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Enoxacin inhibits proliferation and invasion
of human osteosarcoma cells and reduces bone
tumour volume in a murine xenograft model
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Abstract. Osteosarcoma is the most prevalent primary
bone malignancy in children and adolescents. Neoadjuvant
chemotherapy combined with surgical resection, the current
standard treatment of osteosarcoma, is associated with a
5-year survival rate of only ~70%. Therefore, it is neces-
sary to identify new, more effective treatment strategies for
patients with this lethal disease. Enoxacin is a highly effective
broad-spectrum fluoroquinolone antibiotic with low toxicity.
The drug inhibits the growth and metastasis of numerous
tumour types, but its efficacy has not been studied in osteosar-
coma. This study assessed the antitumour effects of enoxacin
in osteosarcoma 143B cells and in a murine tumour xenograft
model. Enoxacin inhibited the proliferation, invasion and
migration of 143B cells, as well as inducing their apoptosis.
These effects were thought to be mediated by downregula-
tion of Bcl-xL, Bx1-2, matrix metalloproteinase (MMP)2 and
MMP9 expression. Enoxacin also significantly impaired the
growth of bone tumours in nude mice without affecting their
liver or kidney function, or blood cell count. Collectively,
these results indicate that enoxacin is a promising new drug
for osteosarcoma that warrants further evaluation in clinical
studies.
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Introduction

Osteosarcoma is a malignant bone cancer with high invasive-
ness and poor prognosis that commonly occurs in children and
adolescents (1,2). Osteosarcoma develops from mesenchymal
cell lines and is most likely to develop at the ends of long
bones, such as proximal tibia and distal femur, because of
their abundant blood supply (3). Currently, the most popular
treatment for osteosarcoma is neoadjuvant chemotherapy
combined with surgical resection; however, the 5-year survival
rate with modern protocols has only seen a mild improvement
over the past 40 years (from 65 to 70%) (4,5). The main reason
for the poor prognosis is the development of chemoresistance,
side effects from chemotherapy and early metastases (6).
Therefore, there is an urgent need to identify new, more effec-
tive antineoplastic drugs to inhibit the growth and metastasis
of osteosarcoma.

Enoxacin is a broad-spectrum, third-generation fluoro-
quinolone antibiotic with strong bactericidal activity (7). It
inhibits the growth of numerous cancer cells types (8-11),
including gastric (SNU-638 and SNU-1), colorectal (RKO
and HCT-116), liver (HepG2), lung (H23, H1299, and A549),
lymphoma (RAIJI), and leukaemia (KGla), and is relatively
selective for cancer cells, resulting in low toxicity to noncan-
cerous cells (11,12). However, its efficacy and the mechanisms
of action in osteosarcoma have not been reported.

This study examined the antitumour effects of enoxacin
on osteosarcoma 143B cells in vitro and in a murine xenograft
model, and explored the underlying molecular mechanisms.

Materials and methods

Cell culture and treatment. The human osteosarcoma cell line
143B and human osteoblast hFOB1.19 cell line were purchased
from the American Type Culture Collection. The 143B cells
were cultured in DMEM (Hyclone GE healthcare) supple-
mented with 10% FBS (Gibco; Thermo Fisher Scientific, Inc.)
and 100 U/ml streptomycin and penicillin. The hFOB1.19 cells
were maintained in DMEM/F-12 (Hyclone; GE healthcare)
containing 15% FBS. All cells were cultured in a humidified
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atmosphere containing 5% CO, at 37°C. All cells used in the
present study were subjected to >20 passages and were in
exponential cell growth.

Cell proliferation assay. Cells were seeded in 96-well plates
(3x10° cells/well) and incubated overnight. The following
day, enoxacin (Sigma Aldrich; Merck KGaA) diluted in
DMEM supplemented with 10% FBS was added to the wells
at 0, 3.125, 6.25, 12.5, 25, 50 or 100 mg/l. Viability of 143B
cells was measured at 24, 36 and 48 h, and that of hFOB1.19
cells was assessed at 24 h, using the Cell Counting Kit-8
(CCK-8; Dojindo Molecular Technologies, Inc.), according to
the manufacturer's protocol. The absorbance was measured
at 450 nm using an ELX800 absorbance microboard reader
(Bio-Tek Corporation).

