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Aims
Osteosarcoma is the most common primary bone malignancy among children and adoles-
cents. We investigated whether benzamil, an amiloride analogue and sodium-calcium exchange
blocker, may exhibit therapeutic potential for osteosarcoma in vitro.

Methods
MG63 and U2OS cells were treated with benzamil for 24 hours. Cell viability was evaluated with
the MTS/PMS assay, colony formation assay, and flow cytometry (forward/side scatter). Chromo-
some condensation, the terminal deoxynucleotidyl transferase dUTP nick end labelling (TUNEL)
assay, cleavage of poly-ADP ribose polymerase (PARP) and caspase-7, and FITC annexin V/PI
double staining were monitored as indicators of apoptosis. Intracellular calcium was detected
by flow cytometry with Fluo-4 AM. The phosphorylation and activation of focal adhesion kinase
(FAK) and signal transducer and activator of transcription 3 (STAT3) were measured by western
blot. The expression levels of X-linked inhibitor of apoptosis protein (XIAP), B-cell lymphoma 2
(Bcl-2), B-cell lymphoma-extra large (Bcl-xL), SOD1, and SOD2 were also assessed by western
blot. Mitochondrial status was assessed with tetramethylrhodamine, ethyl ester (TMRE), and
intracellular adenosine triphosphate (ATP) was measured with BioTracker ATP-Red Live Cell Dye.
Total cellular integrin levels were evaluated by western blot, and the expression of cell surface
integrins was assessed using fluorescent-labelled antibodies and flow cytometry.
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Results
Benzamil suppressed growth of osteosarcoma cells by inducing apoptosis. Benzamil reduced the expression of cell surface
integrins α5, αV, and β1 in MG63 cells, while it only reduced the expression of αV in U2OS cells. Benzamil suppressed the
phosphorylation and activation of FAK and STAT3. In addition, mitochondrial function and ATP production were compromised
by benzamil. The levels of anti-apoptotic proteins XIAP, Bcl-2, and Bcl-xL were reduced by benzamil. Correspondingly, benzamil
potentiated cisplatin- and methotrexate-induced apoptosis in osteosarcoma cells.

Conclusion
Benzamil exerts anti-osteosarcoma activity by inducing apoptosis. In terms of mechanism, benzamil appears to inhibit integ-
rin/FAK/STAT3 signalling, which triggers mitochondrial dysfunction and ATP depletion.

Article focus
• To investigate the cytotoxic activity of benzamil on human

osteosarcoma cells.
• To investigate the molecular mechanism by which benza-

mil mediates the anticancer activity of human osteosar-
coma cells.

Key messages
• Benzamil-induced cytotoxicity is not limited to osteosar-

coma cells with certain phenotypes.
• Benzamil inhibits integrin/focal adhesion kinase (FAK)/

signal transducer and activator of transcription 3 (STAT3)
signalling and induces mitochondrial damage.

• Benzamil potentiates cisplatin- and methotrexate-induced
apoptosis.

Strength and limitations
• Our results uncover a potential new application of benza-

mil as an osteosarcoma treatment.
• Only in vitro experiments were performed; further in vivo

studies are warranted to confirm the applicability in clinical
settings.

Introduction
Osteosarcoma is the most common malignant bone tumour
in children and young adults.1 While the condition can occur
in any bone, it is mostly long tubular bones that are affected.2

Currently, the primary therapeutic approaches for osteosar-
coma include amputation, chemotherapy, and radiotherapy.1

