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Moxidectin inhibits glioma cell viability by inducing
GO0/G1 cell cycle arrest and apoptosis
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Abstract. Moxidectin (MOX), a broad-spectrum antiparasitic
agent, belongs to the milbemycin family and is similar to aver-
mectins in terms of its chemical structure. Previous research
has revealed that milbemycins, including MOX, may poten-
tially function as effective multidrug resistance agents. In the
present study, the impact of MOX on the viability of glioma
cells was examined by MTT and colony formation assay, and
the molecular mechanisms underlying MOX-mediated glioma
cell apoptosis were explored by using flow cytometry and
apoptosis rates. The results demonstrated that MOX exerts an
inhibitory effect on glioma cell viability and colony forma-
tions in vitro and xenograft growth in vivo and is not active
against normal cells. Additionally, as shown by western blot
assay, it was demonstrated that MOX arrests the cell cycle at
the GO/G1 phase by downregulating the expression levels of
cyclin-dependent kinase (CDK)2, CDK4, CDKG6, cyclin D1
and cyclin E. Furthermore, it was revealed that MOX is able
to induce cell apoptosis by increasing the Bcl-2-associated
X protein/B-cell lymphoma 2 ratio and activating the
caspase-3/-9 cascade. In conclusion, these results suggest that
MOX may inhibit the viability of glioma cells by inducing cell
apoptosis and cell cycle arrest, and may be able to function as
a potent and promising agent in the treatment of glioma.

Introduction

Glioma is characterized by extremely aggressive invasive and
potent malignant abilities with a high proliferation rate (1). At
present, comprehensive treatment types (typically including
surgical resection, radiotherapy and auxiliary-assisted
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chemotherapy) are widely used clinically; however, the average
survival time remains only ~1 year (2). Additionally, the
majority of chemosensitizers demonstrate negative side-effects
and/or little efficacy against glioma (3,4). Therefore, the
development of novel, more potent chemotherapy agents with
fewer side-effects and higher efficacy is a priority in glioma
treatment research.

Moxidectin (MOX), derived from the actinomycete
Streptomyces cyanogriseus subsp. Noncyanogenus (5,6), is a
third generation macrocyclic lactone with potent insecticide
activity, belonging to the milbemycin family (7,8). Previous
research has revealed that certain macrocyclic lactones,
including MOX, with lower toxicity are used widely for the
treatment of internal and external parasites in cattle, sheep, deer
and horses (6,9-12). MOX is currently being used in phase III
clinical trials in the treatment of filarial Onchocerca volvulus
infection in humans, which indicates that MOX is safe and
well tolerated in humans at doses between 3 and 36 mg (6,13).

In one previous study, some compounds that belong to
the milbemycin family including MOX were found to reverse
the multidrug resistance (MDR) of MCF-7/adr cells. Study
of the mechanisms underlying the effects of milbemycins
on p-glycoprotein (P-gp)-mediated MDR demonstrated that
the milbemycins significantly increased the intracellular
accumulations of adriamycin and Rh123 via inhibiting P-gp
transport function, which revealed that MOX may function
as an effective multidrug resistance agent. Additionally, it
was demonstrated that MOX was partially effective in killing
non-drug-resistant tumor cells (14). Previously, macrocy-
clic lactones including avermectins (ivermectin) have been
revealed to be effective in inhibiting the proliferation of tumor
cells (Hep-2 and P388 cells) (15,16). Furthermore, ivermectin
suppressed breast cancer cell growth and induced glioblastoma
cell death in vitro and in vivo (17,18). MOX and ivermectin,
which are similar in chemical structure, partially share certain
physicochemical and pharmacological properties. They also
have broad-spectrum activity against nematodes and arthro-
pods (19). MOX differs from ivermectin primarily by the
lack of a sugar moiety attached to the C13 of the macrocyclic
ring (20). Previous publications have demonstrated that both
compounds have a number of similar mechanisms of action
and are part of the antiparasitic spectrum (21-23).
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To the best of our knowledge, there have been no previous
reports on the use of MOX in cancer treatment. The present
study was carried out to investigate the ability of MOX to treat
glioma, and to explore its potential molecular mechanisms
in vitro and in vivo.

