed as a percentage change of control group 
which represents the viability of the U251 and U87 cells 
(as 100%).

Cell Apoptosis and Cell Cycle Distribution

Cell apoptosis and cell cycle distribution were analyzed by 
flow cytometry. In short, U251 cells (3 × 105 cells) were 
seeded in 6-well plate. Subsequently, cells were exposed 
to salinomycin for 48 h. Then cells were harvested, washed 
by PBS, fixed with chilled 70% ethanol for 12 h at night. 
Cells after staining with propidium iodide (PI), flow cytom-
etry was employed to examine the apoptosis and cell cycle 
arrest. The cell cycle distribution (G0/G1, S and G2/M 
phase) was analyzed by Multi-Cycle Software.

Evaluation of Oxidative Status

Intracellular oxidative status was evaluated by examina-
tion of ROS, superoxide anion and 8-OH-deoxyguanosine 
(8-OHdG). ROS and superoxide anion were evaluated by 
DCFH-DA and Mit-SOX probe, respectively. Briefly, U251 
cells were pre-incubated with 10 μM DCFH-DA probe for 
15 min at 37 °C in darkness, and then cells were washed, 
seeded in 96-well plate (107  cells/well), and exposed to 
4  μM salinomycin. The ROS generation was examined 
with the excitation and emission wavelength at 488 and 
525  nm, respectively. Furthermore, the ROS and super-
oxide anion were also vividly observed by microscope. 
Briefly, cells seeded in 6-well plates were pre-loaded with 
10 μM DCFH-DA or 10 μM MitoSOX probe for 15 min at 
37 °C. Then the cells were washed with PBS and treated 
with 4  μM salinomycin. Then the real-time intracellular 
ROS (green fluorescence) and superoxide anion (red fluo-
rescence) were vividly imaged with an inverted fluores-
cence microscope (magnification, ×200). The intracellular 
8-OHdG was examined by an 8-OHdG ELISA Kit accord-
ing to the description before [25]. Briefly, cells after treat-
ment with salinomycin for 48  h, cells were collected and 
total protein was separated for quantification. Then the 
8-OHdG was examined by an ELISA method, and the data 
was expressed as μg/g protein.

Western Blotting Analysis

Cells after treatment with salinomycin for 48  h were 
collected, and lysed in lysis buffer on the ice. Then the 
lysate was collected and centrifuged (12,000 rpm, 4 °C) 
and quantified by BCA kit as reported previously [26]. 
After denaturation, equal quantities of proteins were 
subjected to 10% SDS polycrylamide gel, and then elec-
trophoretically transferred onto a polyvinylidenefluoride 
(PVDF) membrane. Following blocking in TBST buffer 
containing 5% non-fat milk for 2 h, the membranes were 
incubated with primary antibodies (1:1000, 4 °C, over-
night) and secondary antibodies (1:2000, room tempera-
ture, 2  h) antibodies. Proteins detection was performed 
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based on enhanced chemiluminescence reagents (Chemi 
Doc MP, Bio-Rad). β-actin plays the role as an internal 
control.

In Vivo Study

Male nude mice were get acclimated for 1 week, and 107 
U251 human glioma cells (in 100 μl PBS) were subcuta-
neously injected into the right oxter of mice. After 7-day 
growth, mice were randomized into three groups (n = 10/
each group): vehicle control (100 μl PBS), and two SAL-
treated groups (SAL, 5 and 10 mg/kg). SAL was injected 
from the caudal vein every other day for 2  weeks (8 
times). The tumor volume was measured 3 times per 
week. After experiments, tumors were harvested and 
measured with the formula: volume = l × w2/2, with l 
being the maximal length and w being the width. Sec-
tions of tumors were used for western blotting and 
immunohistochemical (IHC) assay. All animal experi-
ments were approved by the Animal Experimentation 
Ethics Committee of Shandong in China.

Statistical Analysis

All experiments were performed at least three times. Data 
were expressed as mean ± SD. Statistical analysis per-
formed using Student’s t test. The difference among three 
or more groups was analyzed by one-way analysis of vari-
ance with multiple comparisons, and the bars with different 
letters imply statistically significant differences (P < 0.05). 
“*” or “**” were considered statistically significant 
P < 0.05 and P < 0.01, respectively.

