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Abstract. Ribavirin, a nucleic acid analog, has been employed 
as an antiviral agent against RNA and DNA viruses and has 
become the standard agent used for chronic hepatitis C in 
combination with interferon-α2a. Furthermore, the poten-
tial antitumor efficacy of ribavirin has attracted increasing 
interest. Recently, we demonstrated a dose-dependent 
antitumor effect of ribavirin for seven types of malignant 
glioma cell lines. However, the mechanism underlying the 
antitumor effect of ribavirin has not yet been fully elucidated. 
Therefore, the main aim of the present study was to provide 
further relevant data using two types of malignant glioma 
cell lines (U-87MG and U-138MG) with different expression 
of MGMT. Dotted accumulations of γH2AX were found in 
the nuclei and increased levels of ATM and phosphorylated 
ATM protein expression were also observed following 
ribavirin treatment (10 µM of ribavirin, clinical relevant 
concentration) in both the malignant glioma cells, indicating 
double-strand breaks as one possible mechanism underlying 
the antitumor effect of ribavirin. In addition, based on asses-
sements using FACS, ribavirin treatment tended to increase 
the G0/G1 phase, with a time‑lapse, indicating the induction 
of G0/G1-phase arrest. Furthermore, an increased phosphory-
lated p53 and p21 protein expression was confirmed in both 
glioma cells. Additionally, analysis by FACS indicated that 
apoptosis was induced following ribavirin treatment and 
caspase cascade, downstream of the p53 pathway, which 

indicated the activation of both exogenous and endogenous 
apoptosis in both malignant glioma cell lines. These findings 
may provide an experimental basis for the clinical treatment 
of glioblastomas with ribavirin.

Introduction

The World Health Organization (WHO) classifies gliomas 
into four grades of malignancy according to their histopa-
thology and clinical prognosis. Among these neoplasms, 
glioblastomas, classified as WHO grade IV, with the highest 
malignancy, account for 10.8% of all brain tumors and are the 
most common primary brain tumors in adults (1). Although 
current advancements in multimodality treatments including 
surgical resection, radiotherapy, and chemotherapy have 
become more widespread, the poor prognosis of glioblas-
tomas has not improved for more than three decades. In 2005, 
Stupp et al (2) reported a phase III randomized controlled 
trial on concomitant and adjuvant temozolomide (TMZ), a 
second-generation alkylating agent, in addition to standard 
postoperative radiotherapy, as offering a first-line treatment for 
primary glioblastomas. They demonstrated that such therapy 
increased the median survival time of patients from 12.1 to 
14.6 months (2). Furthermore, in 2009, they reported that these 
treatments increased the 5-year survival rate from 1.9 to 9.8% 
compared to radiotherapy alone (3). Subsequently, surgical 
resection and postoperative radiotherapy and chemotherapy 
including TMZ, have become the global standard as a first-line 
treatment for glioblastomas.

The underlying mechanism that may contribute to the 
effect of TMZ on tumors is considered to involve the adduc-
tion of the methyl base at the O6-position of guanine, forming 
O6-methylguanine in DNA, which mispairs with thymine 
instead of cytosine during the next cycle of DNA replication. As 
a result, futile cell cycles of the DNA-mismatch repair system 
lead to growth arrest and/or apoptosis induction. In contrast, 
O6-methylguanine-DNA methyltransferase (MGMT), a suicide 
DNA-repair enzyme, removes the methyl adduct formed by an 
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alkylating (methylating) agent including TMZ and attenuates 
the effect of TMZ (4,5). The expression of MGMT, which is 
estimated to be 45-75% in glioblastomas, is closely correlated 
with clinical resistance to TMZ treatment (4,6-8).