Materials and methods

Reagents and antibodies. MOX was purchased from
Sigma-Aldrich/Merck KGaA (Darmstadt, Germany; European
Pharmacopoeia Reference Standard), and a purity of >95%.
MOX was dissolved in dimethyl sulfoxide (DMSO) prior
to use. Cells were treated with MOX premixed cell culture
Dulbecco's modified Eagle's medium (DMEM) containing
10% fetal bovine serum (FBS). The DMSO concentration did
not exceed 0.1% of the total volume. MTT, diaminobenzidine
(DAB), polyvinylidene fluoride (PVDF) membranes, hema-
toxylin and eosin (H&E) were purchased from Sigma-Aldrich;
Merck KGaA. Propidium iodide (PI)/Annexin V fluorescein
isothiocyanate (FITC) were purchased from Beyotime
Institute of Biotechnology (Haimen, China). Antibodies used
in the present study were against Bcl-2-associated X protein
(Bax; cat. no. 2774; Cell Signaling Technology, Inc., Danvers,
MA, USA), B-cell lymphoma 2 (Bcl-2; cat. no. 3498; Cell
Signaling Technology, Inc.), cyclin-dependent kinase
(CDK)2 (cat. no. 2546; Cell Signaling Technology, Inc.),
CDK4 (cat no. 12790; Cell Signaling Technology, Inc.),
CDKG6 (cat. no. 13331; Cell Signaling Technology, Inc.),
cleaved caspase-3 (cat. no. bs-0081R; Bioss, Inc., Beijing,
China), cleaved caspase-9 (cat. no. bs-0049R; Bioss, Inc.),
cyclin DI (cat. no. 2922; Cell Signaling Technology, Inc.),
cyclin E (cat. no. SRP5345; Sigma-Aldrich; Merck KGaA),
Ki-67 (cat no. 9129; Cell Signaling Technology, Inc.), B-actin
(cat.no. A1978; Sigma-Aldrich; Merck KGaA), goat anti-rabbit
immunoglobulin G (IgG) (H+L)-horseradish peroxidase (HRP;
cat. no. LK2001; SunGene GmbH, Gatersleben, Germany) and
goat anti-mouse IgG (H+L)-HRP (cat. no. ZB-2305; OriGene
Technologies, Inc., Rockville, MD, USA).

Cell culture. Rat C6 glioma cells and human U251 glioma cells
were obtained from The First Affiliated Hospital of Harbin
Medical University (Harbin, China). SVG pl2 was purchased
from Wuhan YiPu Biotech Co., Ltd. (Wuhan, China). Cells
were cultured in DMEM supplemented with 10% FBS and 1%
penicillin and streptomycin at 37°C in a humidified incubator
with 5% CO,.

Cell viability assay. Cell viability and cell number were
determined using an MTT (purity >95%) assay. C6
(2.0x10% cells/well), U251 (1.0x10* cells/well) and normal
human astrocyte cells (SVG pl12, 7.0x10° cells/well) were
respectively seeded into 96-well plates with 100 ul culture
medium and treated with the indicated concentrations (0, 10,
20, 30, 40 and 50 pgmol/l) of MOX for 48 h at 37°C. Next,
20 ul MTT (5 mg/ml) solution was added to each well, and the
cells were incubated for 4 h at 37°C. Once the medium was
carefully removed, 150 ul of DMSO was added and agitated
to dissolve the formazan crystals. The absorbance at 490 nm
was measured using an enzyme-linked immunosorbent assay
reader (Nanjing Huadong Electronics Group Co.,Ltd., Nanjing,
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China). For relative quantification, the value of absorbance in
each group was normalized to that of the control group.