Results

Salinomycin Inhibits Human Glioma Cell Growth

Initially, cell viability was evaluated using MTT method in 
cultured U87 and U251 cells. As shown in Fig. 1a, b, salin-
omycin (1, 2, 4, and 8 μM) treatment prominently inhibited 
U87 and U251 cells growth time- and dose-dependently. 
For instance, U251 cells exposed to 4 and 8  μM salino-
mycin for 48  h showed significant cell growth inhibition 
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Fig. 1   Salinomycin inhibits human glioma cell growth. U87 (a) and 
U251 (b) cells (6000  cells/well) were seeded in 96-well plate, and 
cells were exposed to salinomycin at different concentration (0, 1, 2, 
4, 8 µM) for 24 and 48 h. Cisplatin (8 µM) was used as the positive 
control. Cell viability was detected via MTT. c Phase contrast. The 

morphological change of U251 cells was observed by phase contrast 
microscope (magnification, ×200). All experiments were repeated at 
least three times. Bars with “*” or “**” represent significant differ-
ence at P < 0.05 or P < 0.01, respectively
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Fig. 3   Salinomycin causes DNA damage via inducing ROS genera-
tion. a Effects of salinomycin on DNA damage axis. U251 cells were 
treated with salinomycin for 48 h, and the expression of Ser139-H2A, 
Ser15-p53, p21, and p27 was analyzed by western blotting. b Salin-
omycin induces ROS accumulation. Cells were treated with 4  µM 
salinomycin for 0–120  min, and the ROS generation was measured 
by DCFH-DA probe as described in section of methods. c Examina-
tion of 8-OHdG. The experimental detail was processed as described 

in section of method. d Real-time imaging of ROS and superoxide 
anion. Cells were pre-loaded with DCFH-DA or Mito-SOX probe for 
15 min, and then cells were washed and incubated with 4 µM salino-
mycin. Then the ROS or superoxide anion generation within 2 h was 
vividly observed by fluorescence microscope (magnification, ×200). 
Bars with “*” or “**” represent significant difference at P < 0.05 or 
P < 0.01, respectively
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by 39.4 and 44.7%, respectively. Moreover, salinomycin 
treatment at 4 μM showed better growth suppressive effect 
than that of cis-platinum at 8  μM (Fig.  1a, b). The mor-
phological changes of U251 cells, such as the cell shrinking 
and decrease in cell number, further confirmed this effect 
(Fig. 1c). In view of that U251 cells showed more sensibil-
ity to salinomycin than that of U87 cells, hence, U251 cells 
was selected for further mechanism evaluation.

Salinomycin Induces G1 Cell Cycle Arrest in U251 Cells

In order to determine whether apoptosis or/and cell cycle 
arrest was involved in salinomycin-induced cell growth 
inhibition against human glioma, flow cytometry was 
used to analyze its action model. As shown in Fig.  2a, 
after exposure to various concentrations of salinomycin 
for 48  h, salinomycin effectively initiated G1 phase cell 
cycle arrest in the U251 cells with a dose-dependent man-
ner. For instance, U251 cells exposed to salinomycin (2, 4 
and 8 μM) showed marked increase in G1 phase percentage 
from 44.2% (control) to 61.4, 73.2 and 76.6%, respectively. 

To further explore the G1 phase cell cycle arrest induced 
by salinomycin, cyclin D1, a pivotal modulator associated 
with cell cycle regulation, was analyzed by western blot-
ting assay. The results suggested that the expression level 
of cyclin D1 was down-regulated by treatment with salin-
omycin in time- and dose-dependent manner (Fig.  2b, c). 
These results clearly indicated that induction of G1 phase 
cell cycle arrest mainly contributed to salinomycin-medi-
ated anticancer mechanism.