Tumour-cell clonogenic assay. Osteosarcoma 143B cells were
seeded in a 6-well culture plate (10° cells/well). Enoxacin
diluted in DMEM supplemented with 10% FBS was added
to the wells at 0, 1.25, 2.5, 5, 10 or 20 mg/l and the plates
were incubated for 7 days. Following incubation, the culture
medium was removed, the cells were fixed in 4% parafor-
maldehyde for 15 min at 4°C, then stained with 0.1% crystal
violet solution (Beijing Solarbio Science & Technology Co.,
Ltd.) for 20 min at room temperature. The number of colonies
(clusters of >50 cells) were counted under a light microscope
(magnification, x10; Olympus Corporation).

Transwell assays. For the cell invasion assay, 143B cells
were suspended in serum-free medium with enoxacin, then
200 pl of cell suspension (1x10* cells) was added on top of
Matrigel-coated Transwell chambers (8-um pore size; Corning,
Inc.). The chambers were incubated in 600 ul of 10% serum
medium for 18 h. Following incubation, the culture medium
in the lower chamber was removed and the cells were washed
twice with PBS, then fixed with 4% paraformaldehyde for
15 min at 4°C, and stained with 0.05% crystal violet solution
for 20 min at room temperature. A cotton swab was used to
remove the cells that had not passed through the membrane,
while the transmembrane cells were imaged (magnification,
x10) and counted in 5 microscopic fields using a light micro-
scope (Olympus Corporation).

The cell migration assay was performed under similar
experimental conditions as the invasion assay but using
non-Matrigel coated cell culture inserts.

Annexin Vipropidium iodide (PI) apoptosis assay. Osteosarcoma
143B cells were seeded in 6-well plates (10° cells/well). The
next day, enoxacin diluted in DMEM containing 10% FBS
was added to the wells at 0, 5, 10 or 20 mg/l and the plates
were incubated for 24 h. Following incubation, the superna-
tants and adherent cells were collected and Annexin V and
PI staining was performed using the YF® 488 Annexin V
and PI Apoptosis kit (US Everbright® Inc.), according to the
manufacturer's protocol. Briefly, the cells were resuspended in
Annexin V binding buffer (100 pl) before Annexin V (4-5 ul)
and PI (1-2 pl) working solutions were added to each tube. The
tubes were set on ice and incubated in the dark for 15 min.
Apoptotic cells were quantified using a flow cytometer (BD
FACSCanto II; Becton, Dickinson and Company) and the
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apoptosis rates were calculated using FlowJo 7.6 software
(Tree Star, Inc.).

Western blot analysis. Osteosarcoma 143B cells were seeded
in 6-well plates (3x10° cells/well) and treated with enoxacin
(0, 10 or 20 mg/l) for 24 h, then washed twice with PBS and
lysed with RIPA lysis buffer (50 mM Tris-HCI, 150 mM NaCl,
5 mM EDTA, 1% Triton X-100, 1 mM sodium fluoride, 1 mM
sodium vanadate, 1% deoxycholate, and protease inhibitor
cocktail; Beyotime Institute of Biotechnology). The cells were
collected into centrifuge tubes using a cell scraper and lysed
on ice for 30 min, with frequent shaking to ensure full lysis.
The cells were centrifuged at 12,000 x g at 4°C for 15 min
before the supernatant was collected and the total protein
concentration was determined using the bicinchoninic acid
method (Beyotime Institute of Biotechnology).