Colony formation assay. To analyze the sensitivity of the cells
to MOX, an in vitro colony formation assay was performed.
Briefly, C6 (3.0x10? cells/well) and U251 (4.0x10? cells/well)
cells were seeded in 6-well plates for 24 h then treated with
various concentrations of MOX (0, 10, 15 and 20 gmol/l) at
37°C. The cultures were maintained at 37°C in a 5% CO, incu-
bator for 10 days, which allowed the viable cells to grow into
macroscopic colonies. Then, the medium was removed, and
the colonies were counted subsequent to being stained with
0.1% crystal violet (Sigma-Aldrich; Merck KGaA) at room
temperature for 20 min. Quantification of colony formation
was also performed using ImageJ software (V 2.0; National
Institutes of Health, Bethesda, MD, USA).

Flow cytometry. C6 (2.5x10° cells/well) and U251 (2.8x103
cells/well) cells were seeded into 6-well plates and treated
with various concentrations of MOX (0, 10, 15 and 20 pmol/l).
For cell cycle analysis, the cells were treated at 37°C for 24
and 48 h, washed with ice-cold phosphate-buffered saline
(PBS; Biotopped, Beijing, China), and collected cell suspen-
sions were fixed in 70% ice-cold ethanol at 4°C for 24 h.
Then, the fixed cells were washed twice with PBS and stained
with PI for 20 min at room temperature away from light. For
apoptosis analysis, cells were treated MOX at 37°C for 48 h,
washed twice with ice-cold PBS, and then cell suspensions
were collected, suspended with Annexin V binding buffer and
Annexin V-FITC/PI, and the mixture was incubated for 20 min
at room temperature in the dark. The cell cycle distribution
and apoptosis ratio were measured using a BD Biosciences
FACSCalibur flow cytometer (BD Biosciences, Franklin
Lakes, NJ, USA). The DNA content of the cell cycle was
analyzed using ModFit LT v3.3 application software (Verity
Software House Inc., Topsham, ME, USA).

Transmission electron microscopy (TEM). C6 and U251 cells
were treated with MOX (20 pumol/l) at 37°C for 48 h, and
untreated cells served as the control group. Then, the cells were
harvested, washed twice with PBS and fixed with a solution
of 2.5% glutaraldehyde in PBS at 4°C for 2 h, and post fixed
with 1% phosphate-buffered osmium tetroxide at 4°C for 1 h.
Next, the cell were dehydrated using a graded series of ethanol
solutions (30, 50, 70, 90 and 100%), 8 or 10 min at a time,
transferred to propylene oxide and embedded in epon araldite
(Polybed 812; Polysciences, Inc., Warrington, PA, USA). The
ultrathin sections were observed using a JEM-100CX trans-
mission electron microscope (H-7650; Shanghai Yongming
Automatic Equipments Co., Ltd., Shanghai, China) and repre-
sentative images were photographed and analyzed.

Western blotting. C6 and U251 cells were treated with
various concentrations of MOX (0, 10, 15 and 20 gmol/l) for
48 h, and then total protein from the cells was extracted using
radio immunoprecipitation assay buffer, which was subjected
to sodium dodecyl sulfate-polyacrylamide gel (12%) electro-
phoresis and then transferred to PVDF membranes. Following
blocking with 5% skim milk for 1 h, the membranes were
incubated at 4°C overnight with the following antibodies:
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anti-CDK2 (1:1,000), anti-CDK4 (1:1,000), anti-CDK6
(1:1,000), anti-cyclin D1 (1:1,000), anti-cyclin E (1:1,000),
anti-Bax (1:1,000), anti-Bcl-2 (1:1,000), anti-cleaved
caspase-3 (1:800), anti-cleaved caspase-9 (1:800) and
anti-f-actin (1:1,000). Subsequent to washing three times
with Tris-buffered saline Tween (TBST; Solarbio, Beijing,
China), HRP-conjugated secondary antibodies (1:5,000)
were used in conjunction with MiniChemi-Imager (Beijing
Sage Creation Co., Ltd., Beijing, China) for visualization.
The intensity of the western blotting bands was measured
using Imagel software (version 2.0; National Institutes of
Health).