Salinomycin Causes DNA Damage Via Inducing ROS 
Generation

DNA damage plays a crucial role in anti-cancer therapy 
[27]. In order to examine the role of DNA damage in 
salinomycin-induced anticancer effects, several DNA dam-
age markers (Ser139-H2A, Ser15-p53, p21 and p27) were 
all detected by western blotting. As shown in Fig.  3a, 
treatment with different concentrations salinomycin sig-
nificantly increased the expression level of those pro-
teins in a dose-dependent manner. For further evaluation 
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Fig. 4   Inhibition of ROS suppresses salinomycin-induced DNA 
damage and G1 cell cycle arrest. a Inhibition of ROS blocked salino-
mycin-induced DNA damage. U251 cells were pre-treated with 2 mM 
GSH for 2  h prior to salinomycin treatment. b Inhibition of ROS 
attenuated salinomycin-induced cytotoxicity in U251 cells. U251 
cells were pre-treated with 2 mM GSH for 2 h prior to salinomycin 

treatment, and cell viability was assayed by MTT method. c GSH 
addition repressed salinomycin-induced G1 cell cycle arrest. U251 
cells were pre-treated with 2 mM GSH for 2 h prior to salinomycin 
treatment, and the cell cycle distribution was analyzed by flow cytom-
etry. All experiments were done at least triple. Bars with different let-
ters indicate the statistical significance (P < 0.05)
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salinomycin-induced DNA damage, we examined ROS 
generation which may cause DNA damage and induce can-
cer cells apoptosis [26, 28, 29]. As shown in Fig. 3b, U251 
cells treated salinomycin only for 2 h showed obvious intra-
cellular ROS accumulation with a time-dependent manner 
(Fig. 3b). The immunofluorescent staining of intracellular 
ROS and superoxide anion further vividly confirmed this 
tendency (Fig.  3d). Moreover, 8-OHdG, a marker of oxi-
dative damage, was also observed in salinomycin-treated 
U251 cells (Fig.  3c). These data distinctly demonstrated 
that salinomycin causes DNA damage via inducing ROS 
generation.

Inhibition of ROS Suppresses Salinomycin‑Induced 
DNA Damage and G1 Cell Cycle Arrest

To further characterize the significance of ROS, we 
employed ROS inhibitor (glutathione, GSH) to evaluate the 
role of ROS in salinomycin-induced DNA damage and cell 
cycle arrest. As shown in Fig. 4a, GSH addition effectively 
attenuated salinomycin-induced DNA damage, as con-
vinced by the decrease expression of Ser139-H2A, Ser15-
p53, p21 and p27. As expected, ROS inhibition eventually 
blocked U251 cells from salinomycin-induced cell killing 

through attenuation of G1 cell cycle arrest. These data 
fully proved that salinomycin inhibited human glioma cell 
growth by initiating G1-phase cell cycle arrest through trig-
gering ROS-mediated DNA damage.

Salinomycin Inhibits U251 Tumor Xenograft Growth 
In Vivo

The in  vivo growth inhibitory effect of salinomycin on 
U251 tumor xenograft growth was also evaluated. As 
shown in Fig.  5, salinomycin treatment effectively inhib-
ited the U251 glioma xenograft tumor volume (Fig. 5a) and 
weight (Fig. 5b). The mice body weight showed no signifi-
cant change (data not shown). The immunostaining results 
showed that salinomycin could suppress the U251 cells 
proliferation (Ki-67 staining) and angiogenesis (CD-31 
and VEGF staining) in vivo. The western blotting studies 
in vivo further revealed that salinomycin activated Ser15-
p53 and Ser139-H2A, and decreased cyclin D1 and CD-31 
expression, which were consistent with the mechanism 
in  vitro. These results confirmed that salinomycin inhib-
ited human glioma growth in vivo through triggering DNA 
damage-mediated cell cycle arrest, which further validated 
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the potential application of salinomycin in therapy of 
human glioma.