Amputation is mostly used in child patients rather than in
adults; it provides a substantial survival benefit, yet it causes
functional impairment of the affected limb and has no benefit
with regard to incidence of local recurrence.3-5 To restore the
adequate function, limb salvage surgery is also performed.
When amputation is performed in combination with adju-
vant chemotherapy, the five-year survival rate is greatly
improved in non-metastatic osteosarcoma patients.1 However,
the survival benefit is not extended to patients with meta-
static disease.4 The most common and effective chemotherapy
regimen for osteosarcoma is a combination of methotrexate,
adriamycin, and cisplatin,6 which is associated with major
adverse effects including hearing loss, bone marrow suppres-
sion, renal toxicity, liver damage, and cardiomyopathy.7 To
resolve these adverse effects, discontinuation of treatment

is often required.8 Furthermore, the efficacy of the chemo-
therapy regimen varies greatly due to the high genetic and
phenotypic heterogeneity among osteosarcoma cases.9,10 To
make matters worse, nearly 35% of osteosarcoma patients
experience local or systemic recurrence despite having
received amputation and chemotherapy.11 Radiotherapy is not
commonly used to treat osteosarcoma, since the tumours are
largely radio-insensitive.1 As such, radiotherapy is only used
to treat patients who have a poor response to chemotherapy
or for whom surgery cannot be performed adequately.1,5,12 In
light of the difficulties in treating osteosarcoma, there is an
urgent need to identify new agents that can overcome the
major challenges in osteosarcoma treatment.

In this study, we evaluate the potential of benzamil,
a derivative of amiloride, as a treatment for osteosarcoma.
Benzamil is a potent sodium-calcium exchanger blocker
that also exhibits diuretic activity.13 Its inhibitory activity on
sodium-calcium exchange is ten times more potent than that
of amiloride.14 Like amiloride, benzamil is sometimes used
to treat cystic fibrosis lung disease, although its therapeu-
tic efficacy is not better than amiloride.15 In addition to
these known activities, recent work has shown that benzamil
may have anticancer activity in the context of human brain
cancer.16 The main reported mechanism of its cytotoxicity to
cancer cells was disturbance of intracellular calcium balance.16

We hypothesized that benzamil might induce cytotoxicity
via elevation of intracellular calcium and calcium-related
mechanisms in osteosarcoma cells. In the present study,
we explored the anticancer effects of benzamil in osteosar-
coma cells and delineated the underlying mechanisms of its
cytotoxic effects.

Methods
Reagents
Benzamil was purchased from Cayman Chemical (USA),
and 4',6-diamidino-2-phenylindole (DAPI), propidium iodide
(PI), 2',7'-dichlorodihydrofluorescein diacetate (DCFDA), crystal
violet, glutaraldehyde, BAPTA, Y15, BioTracker ATP-Red Live
Cell Dye, and cisplatin were purchased from Millipore-
Sigma (USA). Tetramethylrhodamine, ethyl ester (TMRE) was
purchased from Thermo Fisher Scientific (USA). Stattic was
purchased from MedChemExpress (USA). FITC annexin V
was purchased from BioLegend (USA). MTS and PMS were
purchased from Promega (USA). Fluo-4 AM was purchased
from Abcam (USA).

158 Bone & Joint Research  Volume 13, No. 4  April 2024



Cell culture and treatment
The human osteosarcoma cell lines, MG63 and U2OS, were
purchased from the Bioresource Collection and Research
Centre (Taiwan). Cells were maintained in Dulbecco’s Modified
Eagle Medium (DMEM) supplemented with 10% fetal bovine
serum (Peak, USA), penicillin, and streptomycin (Sartorius,
Germany). The cell cultures were incubated at 37°C in a culture
incubator with 5% CO2. To validate the dose-dependent effect
of benzamil on anti-osteosarcoma activities, cells were treated
with 0, 12.5, 25, 50, 100, and 200 μM benzamil for 24 hours.
To assess the time course of benzamil-induced apoptosis and
the underlying mechanisms, cells were treated with 200 μM
benzamil for 0, 0.5, one, three, six, and 24 hours. To validate
the requirement of calcium in benzamil-induced apoptosis,
cells were preincubated with BAPTA (20 μM) for one hour,
followed by benzamil (100 μM) for 24 hours. Apoptosis was
validated by FITC annexin V/PI double staining. To address
the roles of focal adhesion kinase (FAK) and signal transducer
and activator of transcription 3 (STAT3) in benzamil-induced
apoptosis, cells were treated with Y15 (10 μM) and Stattic
(20 μM) for 24 hours. Apoptosis was validated by FITC annexin
V/PI double staining. To investigate the enhancement of
apoptotic effects of cisplatin by benzamil, cells were preincu-
bated with cisplatin (10 μM) or methotrexate (30 μM) for one
hour, followed by benzamil (75 μM) for 24 hours. Apoptosis
was validated by FITC annexin V/PI double staining. Vehicle
control: 0.5% dimethyl sulfoxide (DMSO).