Ribavir in (1-β-D-r ibofuranosyl-1,2,4-t r iazole-3-
carboxamide), which was first reported in 1972 by 
Sidwell et al (9) as an antiviral agent for the treatment of RNA 
and DNA viral infections, is a nucleic acid analog. To date, 
ribavirin has been used to treat respiratory syncytial virus as 
well as the Lassa virus and has become the standard agent for 
chronic hepatitis C in combination with interferon-α2a (10). 
The interest in the antitumor effect of ribavirin has been 
increasing due to its ability to inhibit inosine-5'-monophosphate 
dehydrogenase (IMPDH), eukaryotic translation initiation 
factor 4E (eIF4E) and histone methyltransferase enhancer 
of zeste homolog 2 (EZH2). Several studies have indicated 
an antitumor effect of ribavirin in breast cancer and acute 
myeloid leukemia (11-15). In addition, although there have 
been few studies on the antitumor effect of ribavirin against 
glioma, we demonstrated a dose-dependent antitumor effect 
of ribavirin for seven types of malignant glioma cell lines (16). 
Recently, Volpin et al (15) also demonstrated the antitumor 
effect of ribavirin on glioma cell lines and glioma stem-like 
cells. These findings clearly supported the antitumor effect of 
ribavirin, however the underlying mechanism has not yet been 
fully elucidated.

In the present study, we obtained further data, by exam-
ining the effects of ribavirin on the induction of apoptosis, 
the cell cycle, p53-pathway activation and DNA damage by 
employing the following two types of malignant glioma cell 
lines: the U-87MG cells with no MGMT expression and the 
U-138MG cells with MGMT expression. The findings may 
provide an experimental basis for the clinical therapy with 
ribavirin for glioblastomas.

Materials and methods

Cell lines and cell culture. To elucidate the mechanisms of 
ribavirin sensitivity in malignant gliomas, we used two types 
of malignant glioma cell lines (U-87MG and U-138MG) which 
have different MGMT mRNA and MGMT protein expression.

The human malignant glioma U-87MG and U-138MG 
cell lines were purchased from the American Type Culture 
Collection (ATCC; Manassas, VA, USA). These cell lines were 
cultured in Dulbecco's modified Eagle's medium (DMEM; 
Nissui Pharmaceutical, Tokyo, Japan) containing 10% fetal calf 
serum (FCS; Life Technologies; Thermo Fischer Scientific, 
Grand Island, NY, USA) using plastic culture flasks (Corning, 
NY, USA) in a standard humidified incubator at 37˚C with an 
atmosphere of CO2.

Growth inhibitory effect. We recently demonstrated the 
antitumor efficacy of ribavirin for malignant glioma cell 
lines (16). In this previous study, seven malignant glioma cell 
lines (A‑172, AM‑38, T98G, U‑87MG, U‑138MG, U‑251MG 
and YH‑13) were exposed to 0.1‑1,000 µM of ribavirin and 
treated for 72 h and it was observed that ribavirin inhibited the 
growth of all malignant glioma cell lines in a dose‑dependent 
manner (16). Based on these results on the growth inhibitory 
effect of ribavirin, the treatment concentration of ribavirin that 

was chosen for the present experiments was 10 µM, which also 
represents a clinically relevant concentration of ribavirin (17).

The growth inhibition of malignant glioma cells by riba-
virin was evaluated by counting the cell numbers. Briefly, 
the cells were seeded at 1x104 cells/well in 24-well plates 
(Iwaki, Chiba, Japan) and cultured with medium for 24 h. 
Subsequently, the cells were washed twice with medium and 
further incubated with fresh medium (control) or medium 
containing 10 µM ribavirin for 96 h. After incubation, the 
cells were harvested with trypsin-EDTA solution (Invitrogen; 
Thermo Fisher Scientific, San Diego, CA, USA). The number 
of collected cells was assessed using a Coulter Counter 
(Coulter Counter Z1; Beckman Coulter, Fullerton, CA, USA). 
The experiments were repeated 6 times at each concentration. 
Student's t-tests were performed to compare pairs of groups. 
Data analyses were carried out using the statistical software 
IBM SPSS statistics version 21.0 (IBM Corporation, Armonk, 
NY, USA).