Following the instructions for the use of the electropho-
resis instrument (Bio-Rad Laboratories, Inc.), a total of 20 pul
protein (1.5 pg/ul) from each sample were separated by
10% SDS-PAGE and then transferred to PVDF membranes
(EMD Millipore). The membranes were blocked with 5%
skimmed milk (Becton, Dickinson and Company) for 1 h
at room temperature before they were probed with primary
antibodies [rabbit anti-human matrix metalloproteinase
(MMP)2 monoclonal antibody; Cell signalling Technology,
Inc. (CST); cat. no. 87809S; 1:1,000; rabbit anti-human MMP9
monoclonal antibody; CST; cat. no. 13667S; 1:1,000; rabbit
anti-human Bcl-xL. monoclonal antibody; CST; cat. no. 2764S;
1:1,000; rabbit anti-human Bcl-2 monoclonal antibody; CST;
cat. no. 42238S, 1:1,000; rabbit anti-human GAPDH; CST;
cat. no. 5174S; 1;1,000] at 4°C overnight. The following day,
the membranes were washed three times with TBS-T (0.05%
Tween-20; Boster Biological Technology) and then the second
antibody (goat anti-rabbit IgG; HRP-linked antibody; CST;
7074S; 1:2,000) was incubated for 2 h at room temperature.
Immunoreactive protein bands were detected by enhanced
chemiluminescence (ECL kit, TransGen Biotech Co., Ltd.)
according to the manufacturer's protocol.

Tumour xenograft model. A total of 20 4-week-old female
BALB/c-nu/nu nude mice (~19.0 g), were obtained from Shrek
Jingda Experimental Animal Centre (Hunan, China) and raised
in a laminar mouse house, with 50 + 5% humidity, 24 + 2°C
and a 12-h light/dark cycle. The mice were fed standard rodent
food and mineral water. Osteosarcoma 143B cells were diluted
with PBS (up to a density of 1x107 cells/ml) and 100 pl of cell
suspension was injected into the tibial plateau of anesthetized
nude mice. Subsequently, the mice were randomly divided
into 4 groups: Blank control, saline (NaCl), low enoxacin
concentration (enoxacin diluted with NaCl, 4 mg/kg/d), and
high enoxacin concentration (enoxacin diluted with NaCl,
8 mg/kg/d), with 5 mice in each group. One week later, the
mice were injected intraperitoneally with NaCl or enoxacin
every day for 3 weeks. Tumour volume (measured with the
Vernier calliper, V=length x width? x0.5) and body weight
(measured electronically) of the mice were recorded every
week. At the end of the study period, the mice were euthanised
and the tumours were dissected to measure their volume and
weight. Cardiac blood (200 ul) was collected to evaluate liver
and kidney function.
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Figure 1. Enoxacin inhibits the proliferation and clonogenic ability of human osteosarcoma cells. (A) 143B cells and (B) hFOB1.19 cells were treated with
increasing concentrations of Eno and incubated for up to 48 and 24 h, respectively. Cell viability was assessed using the Cell Counting Kit-8 assay. Eno
inhibited the proliferation of 143B cells in a time- and dose-dependent manner, but did not affect the proliferation of hFOB1.19 cells at up to 25 mg/1. (C) 143B
cells were treated with Eno and incubated for 7 days. Eno impaired the colony-forming ability of 143B cells in a concentration-dependent manner. The results

are expressed as the mean + SD of three experiments. "P<0.05, “P<0.01 and
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Figure 2. Eno impairs the migratory and invasive abilities of human osteosarcoma cells. (A) 143B cells were treated with Eno for 18 h, then stained with 0.05%
crystal violet and visualised under a phase contrast microscope (magnification, x10). (B) The migratory and invasive abilities of 143B cells were evaluated

by counting the number of migrated and invaded cells. The results are expressed as the mean = SD of three experiments. "P<0.05 and

(0 mg/1 Eno). Eno, enoxacin.
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Figure 3. Eno increases apoptosis of human osteosarcoma cells. (A) 143B cells were treated with Eno for 24 h, before apoptosis was assessed by flow cytometry
using Annexin V/PI staining. (B) The percentage of apoptotic cells was quantified. The results are expressed as the mean + SD of three experiments. "P<0.05,
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“P<0.01 and “"P<0.001 vs. control (0 mg/l Eno). Eno, enoxacin; PI, propidium iodide.