Cell viability assay
MG63 cells were seeded onto a 96-well plate at a density of
8,000 cells/well. Cells were treated with 0, 12.5, 25, 50, 100, and
200 μM benzamil for 24 hours. Cell viability was assessed with
the MTS/PMS assay, according to the manufacturer’s instruc-
tions (Promega). Absorbance at 490 nm was measured using a
SpectraMax ABS microplate reader (Molecular Devices, USA).

Colony formation assay
The colony formation assay was performed as described
previously.17 Briefly, MG63 and U2OS cells were seeded into
six-well plates (300 cells/well) and incubated at 37°C for five
hours. After the cells were firmly attached to the dish, the
cultures were treated with indicated doses of benzamil for
24 hours. At the end of the treatment period, the medium was
removed and fresh medium was added. Culture medium was
subsequently refreshed every three days. On day 9, colonies
were fixed with 6% glutaraldehyde and stained with 0.5%
crystal violet for observation. Images of the colonies were
obtained using scanning devices (MPC3503; Ricoh, Japan).

Forward and side scatter analysis
Forward scatter (FSC) and side scatter (SSC) were analyzed
using flow cytometry (Beckman Coulter, USA). FSC/SSC
indexes were used to identify living and/or dead cells
according to standard protocols.18

Apoptosis analysis
Apoptosis was analyzed by chromatin condensation, terminal
deoxynucleotidyl transferase dUTP nick end labelling (TUNEL)
assay, cleavage of poly-ADP ribose polymerase (PARP) and
caspase-7, and FITC annexin V/PI double staining. Chromatin
condensation was assessed as previously described.19 Briefly,

the MG63 cells were seeded into a 48-well plate at a density
of 30,000 cells/well. Cells were treated with 100 μM benza-
mil for 24 hours. Then, cells were fixed by 4% formaldehyde
for 30 minutes. After the fixative was removed, the cells
were stained with DAPI for 20 minutes. Chromatin condensa-
tion was observed and scored using fluorescence microscopy
(Motic, China). The TUNEL assay was performed according to
the manufacturer’s instructions (Abcam). Cleavage of PARP
and caspase-7 was monitored by western blot analysis. FITC
annexin V/PI double staining was performed as previously
described.19 After the cells were stained, the samples were
analyzed by flow cytometry (Beckman Coulter).

Western blot analysis
MG63 (4 × 105 cells/ml) and U2OS (6 × 105 cells/ml) were
seeded into six-well plates. Cells were treated with indica-
ted doses of benzamil for 24 hours. Cells were lysed and
collected in RIPA buffer (MilliporeSigma) supplemented with
cOmplete Protease Inhibitor Cocktail (Roche, Switzerland)
and PhosSTOP (Roche). Thereafter, cell lysates were separa-
ted on a gradient gel, and proteins were transferred onto a
0.22 μm polyvinylidene difluoride (PVDF) membrane (Cytiva,
USA). Protein expression was detected by using the indica-
ted primary antibody and appropriate secondary antibody.
Bands were visualized using ECL horseradish peroxidase (HRP)
substrate (MilliporeSigma). Band intensity was measured from
images using ImageJ bundled with 64-bit Java 8 (National
Institutes of Health, USA). Briefly, each band’s intensity was
quantified. Then, the target band intensities were divided
by the β-actin intensities. All primary antibodies used in this
study were purchased from Cell Signaling Technology (USA),
including anti-caspase-7 (9492), anti-PARP (9542), anti-phos-
pho-FAK (3283), anti-FAK (3285), anti-phospho-STAT3 (9145),
anti-STAT3 (9139), anti-X-linked inhibitor of apoptosis protein
(XIAP) (2042), anti-B-cell lymphoma 2 (Bcl-2) (4223), anti-B-
cell lymphoma-extra large (Bcl-Xl) (2764), anti-SOD1 (2770),
anti-SOD2 (13194), anti-integrin α5 (4705), anti-integrin αV
(4711), anti-integrin β1 (9699), and anti-β-actin (3700). The
secondary antibody used for anti-STAT3 and anti-β-actin was
peroxidase-AffiniPure goat anti-mouse immunoglobulin G
(IgG) (115-035-003; Jackson ImmunoResearch, USA). Except for
these two, the secondary antibody used for other primary
antibodies was peroxidase-AffiniPure goat anti-rabbit IgG
(111-035-003; Jackson ImmunoResearch).