Cell cycle distribution analysis. Ribavirin-induced altera-
tions of the cell cycle distribution were analyzed by flow 
cytometry. The cells were seeded in 6-well plates (Iwaki) at 
1x105 cells/plate, incubated for 24 h and allowed to attach. 
Following 10 µM ribavirin treatment in the medium, the cells 
were harvested using trypsin-EDTA solution at 8 and 48 h 
and fixed in ice-cold 70% ethanol for 1 h. The fixed cells 
were treated with 500 µg/ml RNase A (Roche Diagnostics, 
Mannheim, Germany) for 1 h and stained with 12  µg/ml 
propidium iodide solution (PI; Miltenyi Biotech, Auburn, CA, 
USA) for 30 min at 4˚C. The fluorescence was assessed with 
a FACSCalibur flow cytometer (BD Biosciences, Franklin 
Lakes, NJ, USA) at a wavelength of 610 nm (FL3). The DNA 
histograms were analyzed using FlowJo software (BioLegend, 
San Diego, CA, USA). The experiments were repeated three 
times to confirm reproducibility.

Activation of apoptosis. Ribavirin-induced apoptosis was 
analyzed by flow cytometry, using dual staining with an 
Annexin V-FITC/PI Apoptosis Detection kit (BD Biosciences). 
The cells were seeded in 6-well plates (Iwaki) at 1x106 cells/
well, incubated for 24 h and allowed to attach. The culture 
medium was then replenished with fresh medium containing 
10 µM of ribavirin for 72 h. Subsequently, the cells were 
washed in phosphate-buffered saline (PBS) and harvested 
using trypsin-EDTA solution. After centrifugation and 
washing in PBS, the solution was agitated with 100 µl of 
binding buffer (Wako Pure Chemical Industries, Ltd., Tokyo, 
Japan), into which 5 µl of Annexin V Alexa Fluor 488 conju-
gate (Life Technologies; Thermo Fisher Scientific) and 10 µl 
of PI (Miltenyi Biotech) were added and incubated at room 
temperature for 10  min. An additional 400  µl of binding 
buffer was added in order to reach a total sample volume of 
500 µl. The fluorescence was assessed with a FACSCalibur 
flow cytometer (BD Biosciences). The apoptotic cells were 
analyzed using FlowJo software (BioLegend). The experi-
ments were repeated three times to confirm reproducibility.

Western blot analysis. Soluble protein lysates of sub-confluent 
glioma cells were obtained using lysate buffer (Medical and 
Biological Laboratories, Woburn, MA, USA) for 20  min 
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on ice. The proteins (50 µg proteins) were loaded and sepa-
rated by 12% polyacrylamide gel electrophoresis and then 
transferred onto nitrocellulose membranes (GE Healthcare, 
Tokyo, Japan) for 30  min at 10  V with a Bio-Rad Trans 
Blot (Bio‑Rad  Laboratories, Franklin Lakes, NJ, USA). 
Non-specific binding was blocked with a washing buffer 
(PBS/0.05% containing 1% skimmed milk) for 60 min at 
room temperature. The primary antibody employed for the 
immunoblotting was β-actin mouse mAb (cat. no. 013-24553; 
1:2,000; Wako Pure Chemical Industries) which was used 
as a loading control. The secondary antibodies employed 
were anti-mouse IgG (whole molecule) peroxidase conjugate 
(cat. no. A4416; 1:5,000; Sigma-Aldrich, St. Louis, MO, USA) 
for 60 min at room temperature. The immune complex was 
visualized using an ECL detection system (GE Healthcare) 
and ImageQuant Las4000 (GE Healthcare), and then analyzed 
using ImageJ (National Institutes of Health, Bethesda, MD, 
USA). The same experiments were repeated three times to 
confirm reproducibility.

MGMT. To confirm the protein expression of MGMT in 
the U-87MG and U-138MG cells, anti-MGMT mouse 
mAb (cat. no. MT 3.1; 1:500; Thermo Fisher Scientific) was 
employed as the primary antibody for western blotting.