Animal models. All studies were performed in accordance
with the ethical standards of the institutional and/or national
research committee (Harbin Vic Biological Technology
Development Co., Ltd., Harbin, China) and with the 1964
Helsinki declaration and its later amendments or comparable
ethical standards. Ethical approval was obtained for the animal
experiments. Female BALB/c mice (Beijing HFK Bioscience
Co., Ltd, Beijing, China) at 5 weeks of age and an average
weight of 19-23 g were used. They were housed in plastic cages
under standard conditions and had access to rodent chow and
water ad libitum. For the glioma cancer model, U251 cells
(2.0x10%) were suspended in PBS and engrafted in the dorsal
of nude mice. When the tumor volumes reached 70 mm?, mice
were assigned randomly into two groups receiving 0.1 ml
saline or 20 mg/kg MOX/mouse/day by peritoneal injection
for 3 weeks. Saline or MOX were injected intraperitoneally
into mice daily. The volume of tumors were measured every
four days by using a vernier caliper and calculated as length
(mm) x width? (mm?) x 1/2. The mice were euthanized using
CO, for analysis following four weeks and the maximum
allowable tumor volume was no >800 mm?®. The mice were
sacrificed subsequent to being anesthetized using barbiturates
and tumor tissues were isolated and frozen in liquid nitrogen
or fixed in 10% formalin immediately.

Immunohistochemistry. Immunohistochemicaly staining was
performed on paraffin-embedded tissues from the harvested
tumors. Sections (5 ym-thickness) were oven dried at 60°C
for 1 h. Tissue sections were then deparaffinized with xylene
(absolute) and hydrated with ethyl alcohol (100, 90, 75, 50 and
30%). The sections were labeled with antibodies for Ki-67
(1:400), cleaved caspase-3 (1:300) and cleaved caspase-9
(1:300) followed by HRP-conjugated secondary antibodies
(1:3,000) using DAB reagents as a substrate, and then counter-
stained with hematoxylin at room temperature for 1 min. The
negative control consisted of omitting the primary antibodies.
The images were captured with digital microscope camera
(E100) and analyzed with ImageJ software (version 2.0;
National Institutes of Health).

H&E staining and terminal deoxynucleotidyl transferase-me-
diated dUTP nick end labeling (TUNEL) assay. The tumors
from each mouse were immediately fixed in formaldehyde
(10%) for 24 h at 4°C and embedded in paraffin at 60°C for
1 h. Then, the tissues were sectioned at 5 ym thickness, and
stained with H&E at room temperature for 1 min to assess the
cytopathological features.
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A TUNEL assay, which detects fragmented DNA, was
performed using an In Situ Cell Death Detection kit to evaluate
the apoptotic response of tumor tissues. Briefly, subsequent
to being deparaffinized (xylene, absolute) and hydrated
(95, 90, 80, 70 and 50%), slides were washed with PBS twice
and incubated with proteinase K (20 ug/ml) for 20 min at
37°C. Following a second round of washes using PBS, slides
were incubated with a TUNEL reaction mixture prepared
freshly for 1 h at 37°C in a moist chamber. Subsequent to being
washed twice with PBS, the slides were observed under x40
fluorescence microscopy.

Quantitative and statistical analysis. For quantification,
Ki-67, cleaved caspase-3 and caspase-9-staining intensity was
measured from the number of positive cell nuclei in 25% fields
using ImageJ software (version 2.0). All areas were chosen
randomly from all sections. The intensity of bands in western
blotting was also measured by ImagelJ software. The values
subsequent to normalizing to the loading control in the control
groups were set as 1.0.

All experiments were performed at least three times.
Data are presented as the mean + standard deviation (SD).
One-factor analysis of variance (ANOVA) test was used to
assess the differences among all the experiment and control
groups. The Dunnett's test was employed for post-hoc compar-
ison of the three experimental groups with the control group.
GraphPad Prism Package (version 5.0; GraphPad Software,
Inc., La Jolla, CA, USA) and SPSS version 20.0 statistical soft-
ware (IBM Corp., Armonk, NY, USA) were used for statistical
analysis. P<0.05 was considered to be indicative of a statisti-
cally significant difference.