Mitochondrial membrane potential, ROS, ATP, and calcium
analysis
Mitochondrial membrane potential was assessed according
to the TMRE signal measured by flow cytometry (Beckman
Coulter), as previously described.20 The reactive oxygen
species (ROS) level was detected by measuring DCFDA signal
with flow cytometry (Beckman Coulter). Briefly, cells were
loaded with DCFDA (10 μM) for 20 minutes. Then, cells
were rinsed with phosphate-buffered saline (PBS) three times.
The fluorescence intensity of DCFDA was measured by flow
cytometry. To measure intracellular adenosine triphosphate
(ATP), BioTracker ATP-Red Live Cell Dye was used. Cells were
incubated with BioTracker ATP-Red Live Cell Dye (10 μM)
for 15 minutes. Then, the cells were rinsed with PBS three
times. The fluorescence intensity of BioTracker ATP-Red Live
Cell Dye was measured by flow cytometry. In order to
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examine the intracellular calcium levels, cells were preloaded
with the fluorescent calcium indicator Fluo-4 AM (2 μM) for
15 minutes, followed by benzamil treatment. Excess Fluo-4 AM
dye was washed away with PBS washing, and the fluorescence
intensity of Fluo-4 AM was measured by flow cytometry.

Surface integrin analysis
After treatment, cells were collected using trypsin (Sartorius)
and washed with PBS (Sartorius). Then, the cells were stained
with the indicated integrin antibody (integrin α5-FITC, integrin
αV-FITC, and integrin β1-Alexa Fluor 488) at 4°C for one hour.
After the cells were rinsed with PBS three times, the fluores-
cence intensity was measured by flow cytometry.

Statistical analysis
All experiments were performed in triplicate with at least three
independent replicates. Experimental results are expressed
as mean and standard error of the mean (SEM). Statistical
significance was validated by independent-samples t-test or
one-way analysis of variance (ANOVA). Significant differences
are indicated as p < 0.05. All statistics were calculated using
GraphPad Prism 8 (GraphPad Software, USA).

Results
Benzamil reduces cell viability of osteosarcoma cells
In order to test whether benzamil has a cytotoxic effect
in human osteosarcoma cells, MG63 (Figure 1a) and U2OS
(Figure 1b) cells were treated with different doses of benza-
mil for 24 hours. Cell viability was then measured by the
MTS/PMS assay. Cytotoxicity was detected when MG63 cells
were exposed to at least 50 μM benzamil (0 μM vs 50 μM:
mean 100 (SEM 1.6) vs 79 (SEM 1), p < 0.001) and when U2OS
cells were exposed to 25 μM benzamil (0 μM vs 50 μM: mean
100 (SEM 5.3) vs 86 (SEM 3.5), p < 0.05, one-way ANOVA).
Morphological examinations also revealed that the numbers
of rounded cells (apoptotic feature) were increased when
MG63 cells were exposed to benzamil (Figure 1c). We also
analyzed the change in cell morphology using flow cytome-
try. The percentage of cells with morphological features of a
dead cell (low FSC and high FSC)18,21 was greatly increased by
benzamil treatment (0 μM vs 50 μM: mean 5.2% (SEM 0.7%)
vs 40% (SEM 3.7%), p < 0.001; 0 μM vs 100 μM: mean 5.2%
(SEM 0.7%) vs 56% (SEM 7.3%), p < 0.001; 0 μM vs 200 μM:
mean 5.2% (SEM 0.7%) vs 71% (SEM 3.2%), p < 0.001, one-
way ANOVA) (Figures 1d and 1e). The colony formation assay
confirmed that growth of MG63 (Figures 1f and 1g) and U2OS