Statistical analyses. The data were analysed by GraphPad Prism
5.0 software. Statistical significance between groups was anal-
ysed using student's t-tests or ANOVA followed by the Tukey test.
The results are presented as means + SD. All the experiments
were performed at least three times. P<0.05 was considered to
indicate statistically significant differences between groups.

Results

Enoxacin inhibits the proliferation of 143B cells but not that
of hFOBI.19 cells. A CCK-8 assay was used to assess the
antiproliferative effect of enoxacin on human osteosarcoma
and osteoblast cell lines. Enoxacin inhibited the proliferation
of 143B cells in a time- and concentration-dependent manner
(Fig. 1A), without a significant effect on the proliferation of
hFOBI.19 cells at up to 25 mg/1 (Fig. 1B). The present results
indicate that enoxacin is effective and selective towards human
osteosarcoma cells and exhibits no obvious toxicity towards
normal osteoblasts at up to 25 mg/l (within the concentration
range used in this study).

Enoxacin impairs the colony-forming ability of 143B cells.
The effect of enoxacin on the colony-forming ability of single

osteosarcoma 143B cells was assessed with a clonogenic assay.
In the control group (0 mg/l) and low enoxacin concentration
group (1.25 mg/1), alarge number of colonies formed within one
week of culture (colony formation rate =80.34%). Increasing
enoxacin concentration was associated with decreasing size
and number of colonies, indicating that the drug inhibits 143B
cell proliferation and colony formation in a dose-dependent
manner (Fig. 1C).

Enoxacin inhibits the migration and invasion of 143B
cells. The effect of enoxacin on the migration and invasion
of osteosarcoma 143B cells was evaluated using Transwell
assays. The drug significantly impaired the migratory and
invasive abilities of 143B cells in a dose-dependent manner
(Fig. 2), suggesting that it could inhibit the metastasis of
osteosarcoma.

Enoxacin stimulates apoptosis of 143B cells. Flow cytometric
analysis with Annexin V/PI staining was performed to inves-
tigate whether enoxacin inhibited the growth of osteosarcoma
143B cells by stimulating apoptosis. Enoxacin-treated cells
exhibited a significantly increased rate of apoptosis compared
with that of the control cells (Fig. 3).
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Figure 4. Eno downregulates the expression of MMPs and Bcl-2 family proteins in human osteosarcoma cells. (A) Western blot of protein expression in
control and Eno-treated cells. (B) Eno downregulated the expression of MMPs (MMP2 and MMP9) and apoptosis-related proteins (Bcl-xL and Bcl-2) in 143B
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cells. GAPDH was used as the internal control. The results are expressed as the mean = SD of three experiments. “P<0.05, “P<0.01 and **P<0.001 vs. control

(0 mg/1 Eno). MMP, matrix metalloproteinases; Eno, enoxacin.

Enoxacin downregulates the expression of MMP2, MMP9,
Bcl-xL and Bcl-2 in 143B cells. To explore the molecular
mechanisms underlying the antitumour effects of enoxacin,
the expression of MMPs (MMP2 and MMP9) and Bcl-2
family proteins (Bcl-xL, Bcl-2) in enoxacin-treated osteosar-
coma 143B cells were assessed using western blot analysis.
Expression levels of MMP2, MMP9, Bcl-xL and Bcl-2 were
significantly decreased in enoxacin-treated cells compared
with that in control cells (Fig. 4). These observations suggest
that the pro-apoptotic and anti-invasion effects of enoxacin
are mediated by downregulation of Bcl-2 family proteins and
MMP expression.