Results

MOX inhibits the viability of glioma cells in vitro. To examine
the effect of MOX on glioma growth, an MTT assay was
performed to measure the cell viability rates of C6, U251
and normal human astrocyte cells (SVG pl2), respectively.
As presented in Fig. 1A, treatment with MOX decreased the
cell viability of glioma cells in a dose-dependent manner
compared with the untreated glioma cells. Notably, MOX
exerted a lesser effect on normal human astrocyte cells. The
clonogenic capacity of C6 and U251 cells was examined, and
it was revealed that MOX significantly inhibited colony forma-
tion and induced significant decreases in the colony formation
ratio compared with the untreated cells (Fig. 1B and C). These
results revealed that MOX inhibits glioma cell viability and
has little effect on normal human astrocyte cells.

MOX induces apoptosis and the expression of apop-
tosis-associated proteins in glioma cells. To analyze the
effect on the induction of apoptosis by MOX, the number of
Annexin V-stained cells was determined using flow cytom-
etry (Fig. 2A). As presented in Fig. 2B, C6 and U251 cells
treated with MOX (20 pgmol/l) had significantly induced
apoptosis compared with the control groups, and the apoptotic
rate of C6 and U251 cells was 19.10+3.59 and 29.53+5.00%,
respectively. However, the apoptotic rate of the control
cells (untreated C6 and U251 cells) was only 3.33+0.57 and
2.93+0.34%, respectively. Thus, MOX-induced apoptosis
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Figure 1. Inhibitory effect of MOX on C6, U251 and normal cells. (A) Cells were incubated in the absence or presence of MOX at various concentrations (0, 10,
20, 30,40 and 50 gmol/1) for 48 h, and cell viability was measured using an MTT assay. MOX inhibited the viability of C6 and U251 cells in a dose-dependent
manner. MOX exhibited a lesser inhibitory effect on normal normal human astrocyte cells. (B) MOX suppressed colony formation in glioma cells. Cells were
cultured in the indicated concentrations of MOX for 10 days. (C) Quantified graphs presenting the number of colonies. Data are presented as the mean + SD.

“P<0.01 and “"P<0.001 vs. the control. MOX, moxidectin.

of C6 and U251 cells occurred in a dose-dependent manner
compared with the control groups.

The mechanism of MOX-induced apoptosis was investi-
gated by analyzing the expression levels of mitochondrial
apoptosis proteins through western blotting. As presented in
Fig. 2C, compared with the control group, C6 and U251 cells
exposed to MOX demonstrated a dose-dependent reduction in
the protein expression levels of the anti-apoptotic protein Bcl-2,
with a concomitant increase in the protein expression levels
of the pro-apoptotic protein Bax. Additionally, the protein
expression levels of cleaved caspase-3 and cleaved caspase-9
were increased following treatment with MOX compared with
control group.

MOX induces GO/GI arrest by modulating cell cycle-
associated proteins in glioma cells. To determine the effect
of MOX on cell cycle arrest in C6 and U251 cells, the cell
cycle distribution was investigated using flow cytom-
etry (Figs. 3A and 4A). Interestingly, it was revealed that
the accumulation of GO/G1 phase cells, a hallmark of apop-
tosis, was not notable until cells had been treated MOX for
48 h (Fig. 3B). As presented in Fig. 4B, the results revealed that
MOX induced GO/G1 cell cycle arrest in C6 and U251 cells.
The cell population at the GO/G1 phase gradually increased
from 58.08+1.40 to 78.03+1.66% for C6 cells, and from
50.58+1.50 to 73.65+1.01% for U251 cells; and that of S phase
decreased from 24.29+1.47 to 14.65+1.04% for C6 cells, and
from 29.44+1.57 to 14.39+0.76% for U251 cells. These results

revealed that MOX-induced GO/G1 cell cycle arrest of C6
and U251 cells was significantly higher compared with the
untreated cells.

To investigate the underlying mechanism of the growth
inhibitory effects of MOX, cell cycle regulators critical to the
GO0/G1 phase checkpoint were evaluated, including cyclin D1,
cyclin E, CDK2, CDK4 and CDK6. The complex of cyclin D1
with CDK4 or CDK6 and the complex of cyclin E with CDK2
promote the transition of cells from the GO/G1 phase to the
S phase (24,25). Western blot analysis confirmed that MOX
downregulated the protein expression levels of cyclin DI,
cyclin E, CDK2, CDK4 and CDK6 compared with the control
group (Fig. 4C).