p53, phosphorylated p53 and p53 related gene products. 
The protein expression of p53, phosphorylated p53 (p-p53) 
and important factors of the p53 pathway, p21, Bax, Fas, 
caspase-8, caspase-9 and caspase-3, were analyzed at 0, 4, 
8, 24 and 48 h after being treated with 10 µM ribavirin. As 
primary antibodies, anti-p53 mouse mAb (cat. no. sc-126; 
1:500), anti-p-p53 mouse mAb (cat. no. sc-101762; 1:500), 
anti-p21 mouse mAb (cat.  no.  sc-6246; 1:500), anti-Bax 
mouse mAb (cat.  no.  sc-20067; 1:500), anti-Fas mouse 
mAb (cat. no. sc-8009; 1:500), anti-caspase-3 mouse mAb 
(cat. no. sc-7272; 1:500) (all from Santa Cruz Biotechnology, 
Inc., Dallas, TX, USA), anti-caspase-8 mouse mAb 
(cat. no. 1C12; 1:500) and caspase-9 mouse mAb (cat. no. C9; 
1:500) (both from Cell Signaling Technology, Tokyo, Japan) 
were employed.

Ataxia telangiectasia mutated (ATM) and phosphorylated 
ATM. ATM detects double-strand breaks (DSBs), a type of 
DNA damage and activates p53 (18,19). Therefore, we analyzed 

the changes in ATM and phosphorylated ATM (p-ATM) at 0, 
4, 8, 24 and 48 h after treatment with 10 µM ribavirin. As 
primary antibodies, anti-ATM mouse mAb (cat. no. sc-23921; 
1:500) and anti-p-ATM mouse mAb (cat. no. sc-47739; 1:500) 
(both from Santa Cruz Biotechnology, Inc.) were employed.

Fluorescence microscopy. To ascertain DNA damage, 
especially DSBs caused by ribavirin, the expression of phos-
phorylated histone H2AX (γH2AX) was investigated using 
the fluorescence antibody technique at 4 h after treatment. 
The cells were seeded in a collagen-coated glass bottom dish 
(Matsunami Glass Ind., Ltd., Osaka, Japan) at a concentration 
of 2x105 cells and allowed to proliferate for 24 h. Subsequently, 
the cells were treated with DMEM containing ribavirin and 
FBS for 4 h at 37˚C. After washing with PBS, the cells were 
fixed in 95% ethanol and 5% acetic acid for 10 min at room 
temperature, and then fixed using PBS containing 1% formal-
dehyde and 0.25% Triton X-100 for 5 min at room temperature. 
Following fixation, the cells were blocked at room temperature 
for 30 min using PBS containing 5% FBS and stained for 
1 h at room temperature using anti-phospho-Histone H2A.X 
(Ser139) clone JBW301, FITC conjugate (Merck Millipore, 
Billerica, MA, USA). After washing with PBS, the cells were 
observed under a fluorescence microscope (Olympus IV70; 
Olympus, Tokyo, Japan). The experiments were repeated three 
times to confirm reproducibility.

Results

MGMT protein expression. One important mechanism of 
resistance to methylating agents such as TMZ is DNA repair 
mediated by MGMT. We observed that the absolute value 
of MGMT mRNA, obtained using real-time quantitative 
RT-PCR, in the U-138MG cells was 6.3x103 copies/mg RNA. 
In contrast, such expression was not detected in the U-87MG 
cell line (20). Furthermore, in the present study, western blot 
analysis revealed an MGMT expression at the protein level in 
the U-138MG cells, but an absence of the MGMT expression 
in the U-87MG cells (Fig. 1). Thus, the U-138MG cell line 
was MGMT-proficient, whereas the U-87MG cell line was 
MGMT-deficient.

Figure 1. MGMT protein expression of the U‑87MG and U-138MG cells as 
observed by western blot analysis. MGMT protein was not expressed in the 
U-87MG cells, however it was expressed in the U-138 MG cells.

Figure 2. Antitumor effect of ribavirin in malignant glioma cell lines. 
Ribavirin exerted a cell growth inhibitory effect in both the U-87MG and 
U-138MG cells. Although the U-138MG cells exhibited a significant sup-
pression of cell proliferation, the effect of ribavirin on cell proliferation was 
less pronounced in comparison to that in the U-87MG cells. The results are 
expressed as the mean ± SE. *P<0.05 (Student's t-test).
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Anticancer effect and cell sensitivity to ribavirin in malignant 
glioma cell lines
Growth inhibitory effect. To assess the antitumor effect of 
ribavirin in malignant glioma cells, we treated the U-87MG 
and U-138MG malignant glioma cell lines, with 10 µM of 
ribavirin for 96 h and determined the number of viable cells. 
As depicted in Fig. 2, a cell growth inhibitory effect of 10 µM 
ribavirin was observed in both the U-87MG and U-138MG 
cell lines. Although the U-138MG cells exhibited a signifi-
cant suppression of cell proliferation, the inhibitory effect of 
ribavirin was less pronounced in comparison to that in the 
U-87MG cells. These findings were consistent with those that 
we have previously reported (16).