Enoxacin impairs the growth of osteosarcoma in vivo. A
xenograft tumour model with 143B cells was established in
nude mice to assess the effect of enoxacin on tumour growth.
The tumour volume and weight were significantly decreased
in enoxacin-treated mice compared with in untreated mice.
In contrast, there were no significant differences in tumour
volume or weight between the NaCl group and the control
group (Fig. 5A-C). Body weight of the mice in the treatment

groups did not differ significantly from that of control mice
during the study period (Fig. 5D). These data show that
enoxacin hinders the development of osteosarcoma and has no
obvious drug toxicity in nude mice.

Side effects of enoxacin in vivo. Circulating levels of liver
enzymes (alanine transaminase and aspartate aminotrans-
ferase) and renal function markers [blood urea nitrogen (BUN)
and creatinine (Cr)] were measured in nude mice heart blood to
evaluate hepatotoxicity and nephrotoxicity following enoxacin
treatment. The functions of the liver and kidney were normal
in all groups (Table I). Erythrocyte, leukocyte and platelet
counts of the mice were within normal limits, indicating that
enoxacin has no obvious haematological side effects within
the dosage range tested (Table II).

Discussion
Osteosarcoma is a bone cancer that originates from mesen-

chymal tissue and exhibits high degree of invasiveness,
malignancy, and poor prognosis; its incidence is reported
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Figure 5. Enoxacin inhibits the growth of osteosarcoma in vivo without obvious toxicity. (A) The size of tumours in each group. (B) The tumour volume was
significantly smaller in the treatment groups than in the control group. (C) The tumour weight was significantly lower in the treatment groups than in the
control group. (D) There were no significant differences in body weight between the groups. “P<0.01 and ““P<0.001 vs. control (0 mg/kg/d Eno).

to be ~5 cases per million persons per year. The disease is
particularly prevalent among children and adolescents (13,14).
At present, the mainstream treatment protocol for patients with
osteosarcoma is a combination of neoadjuvant chemotherapy
and surgery, and although the prognosis has improved (14-17),
the 5-year overall survival rate is still unsatisfactory (18). The
early detection rate of osteosarcoma is low and pulmonary
metastases are often discovered at diagnosis, which complicates
treatment (19,20). Thus, it is necessary to explore the molecular
mechanisms of metastasis and invasion of osteosarcoma to
identify new avenues for the treatment of this lethal disease.
Enoxacin is a highly effective broad-spectrum fluoroqui-
nolone antibiotic with low toxicity (12). Several studies have
confirmed that, in addition to its antibacterial properties,
enoxacin also displays antitumour activity (8-11). Thus, its
effect on the proliferation, migration and invasion of human

osteosarcoma 143B cells was investigated. The present
results indicate that enoxacin could prevent metastasis and
promote apoptosis in osteosarcoma, and improve patient
survival.

Metastasis,abiological characteristic of malignant tumours,
is a dynamic process that involves the spread of tumour cells
from the primary site to the surrounding or distant tissue.
Early lung metastasis by hematogenous dissemination is the
cause of high mortality in osteosarcoma (21). In this study, it
was found that enoxacin blocked the migration and invasion
of 143B cells, highlighting its potential in the prevention of
osteosarcoma metastasis.

The formation, progression, invasion and metastasis of
malignant tumours are often accompanied by changes in
the expression of extracellular matrix (ECM) components
and their cell surface receptors. The degradation of ECM by
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Table I. Effect of enoxacin on liver and kidney function in nude mice.

Enoxacin n ALT (u/l) AST (u/l) BUN (mmol/l) Cr (mmol/l)
Control 5 32.05+£3.03 98.96+13.10 5.79+1.00 21.23+2.30
NaCl 5 29.24+3 .37 106.04+17.55 6.51+0.90 21.63+3.00
4 mg/kg/day 5 29.65+3.55 98.93+12.72 5.56+0.59 22.82+3.06
8 mg/kg/day 5 31.43+3.00 100.04+21.50 5.97+1.96 22.62+3.82

No difference was observed in the ALT, AST, BUN and Cr among the groups (P>0.05). ALT, alanine aminotransferase; AST, aspartate trans-

aminase; BUN, blood urea nitrogen; Cr, creatinine.