MOX induces ultrastructural morphological changes in
glioma cells. The morphological characteristics of apop-
tosis were analyzed using TEM. The results revealed that
untreated cells presented no apoptotic characteristics with a
complete cytoplasm and organelles (Fig. SA and D). However,
MOX-treated cells presented with typical apoptotic features:
Including condensation and margination of nuclear chromatin,
the formation of apoptotic bodies (Fig. 5B and E) and cyto-
plasmic hypervacuolization (Fig. 5C and F). These results
suggested that MOX may promote apoptosis in glioma cells.

MOX suppresses U251 xenograft growth in vivo. Given the
effect of MOX on glial cancer cell lines in vitro, an internal
engraftment model was used to examine whether MOX
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Figure 2. Apoptosis induction of MOX in C6 and U251 cells. Cells were treated with different concentrations of MOX (0, 10, 15 and 20 gmol/l) for 48 h,
stained with Annexin V-FITC/PI for 20 min at room temperature in the dark, and then analyzed using flow cytometry. Q2 plus Q4 areas were calculated as the
apoptosis ratio. (A) Representative Annexin V-FITC/PI double staining flow plots for C6 and U251 cells. (B) The percentage of the apoptotic cell population.
MOX induced apoptosis in C6 and U251 cells in a dose-dependent manner. (C) Effect of MOX on the protein expression levels of Bcl-2-assoxiated X protein,
B-cell lymphoma 2, cleaved caspase-3 and caspase-9. C6 and U251 cells were treated with indicated MOX concentrations for 48 h and then subjected to

western blotting analysis. Data are presented as the mean = SD. “P<0.01 and

PI, propidium iodide.

may induce similar effects in vivo. BALB/c nude mice
were employed for the engraftment of human U251 cells.
Macroscopically, xenografts treated with MOX grew at a
slower rate compared with those treated with saline (Fig. 6A).
Notably, tumor growth curves in mice treated with MOX
had a relatively slow trend compared with the control
group (Fig. 6B). No significant difference in the weights
of the mice was observed between the test group and the

P<0.001 vs. the control. MOX, moxidectin; FITC, fluorescein isothiocyanate;

control group on all measured days (Fig. 6C). H&E staining
and a TUNEL assay demonstrated a greater number of dead
cells and an evident increase in the apoptotic proportion in
MOX-treated tumor tissues compared with the saline treated
tissues (Fig. 6D). To confirm the change in the proliferation
status of the tumors, immunohistochemistry was performed to
label Ki-67, cleaved caspase-3 and caspase-9, which are used
clinically to assess the proliferative fraction in glioma cells.
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All control xenografts displayed a stronger Ki-67 staining
compared with that of MOX-treated mice and revealed that
MOX increased the levels of cleaved caspase-3 and cleaved
caspase-9 compared with saline treated tissues (Fig. 6D). As
presented in Fig. 6F, the expression of cleaved caspase-3 and
cleaved caspase-9 increased substantially compared with the
control group.

Discussion

Glioma is a complex neuroglial tumor involving the dysregu-
lation of numerous biological pathways at multiple levels
including aberrant Akt/mTOR signaling pathway, genomic
aberrations and mitochondrial dysfunction (18,26,27). The
lack of efficacious therapeutics for glioma has necessitated
the development of novel therapeutic agents. In the present
study, the antiparasitic agent MOX was revealed to inhibit the
viability of glioma cells in a dose-dependent manner. And
certain morphological features of chromatin condensation and
nuclear membrane clustering in glioma cells were observed.
These results further demonstrated that apoptosis was induced

following treatment with MOX. Further investigation revealed
that MOX significantly induced glioma cell apoptosis by
upregulating the Bax/Bcl-2 ratio and activating the caspase-3/-9
cascade. Additionally, MOX caused significant GO/G1 cell
cycle arrest in glioma cells after 48 h of treatment determined
from the decrease in CDK2, CDK4, CDKG®6, cyclin D1 and
cyclin E protein expression levels. When investigated further
in vivo, MOX was able to effectively suppress U251 xenograft
growth. These results suggested that MOX likely represents a
promising agent in the treatment of glioma.