Cell cycle analysis. We performed DNA flow cytometric 
analysis to investigate whether alterations in the cell cycle 
distribution were induced in malignant glioma cells following 
10 µM of ribavirin treatment for 8 or 48 h. The proportion 
of cells in each cell cycle phase are presented in Fig. 3. We 
observed that this amount of ribavirin increased the G0/G1 
phase at 8 and 48 h following treatment, with a time‑lapse, 
in both the U-87MG and U-138MG cells, indicating a 

Figure 3. Cell cycle distribution analysis of the U‑87MG and U-138MG cells which underwent treatment with ribavirin (untreated cells serving as the control) 
for 8 or 48 h. The histogram depicting the FACS data demonstrates an increase in the population of cells in the G0/G1 phase following ribavirin treatment, 
with a time‑lapse, indicating that the antitumor efficacy of ribavirin resulted from the accumulation of cells in the G0/G1 phase. The results are expressed as 
the mean ± SE. **P<0.01 (Student's t-test).

Figure 4. p53 and phosphorylated p53 protein expression following ribavirin treatment. The p-p53 protein expression was increased following 4 h of ribavirin 
treatment in U-87MG and U-138MG malignant glioma cells.

Figure 5. Apoptotic pathway induction by ribavirin. Western blot analysis 
demonstrated that the protein expression of p21, Bax, Fas, caspase-8, caspase-9 
and caspase-3 was increased following 4 h of ribavirin treatment in both 
U-87MG and U-138MG malignant glioma cells.
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G0/G1-phase arrest. These findings were consistent with those 
that we have previously reported and not contradictory with 
those previously reported by Volpin et al (15) as well as by 
Ogino et al (16).

We observed the protein expression involved in the cell 
cycle mediated by p53 using western blot analysis at 0, 4, 8, 
24 and 48 h following 10 µM of ribavirin treatment in malig-
nant glioma cells. The p-p53 and p21 protein expression was 
increased after 4 h of ribavirin treatment in the U-87MG and 
U-138MG malignant glioma cells (Figs. 4 and 5).

Activation of apoptosis. The induction of apoptosis by 
ribavirin in malignant glioma cells was investigated by 

Annexin V/PI double staining and assessed using flow cytom-
etry. After 72 h of 10 µM ribavirin treatment, the proportion 
of living and apoptotic cells was compared with the control in 
both the U-87MG and U-138MG cell lines. The distribution 
of apoptotic cells (Annexin V-positive: early-stage apoptosis; 
Annexin V/PI-positive: late-stage apoptosis) are displayed 
in Fig. 6. The results revealed that the apoptotic cells were 
increased in both cell lines. These findings were not contradic-
tory with the results previously reported by Volpin et al (15).

The underlying mechanisms of the apoptotic effect 
of ribavirin were examined by western blot analysis. The 
intrinsic mitochondrial pathway associated with apoptosis, 
involving Bax, caspase-9 and caspase-3, was analyzed. In 

Figure 6. Induction of apoptosis by ribavirin. In the U-87MG and U-138MG cells, the ratio of detection of Annexin V-positive and Annexin V/PI-positive cells, 
indicating early-stage apoptosis and late-phase apoptosis, respectively, as determined by FACS, increased after 72 h of ribavirin treatment.