Table II. Effect of enoxacin on blood cell count of nude mice.

Enoxacin n Erythrocyte (x10'%/1) Leukocyte (x10°/1) Platelet (x10°/1)
Control 5 8.18+0.44 498+1.03 803.18+85.72
Nacl 5 8.12+0.83 4.32+0.82 743.52+108.70
4 mg/kg/day 5 7.960.69 4.56+0.64 789.76+£70.71
8 mg/kg/day 5 8.46+0.54 4.66x0.70 793.46+94.11

No difference was observed in the blood cell counts among the groups (P>0.05).

MMPs is a key step in the invasion and metastasis processes
in human cancers, and increased secretion and activity
of MMPs are implicated in numerous types of malignant
tumours (22,23). MMP2 and MMP9 are important members
of the MMP family and inhibition of their expression is a
strategy for reducing the invasion and metastasis of osteosar-
coma (24,25). The current western blot analysis showed that
enoxacin treatment downregulated the expression of MMP2
and MMP9 in 143B cells, which could be an effective way to
inhibit osteosarcoma metastasis.

Apoptosis is a physiological phenomenon that is necessary
for normal growth, development and maintenance of cellular
homeostasis, which also plays a central role in tumour devel-
opment (26). The present results demonstrated that enoxacin
stimulated apoptosis in 143B cells and decreased tumour
volume and weight in the xenograft model of osteosarcoma.
Therefore, enoxacin might block tumour growth in osteosar-
coma.

Apoptosis is a complex process that is tightly regulated
by multiple genes (27). Bcl-2 family proteins can prevent the
release of cytochrome C from mitochondria to the cytoplasm,
thus inhibiting apoptosis (28,29). Bcl-2 and Bcl-xL are the
main anti-apoptotic molecules among the members of the Bcl-2
family; reducing their protein levels can promote apoptosis of
tumour cells. In the current study, enoxacin downregulated
protein expression of both Bcl-2 and Bcl-xL to trigger the
mitochondrial apoptosis pathway in 143B cells.

In the mouse study, the tumour volume and weight were
decreased in the enoxacin-treated group compared with in the
untreated group. However, mean body weights did not differ
between enoxacin-treated and untreated mice. Furthermore,
there was no evidence of disturbed liver or kidney function,
or altered blood cell count in enoxacin-treated mice, which

confirms that the drug has good antitumour efficacy without
obvious toxic effects in vivo.

The current study describes the pharmacological
activities of enoxacin against osteosarcoma and explores
its potential as a novel approach to the treatment of this
disease. The use of fluoroquinolones, such as enoxacin,
is limited in children because of their potential to cause
cartilage dysplasia. Nevertheless, it is estimated that in the
Unites States, 520,000 prescriptions were issued for children
under the age of 18 in 2002 alone. Of those, 13,800 were for
infants and children aged between 2 and 6, and 2,750 were
for infants under the age of 2 (30). Accumulating evidence
suggests that the incidence and severity of articular cartilage
injury in children treated with fluoroquinolones is markedly
lower than that in animals (31,32), suggesting that the side
effects of fluoroquinolones are not be as serious as initially
thought. Thus, the use of enoxacin to treat osteosarcoma in
children may increase. Although osteosarcoma is common
in people under the age of 20, as the global population grows
and ages, the prevalence of osteosarcoma and other types of
bone cancer will rise in the middle-aged and elderly (33).
Enoxacin might become valuable in the treatment of these
patient groups in the future.

The limitation of this study is that it only used a single cell
line for experiments and further research is necessary in the
future to verify the current findings.

Collectively, the present data demonstrated that enoxacin
promotes apoptosis and inhibits proliferation, migration, and
invasion of osteosarcoma 143B cells in vitro, and effectively
impairs the growth of osteosarcoma in vivo. Based on these
findings, enoxacin might represent a novel strategy for the
treatment of osteosarcoma. However, its exact mechanism of
action and clinical effects warrant further evaluation.
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