MOX is currently being used for the treatment of oncho-
cerciasis in humans (6). Furthermore, in a previous study, it
was demonstrated that milbemycins including MOX displayed
promising effects for overcoming multidrug resistance in
cancer therapy (14). Considering that MOX has a wide range
of biological activities, along with low neurotoxic potential,
binding affinity and intrinsic activity at relevant central
nervous system receptors (28), MOX is considered to be an
effective compound for the treatment of glioma. Hence, the
present study revealed that MOX significantly inhibited the
viability of C6 and U251 cells in a dose-dependent manner.
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Figure 4. Cell cycle arrest effects of MOX in C6 and U251 cells. Cells were treated with various concentrations of MOX (0, 10, 15 and 20 gmol/l) for 48 h.
Following staining with propidium iodide, the DNA content was analyzed using flow cytometric analysis. (A) Representative histograms for the changes in the
cell cycle for C6 and U251 cells. (B) Graphs represent the percentage cell cycle distributions at the GO/G1, S and G2/M phases in C6 and U251 cells. (C) Effect
of MOX on the protein expression levels of CDK2, CDK4, CDK6, cyclin D1 and cyclin E. C6 and U251 cells were treated with indicated MOX concentrations
for 48 h and then subjected to western blotting analysis. Data are presented as the mean + SD. “P<0.05 and ““P<0.001 vs. the control. MOX, moxidectin; CDK,

cyclin-dependent kinase.

Furthermore, MOX exhibited a lesser effect on normal human
astrocyte (SVG pl2) cells, and half-maximal inhibitory
concentration values indicated that an MOX analog is a more
potent cytotoxic reagent in breast cancer cells compared with
in normal breast cell (29). Consequently, the present study
suggested that MOX may be used to prevent the viability of
cancer cells at a low concentration and at safer concentrations.

The balance between viability and apoptosis in cancer
cells is crucial for tumorigenesis (30,31). Aberrant regulation
of apoptotic cell death mechanisms is one of the hallmarks of
cancer development and progression and numerous cancer cell
types exhibit notable resistance to apoptosis signaling (32,33).
Apoptosis is also the main response of cells to chemothera-
peutic agent (31,34). Previous studies have revealed that Bcl-2
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C6 cells

U251 cells

Figure 5. Morphological changes in C6 and U251 cells followed by transmission electron microscopy observation. (A and D) Control cells without MOX.
(B-C, E-F) Cells treated with MOX (20 pmol/l) for 48 h. (B and E) Typical apoptotic changes including chromatin condensation, nuclear fragmentation and
apoptotic bodies are indicated with black arrows. (C and F) Cytoplasmic and mitochondrial hypervacuolizationare indicated with black arrowheads. Scale
bar, 2 pm. MOX, moxidectin.
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Figure 6. MOX suppressed U251 xenograft growth in vivo. Nude mice with U251 subcutaneous tumor xenografts were treated with saline or 20 mg/kg
MOX every day by peritoneal injection for 3 weeks. (A) The tumors were isolated and (B) volumes were measured. (C) Charting of mouse weight with time.
(D) Hematoxylin and eosin staining, terminal deoxynucleotidyl transferase-mediated dUTP nick end labeling assay and representative immunohistochemistry
images of Ki-67, cleaved caspase-3 and caspase-9 in U251 xenograft tissues from vehicle or MOX-treated mice. (E) Quantitative analysis of Ki-67, cleaved
caspase-3 and caspase-9-positive cells in xenograft tissues of different groups. (F) Relative amount of indicated proteins are presented. Data are presented as
the mean + SD. “P<0.01 and "“P<0.001 vs. the control. MOX, moxidectin.
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family proteins, including anti-apoptotic members (Bcl-2) and
pro-apoptotic members (Bax) serve an important role in medi-
ating mitochondrial functions (35-37). In the present study,
it was hypothesized that Bax and Bcl-2 were involved in the
mechanism by which MOX induces cell apoptosis. Hence, the
underlying mechanism of MOX-induced apoptosis in glioma
cells was elucidated using western blotting. Mechanistically, it
was revealed that the anticancer effect of MOX is mediated by
increasing the Bax/Bcl-2 ratio in glioma cells, and that cleaved
caspase-3 and cleaved caspase-9 were also upregulated subse-
quent to treatment with MOX for 48 h in C6 and U251 cells.
Furthermore, the mitochondrial apoptosis pathway is charac-
terized by cytochrome c release from the mitochondria to the
cytosol, which activates the initiator caspase-9, which then
targets and activates the apoptotic effector caspase-3 (38-40).
The results of the present study indicated that MOX-induced
apoptosis in glioma cells upregulated the expression of Bax and
downregulated Bcl-2. However the mitochondrial-mediated
apoptotic pathway and other induction pathways also require
further in-depth study and exploration.