Fig. 1
Benzamil dose-dependently reduces cell viability in vitro. MTS/PMS activity assay of a) MG63 and b) U2OS cells after treatment with the indicated
doses of benzamil for 24 hours. c) MG63 cells were treated with indicated doses of benzamil for 24 hours. Cell morphology was observed under light
microscopy. d) MG63 cells were treated as described in c); forward scatter (FSC) and side scatter (SSC) were analyzed by flow cytometry. e) Percentage
of gated cells (low FSC and high SSC). f ) to i) Colony formation assay with MG63 (f and g) and U2OS (h and i) cells after treatment with the indicated
doses of benzamil. *p < 0.05 comparing indicated dose with 0 μM, one-way analysis of variance.
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(Figures 1h and 1i) cells was inhibited when the cultures were
exposed to at least 25 μM benzamil (MG63: 0 μM vs 25 μM:
mean 77 (SEM 8) vs 55 (SEM 10), p = 0.040; U2OS: 0 μM vs
25 μM: mean 78 (SEM 8) vs 54 (SEM 7), p = 0.020, one-way
ANOVA).

Benzamil induces apoptosis in osteosarcoma cells
To examine whether apoptosis is induced by benzamil,
cells were treated with benzamil for 24 hours. Apoptosis
was evaluated by chromosome condensation (Figure 2a)19,22

and the TUNEL assay (Figure 2b). The results showed that
benzamil treatment increased the numbers of cells with
condensed chromosomes and TUNEL-positive signals. Next,
MG63 (Figure 2c) and U2OS (Figure 2d) cells were treated
with different doses of benzamil, and apoptosis was examined
by cleavage of PARP and caspase-7.23 We found that both
PARP and caspase-7 were cleaved after benzamil treatment.
Subsequently, MG63 (Figure 2e) and U2OS (Figure 2f) cells
were treated with benzamil for 0, 0.5, one, three, six, and
24 hours. Cleavage of PARP and caspase-7 was examined by
western blot, which revealed that benzamil induces cleavage
of PARP and caspase-7 within only a few hours. Interestingly,
we found that the levels of cleaved PARP and caspase-7

were lower in U2OS cells treated with 200 μM benzamil for
24 hours compared with the 100 μM dose or six hours (Figures
2d and 2f). This result might be due to the fact that apop-
totic proteases are quickly degraded after their activation.24

Moreover, MG63 cells were treated with increasing doses of
benzamil for 24 hours, and apoptosis was measured by FITC
annexin V and PI double staining (Figures 2g and 2h). As
expected, we found that benzamil induces apoptosis of MG63
cells in a dose-dependent manner (0 μM vs 50 μM: mean 5.2
(SEM 0.3) vs 14 (SEM 0.13), p < 0.001; 0 μM vs 100 μM: mean 5.2
(SEM 0.3) vs 34 (SEM 0.4), p < 0.001; 0 μM vs 200 μM: mean 5.2
(SEM 0.3) vs 62.5 (SEM 0.9), p < 0.001, one-way ANOVA).