Figure 7. Observation of DSBs by γH2AX fluorescence microscopy. The accumulation of γH2AX in the cell nuclei was confirmed by fluorescence microscopy 
at 4 h following ribavirin treatment in the U-87MG and U-139MG cell lines.
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addition, the extrinsic apoptotic pathway mediated by Fas, 
caspase-8 and caspase-3 was investigated in the malignant 
glioma cells. In both the U-87MG and U-138MG cell lines, 
after 4 h of 10 µM ribavirin treatment, the protein expres-
sion of Bax, Fas, caspase-8, caspase-9 and caspase-3 was 
increased (Fig. 5). Thus, ribavirin induced apoptosis in the 
glioma cells through both the intrinsic and extrinsic apop-
totic pathways.

DNA damage. To ascertain the DNA damage caused by 
ribavirin in the malignant glioma cells, investigations of 
γH2AX using the fluorescence antibody technique and ATM 
and p-ATM protein expression by western blot analysis were 
performed. The accumulation of γH2AX in the cell nuclei 
was confirmed by fluorescence microscopy at 4 h following 
10  µM of ribavirin treatment in both the U-87MG and 
U-138MG cell lines (Fig. 7). Furthermore, in each of these 
cell lines, the expression of p-ATM was increased after riba-
virin treatment (Fig. 8).

Discussion

The interest in the antitumor effect of ribavirin for tumor treat-
ment has been increasing due to its ability to inhibit IMPDH, 
eIF4E and EZH2. It has been observed that ribavirin exhibits 
an antitumor effect in breast cancer and chronic myeloid 
leukemia (11-15). Recently, we demonstrated a dose-dependent 
antitumor effect of ribavirin on seven types of malignant 
glioma cell lines (16). In clinical practice for brain tumors, 
one of the most important problems is whether ribavirin 
crosses the blood-brain barrier. It has been observed that when 
administered at a dose of 800 mg/day as a therapeutic agent 
for chronic hepatitis C, the blood concentration of ribavirin 
was 13 µM and the cerebrospinal transitivity of ribavirin, with 
a low molecular weight of 244.2, was 70% (17). In addition, 
in the present study, a satisfactory cell proliferation inhibitory 
effect on both the U-87MG and U-138MG cells was observed 
when the concentration of ribavirin was 10 µM, indicating 
that ribavirin could represent a new therapeutic agent for 
glioblastomas. Recently, Volpin et al (15) demonstrated that 
30 µM of ribavirin inhibited the proliferation and migration 
and increased the cell arrest and cell death of glioma cells, 
potentially through the modulation of elF4E, EZH2 and extra-
cellular regulated protein kinase (ERK) pathways. However, 
the mechanism underlying the antitumor effect of ribavirin 

on malignant glioma cells has not yet been fully elucidated. 
Therefore in the present study, we further investigated the 
processes involved in this effect.

When DSBs occur for various reasons, H2AX is phosphor-
ylated (then referred to as γH2AX) and accumulates at the site 
of the DNA damage (21). The DSB is recognized by ATM, and 
subsequently induces autophosphorylation of ATM and then 
p-ATM activates p53 (22). On the other hand, recent evidence 
revealed that γH2AX does not always indicate the presence 
of DSB (23). Tu et al (23) revealed that an increased level of 
γH2AX occurred in the cell cycle-dependent phosphorylation 
of H2AX when the G2/M arrest was induced by ionizing radia-
tion and demonstrated that DNA-dependent protein kinase 
catalytic subunit and cell cycle checkpoint protein 2, but not 
ATM, were two important kinases involved in this process. 
In the present study, dotted accumulations of γH2AX in the 
nuclei were observed at 4 h after ribavirin treatment in the 
U-87MG and the U-138MG cells. The cell cycle distribution 
analysis revealed an increase in the population of cells in 
the G0/G1 phase after ribavirin treatment. Furthermore, the 
p-ATM, p-p53 and p21 protein expression, as investigated by 
western blot analysis, was increased after the ribavirin treat-
ment. It is known that p21, known as cyclin-dependent kinase 
inhibitor 1, is activated by p53 and induces cell cycle arrest in 
the G0/G1 phase (24). Therefore, these findings indicated that 
ribavirin treatment may increase the G0/G1 arrest, but not the 
G2/M arrest and DSBs could represent one of the mechanisms 
underlying the antitumor effect of ribavirin on malignant 
glioma cell lines.