Discussion

Accumulated studies have revealed that salinomycin dis-
played novel growth inhibition activities against human 
various cancer cells in vitro and in vivo, including human 
glioma cells [14–18]. Several researchers has been aware of 
the significance of ROS in salinomycin-mediated antican-
cer effects [17, 30]. Qin et  al. had discovered that salino-
mycin could induce programmed necrosis via ROS-p53-cy-
clophilin-D signaling in human glioma cells [19]. However, 
the underlying mechanisms of salinomycin on human gli-
oma cells remain unclear. Especially, salinomycin-induced 
cell cycle arrest has not been reported. Herein, in the cur-
rent study, the anticancer effect of salinomycin on human 
glioma was examined, and the mechanism was evaluated.

Induction of cell cycle arrest has been commonly proved 
to be involved in cancer chemotherapy. Growing evidences 
reported that lots of novel agents had the potential to inhibit 
cancer cells growth by triggering cell cycle arrest. For 
instance, indole-3-carbinol (I3C) could induce G1-phase 
cell cycle arrest in prostate cancer cells [31]. Metformin 
also exhibited properities in inhibiting breast cancer cell 

growth by induction of cell cycle arrest [32]. Multiple fac-
tors, such as cyclins, cyclin-dependent kinases (CDKs) 
and cyclin-dependent kinase inhibitors (CDKIs), were all 
involved in cell cycle regulation. The G1/S transition which 
gets involved in external stimuli, DNA replication and 
mitosis maintains the genomic integrity. Cyclin D1 as an 
important regulator of cell cycle protein dependent kinase 
CDKs plays key role in regulating the cell cycle transition 
from G1 to S phase [33]. In the present study, salinomycin 
induced obvious G1-phase cell cycle arrest with involve-
ment of cyclin D1 inhibition dose- and time-dependent in 
human glioma cells. Our results validated the possibility 
that salinomycin had the potential to inhibit human glioma 
by hunting cell cycle progression.

It is reported that a variety of anti-tumor agents widely 
used in clinical inhibited cancer cells growth dependent 
ROS overproduction. Excess of intracellular ROS may 
lead to changes of certain intracellular protein kinase activ-
ity, subsequently stimulate a series of phosphorylation and 
dephosphorylation reactions signaling processes, which 
plays an important role in the process of cancer cell apopto-
sis induced by chemotherapy drugs. For instance, the anti-
cancer drugs doxorubicin, cisplatin and taxol all inhibited 
human cancer cells growth by induction of ROS produc-
tion, thereby caused oxidative damage on DNA and even-
tually leaded to cell apoptosis [34–36]. Many studies have 

Fig. 6   Proposed signal 
pathway. Salinomycin triggers 
DNA damage through ROS 
accumulation, which in turn 
activates p53, p21 and p27, and 
ultimately induces G1 cell cycle 
arrest in human U251 cells
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reported that salinomycin could induce ROS accumulation 
in inhibition of human cancers, and salinomycin even act 
as chemo-sensitizer to enhance the efficacy of doxorubicin 
and etoposide for human breast cancer cell line MCF7 and 
Hs578T through triggering DNA damage [37]. In the pre-
sent study, salinomycin caused notable ROS overproduc-
tion and subsequently induced DNA damage. Interestingly, 
GSH, a robust free radical scavenger, effectively attenu-
ated salinomycin-induced DNA damage, cell survival and 
reversed salinomycin-induced cell cycle arrest. These find-
ing clearly demonstrated that ROS generation acted as up-
stream mediator for DNA damage and cell cycle arrest. Our 
finding provided the proof that ROS-mediated DNA dam-
age was the main action model for illuminating salinomy-
cin-induced cell killing against human glioma cells.

In summary, our finding revealed that salinomycin 
has the potential to inhibit human glioma cells growth by 
induction of G1 cell cycle arrest through triggering ROS-
mediated DNA damage in vitro and in vivo (Fig. 6). Even 
though evidences convinced that salinomycin exhibited 
neurotoxic effects in vivo, studies also revealed that 5 mg/
kg of salinomycin is tolerated in mice, and inhibition of 
Na+/Ca2+ exchangers can prevent salinomycin-induced 
neuropathy and meanwhile dose not impair its antineoplas-
tic efficacy [38], which further validated its potential appli-
cation in clinic for treatment of human glioma.
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