Calcium is not essential for benzamil-induced cytotoxicity
Since benzamil cytotoxicity in human brain tumour cells is
mediated by elevation of intracellular calcium,16 we next
tested whether calcium is also involved in benzamil-induced
apoptosis of osteosarcoma cells. Similar to the findings of a
previous study,16 our data showed that benzamil elevates the
intracellular calcium level in MG63 cells (vehicle vs benzamil:
mean 1 (SEM 0.01) vs 1.4 (SEM 0.09), p = 0.002, independent-
samples t-test) (Figure 3a). However, addition of the calcium
chelator BAPTA had minimal or no effect on benzamil-induced

Fig. 2
Benzamil dose-dependently induces apoptosis. MG63 cells were treated with benzamil (100 μM) for 24 hours. Apoptosis was detected according to:
a) chromosome condensation assay; and b) terminal deoxynucleotidyl transferase dUTP nick end labelling (TUNEL) assay. c) MG63 and d) U2OS cells
were treated with indicated doses of benzamil for 24 hours. Poly-ADP ribose polymerase (PARP) cleavage and caspase-7 activation were examined
by western blot analysis. e) MG63 and f ) U2OS cells were treated with benzamil (200 μM) for 0, 0.5, one, three, six, and 24 hours. PARP cleavage and
caspase-7 activation were examined by western blot analysis. g) MG63 cells were treated with indicated doses of benzamil for 24 hours. Apoptosis
was analyzed by FITC annexin V/PI double staining. h) Quantification of apoptosis. Cells represented in the lower right (early apoptosis) and upper
right (late apoptosis) quadrants of the graph were defined as apoptotic cells. *p < 0.05 comparing indicated dose with 0 μM, one-way analysis of
variance.
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Fig. 3
Calcium elevation is not required for benzamil cytotoxicity. a) MG63 cells were treated with benzamil (100 μM) for six hours. Intracellular calcium
level was analyzed using Fluo-4 AM by flow cytometry. Mean fluorescence intensity of Fluo-4 AM was quantified. b) MG63 and c) U2OS cells were
preincubated with BAPTA (20 μM) for one hour, followed by benzamil (100 μM) for 24 hours. Apoptosis was analyzed by FITC annexin V/PI double
staining. *p < 0.05 (A: independent-samples t-test; B&C: one-way analysis of variance). Vehicle: 0.5% dimethyl sulfoxide.

Fig. 4
Benzamil reduces phosphorylation and activation of focal adhesion kinase (FAK) and signal transducer and activator of transcription 3 (STAT3). a)
MG63 and b) U2OS cells were treated with indicated doses of benzamil for 24 hours. Phosphorylation and activation of FAK and STAT3 were measured
by western blot analysis. c) MG63 cells were treated with benzamil (200 μM) for 0, 0.5, one, three, six, and 24 hours. Phosphorylation and activation
of FAK and STAT3 were measured by western blot analysis. d) MG63 and U2OS cells were treated with Y15 (10 μM) and Stattic (20 μM) for 24 hours.
Apoptosis was analyzed by FITC annexin V/PI double staining. *p < 0.05 comparing the indicated group with the vehicle group, independent-samples
t-test. Vehicle: 0.5% dimethyl sulfoxide.
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apoptosis in MG63 (benzamil vs benzamil+BAPTA: mean 13.3
(SEM 1.5) vs 12 (SEM 1), p = 0.270, independent-samples
t-test) (Figure 3b) and U2OS (benzamil vs benzamil+BAPTA:
mean 14 (SEM 1) vs 11.8 (SEM 0.76), p = 0.040, independent-
samples t-test) (Figure 3c) cells. Thus, our findings suggest
that calcium is unlikely to play an essential role in benzamil-
induced apoptosis in osteosarcoma cells.

Benzamil suppresses FAK/STAT3 pathways
FAK and STAT3 are often overexpressed in osteosarcoma and
implicated in cancer progression.25,26 However, the effects of
benzamil on these two signalling molecules remain unclear.
Therefore, we examined the dose and time course effects
of benzamil on these two signalling molecules in osteosar-
coma cells. Our results showed that both phosphorylation and
activation of FAK and STAT3 were suppressed by benzamil in
MG63 (Figure 4a) and U2OS (Figure 4b) cells. In particular,
activation and phosphorylation of FAK were suppressed in
MG63 cells exposed to benzamil for 24 hours (Figure 4c), while