There are two major DSB repair pathways in human 
cells (25): one is homologous recombination (HR) and the 
other is non-homologous end joining (NHEJ). Repair by NHEJ 
is possible throughout the cell cycle, whereas HR occurs only 
in the S-phase to the G2-phase when sister chromatids are 
present. This indicates that ribavirin-induced DSB may acti-
vate the NHEJ repair pathway, with low restoration accuracy, 
rather than the HR pathway.

We evaluated the apoptosis rate by flow cytometric 
analysis and the key regulators of apoptosis, the caspase 
cascade, downstream of the p53 pathway, by western blot 
analysis. Flow cytometry revealed an increased proportion 
of Annexin V-positive cells and Annexin V/PI-positive cells, 
which indicated early-stage apoptosis and late-phase apop-
tosis respectively, after 72 h of ribavirin treatment in both 
the U-87MG and U-138MG cells. The induction of apoptosis 

Figure 8. DSBs detected from ATM and p-ATM protein expression by western blot analysis. The expression of p-ATM was increased in both the U-87MG and 
U-138MG cell lines after the ribavirin treatment.
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initiated the signaling pathway called the caspase cascade. 
Caspases can be broadly divided into initiator caspases involved 
in the relatively early stage of apoptosis and effector caspases 
involved in the actual execution of apoptosis. Apoptosis is 
broadly divided into exogenous apoptosis occurring through 
the cell membrane receptors (via death receptors; the extrinsic 
pathway) and endogenous apoptosis via the mitochondrial 
intrinsic pathway (26). The present study revealed that riba-
virin activated caspase-3 (an effector caspase) and increased 
the expression of Fas (a death receptor) and caspase-8, which 
confirmed induction of exogenous apoptosis. In addition, 
increases in Bax and caspase-9, inducing endogenous apoptosis, 
were also observed in both the U-87MG and U-138MG cells 
following ribavirin treatment. Thus, ribavirin induces apoptosis 
in malignant glioma cells by activating both exogenous and 
endogenous apoptosis.

Finally, previous research associated with the present 
study will be briefly discussed. Surgical resection and 
concomitant radiotherapy with TMZ followed by adjuvant 
TMZ chemotherapy have become the current standard treat-
ment for glioblastomas. However, the prognosis is still poor 
and a more effective TMZ treatment regimen needs to be 
established. Among the factors that may contribute to TMZ 
resistance, MGMT is thought to be involved in its principal 
mechanisms  (3,27,28). In addition, it has been indicated 
that MGMT methylation status has not only a predictive but 
also a prognostic value in glioblastomas (4). In the present 
study, a cell growth inhibitory effect of ribavirin was 
observed in both cell lines. Specifically, the U-138MG cell 
line was MGMT-proficient, whereas the U-87MG cell line 
was MGMT-deficient. The antitumor effect of ribavirin may 
therefore not be dependent on the expression of MGMT. On 
the other hand, Volpin et al (15), for the first time in 2017, 
reported the efficacy of ribavirin in combination with radio/
chemotherapy as an anti-glioma agent. They demonstrated 
that ribavirin (30 µM) in combination with TMZ (100 µM) 
and irradiation (5 Gy) potentially enhanced the efficacy of the 
antitumor response in glioma cells and glioma stem-like cells 
and that the median survival of animals (rats; intracranial 
implantation of 9L gliosarcoma) treated with a combination 
of ribavirin (daily i.p.  injection of 10 mg/kg) and irradia-
tion (one session, 10 Gy) and TMZ (50 mg/kg for 5 days) 
was significantly increased compared with animals treated 
with irradiation and TMZ (15). However, further studies are 
warranted to assess whether ribavirin is effective against 
MGMT. In addition, it is important to conduct more studies 
to evaluate whether ribavirin exhibits a synergistic effect with 
irradiation and TMZ.

In conclusion, the present study indicated that ribavirin 
exerted an antitumor effect on malignant glioma cells due 
to the induction of DSBs and the cell cycle arrest in the 
G0/G1 phase, both in exogenous and endogenous apoptosis. In 
addition, such effects may not be dependent on the expression 
of MGMT.
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