Inaddition to apoptosis, MOX also exhibited the properties
of cell cycle arrest. The flow cytometry data results indicated
that the cell cycle was arrested at the GO/G1 checkpoint in
glioma cells subsequent to MOX treatment. The underlying
mechanism of MOX on the expression of cell cycle regula-
tion proteins in glioma cells was determined using western
blotting. The results revealed that MOX was able to decrease
the protein expression levels of CDK2, CDK4, CDKG6,
cyclin DI and cyclin E. It has been well established that
homeostasis is often disrupted by the dysregulation of the
cell cycle mechanism in cancer cells (41,42). Cyclin-CDK
heterodimers serve an important role in regulating the
progression of cells through the G1 phase of the cell cycle
and initiation of DNA replication (43). Additionally, these
results manifested that the cell cycle was arrested at the
GO/G1 phase through downregulation of CDK4, CDK6
and cyclin D1, which induce apoptosis, and the expression
of cyclin E, which forms a complex with CDK2, peaks in
the late G1 phase, and which may have resulted in cell cycle
arrest in GO/G1.

Furthermore, experiments in vivo were conducted
according to a previous report, which indicated that the treat-
ment of breast cancer-bearing nude mice with MOX resulted
in significant inhibition of the tumor growth without overall
gross toxicity (26). In the present animal study, U251 cells
were selected as MOX has been demonstrated to significantly
inhibit the viability of U251 cells in vitro, and the selected
dose of the MOX injections was 20 mg/kg. The reasons
are as follows: First, in our previous experiment, treatment
with various related drugs (ivermectin) was performed in
addition to MOX. It was found that the glioma cells were
treated with similar concentrations of both drugs in vitro
study and these concentrations were equal to a physiological
concentration. Then considering this reason and some
animal studies (7,17), the dose of 15 mg/kg was chosen in our
preliminary animal experiment. However, it was found that
MOX (15 mg/kg) had no obvious effect. Hence, the dose of
MOX was increased to 20 mg/kg, and it exerted an inhibitory
effect on tumor growth. Additionally, in certain studies, the
bioavailability of oral MOX compared with subcutaneous
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MOX in alpacas was 11% (44); the bioavailability of MOX
in dogs co-administered with lipids was only 40% in lymph
duct-cannulated dogs (45), and the bioavailability of MOX
in rats was moderate at 19% (46). Taking this into consid-
eration, 20 mg/kg was finally selected and was considered
to be an effective and safe concentration. Western blotting
and immunohistochemistry analysis confirmed the increase
in TUNEL, Ki-67, cleaved caspase-3 and cleaved caspase-9
following treatment with MOX. These results revealed that
the subcutaneous injection of MOX may reduce the tumor
mass of U251 xenografts. This means that MOX may be a
novel therapeutic agent for glioma.

The present study demonstrated that MOX has an inhibi-
tory effect on the viability of glioma cells in vitro and in vivo
by inducing mitochondrial-mediated apoptosis and G0/G1
cell cycle arrest. Given these results and the fact that MOX is
already clinically approved or being used in clinical trials (13),
MOX may represent a potent and promising agent to combat
glioma.
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