activation and phosphorylation of STAT3 were inhibited after
exposing MG63 cells to benzamil for three hours. To further
examine the importance of FAK and STAT3 in osteosarcoma
cell survival, MG63 and U2OS cells were treated with Y15
(FAK inhibitor) and Stattic (STAT3 inhibitor); then, apoptosis
was measured by flow cytometry (Figure 4d). The results
showed that inhibition of FAK and STAT3 could indeed lead
to apoptosis (MG63: vehicle vs Y15: mean 5.7 (SEM 0.6) vs
87 (SEM 2), p < 0.001; vehicle vs stattic: mean 5.7 (SEM 0.6)
vs 24 (SEM 1), p < 0.001; U2OS: vehicle vs Y15: mean 6
(SEM 1) vs 91 (SEM 1.5), p < 0.001; vehicle vs stattic: mean
6 (SEM 1) vs 36 (SEM 1.5), p < 0.001, independent-samples
t-test). Taken together, these results imply that benzamil might
induce apoptosis at least partially via suppression of FAK and
STAT3.

Fig. 5
Benzamil causes decreases in mitochondria membrane potential, anti-apoptotic proteins, and intracellular reactive oxygen species (ROS). a) MG63
and U2OS cells were treated with benzamil (200 μM) for 24 hours. Mitochondria membrane potential was analyzed by tetramethylrhodamine, ethyl
ester (TMRE) staining. TMRE fluorescence intensity was measured by flow cytometry. b) MG63 and U2OS cells were treated with benzamil (200 μM) for
24 hours. Intracellular adenosine triphosphate (ATP) was detected with BioTracker ATP-Red Live Cell Dye (10 μM) using flow cytometry. c) MG63 and
d) U2OS cells were treated with indicated doses of benzamil for 24 hours. The levels of X-linked inhibitor of apoptosis protein (XIAP), B-cell lymphoma
2 (Bcl-2), and B-cell lymphoma-extra large (Bcl-xL) were examined by western blot. e) MG63 cells were treated with benzamil (200 μM) for 0, 0.5, one,
three, six, and 24 hours. The levels of XIAP, Bcl-2, and Bcl-xL were examined by western blot. f ) MG63 cells were treated with benzamil (200 μM) for
0, 0.5, one, three, six, and 24 hours. Intracellular ROS was analyzed by 2',7'-dichlorodihydrofluorescein diacetate (DCFDA). Fluorescence intensity of
DCFDA was measured by flow cytometry. g) MG63 cells were treated with indicated doses of benzamil for 24 hours. The levels of SOD1 and SOD2
were examined by western blot. h) MG63 cells were treated with benzamil (200 μM) for 0, 0.5, one, three, six, and 24 hours. The levels of SOD1
and SOD2 were examined by western blot. *p < 0.05 comparing indicated group to vehicle group (A and B: independent-samples t-test; F: one-way
analysis of variance). Vehicle: 0.5% dimethyl sulfoxide.
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Benzamil triggers mitochondrial dysfunction and
suppresses anti-apoptotic and anti-oxidant proteins
Since FAK/STAT3 signalling promotes cell survival via its
regulation of mitochondrial function,27 we next wanted to
test the effect of benzamil on mitochondrial status in MG63
and U2OS cells (Figure 5a). Intriguingly, benzamil treatment
greatly reduced the intensity of TMRE in both MG63 and
U2OS cells (MG63: vehicle vs benzamil: mean 1 (SEM 0.05) vs
0.07 (SEM 0.005), p < 0.001; U2OS: vehicle vs benzamil: mean
1 (SEM 0.07) vs 0.5 (SEM 0.02), p < 0.001, independent-sam-
ples t-test), suggesting that the drug induces mitochondrial
hypopolarization. We also found that the intracellular ATP
level was dramatically reduced by benzamil (MG63: vehicle
vs benzamil: mean 1 (SEM 0.03) vs 0.24 (SEM 0.008), p <
0.001; U2OS: vehicle vs benzamil: mean 1 (SEM 0.009) vs 0.45
(SEM 0.03), p < 0.001, independent-samples t-test) (Figure
5b). Taken together, these data are consistent with the idea
that mitochondrial ATP production is inhibited by benzamil.
Next, the effects of benzamil on anti-apoptotic proteins (XIAP,
Bcl-2, and Bcl-xL) were examined. We found that benzamil
reduces the levels of XIAP, Bcl-2, and Bcl-xL in both MG63
(Figure 5c) and U2OS (Figure 5d) cells. Furthermore, the data
showed that these anti-apoptotic proteins were all strongly
suppressed after 24 hours of exposure to benzamil (Figure 5e).

We also found that the levels of intracellular ROS (0 hrs vs
24 hrs: mean 18,723 (SEM 327) vs 14,398 (SEM 136), p < 0.001,
one-way ANOVA) (Figure 5f) and antioxidative proteins (SOD1
and SOD2) (Figures 5g and 5h) were suppressed by benzamil.

Benzamil changes integrin expression profile
To explore the effect of benzamil on the expression profile
of integrins at a total cellular protein level, MG63 (Figure
6a) and U2OS (Figure 6b) cells were treated with benzamil,
and the levels of integrin α5, αV, and β1 were measured by
western blot. Benzamil treatment reduced the levels of all
integrins in MG63 cells (integrin α5: 0 μM vs 200 μM: mean
1.39 (SEM 0.02) vs 0.55 (SEM 0.04), p < 0.001; integrin αV:
0 μM vs 200 μM: mean 0.75 (SEM 0.1) vs 0.08 (SEM 0.04), p
< 0.001; integrin β1: 0 μM vs 200 μM: mean 1.59 (SEM 0.03)
vs 1.03 (SEM 0.02), p < 0.001, independent-samples t-test).
However, this suppressive effect was not observed in U2OS
cells. We next tested the effect of benzamil specifically on the
cell surface integrin expression profile by flow cytometry. Our
results showed that benzamil also suppressed the cell surface
expression of all integrins in MG63 cells (integrin α5: 0 μM
vs 200 μM: mean 1 (SEM 0.07) vs 0.7 (SEM 0.05), p = 0.003;
integrin αV: 0 μM vs 200 μM: mean 1 (SEM 0.05) vs 0.59 (SEM
0.03), p < 0.001; integrin β1: 0 μM vs 200 μM: mean 1 (SEM

Fig. 6
Benzamil alters integrin expression profile. a) MG63 and b) U2OS cells were treated with benzamil (200 μM) for 24 hours. The levels of integrin α5,
integrin αV, and integrin β1 were examined by western blot. c) MG63 and d) U2OS cells were treated with benzamil (200 μM) for 24 hours. The
cell surface levels of integrin α5, integrin αV, and integrin β1 were examined by flow cytometry. *p < 0.05 (independent-samples t-test): statistically
significant compared to vehicle.
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0.1) vs 0.63 (SEM 0.06), p = 0.007, independent-samples t-test)
(Figure 6c). However, benzamil only reduced the surface level
of integrin αV in U2OS cells (integrin αV: 0 μM vs 200 μM: mean
1 (SEM 0.05) vs 0.62 (SEM 0.03), p < 0.001, independent-sam-
ples t-test) (Figure 6d). Surprisingly, cell surface expression of
integrin β1 was increased by benzamil treatment in U2OS cells
(integrin β1: 0 μM vs 200 μM: mean 1 (SEM 0.05) vs 1.36 (SEM
0.08), p = 0.002, independent-samples t-test).

Benzamil potentiates cisplatin-induced apoptosis
Our in vitro experiments up to this point in the study
had consistently demonstrated anti-osteosarcoma activity
of benzamil. Therefore, we wanted to further investigate
whether benzamil could potentiate cisplatin- and methotrex-
ate-induced apoptosis in osteosarcoma cells. To this end,
osteosarcoma cells (MG36 and U2OS) were cotreated with
cisplatin/methotrexate and benzamil, and apoptosis was
tracked by annexin V/PI double staining assay. The results

showed that both cisplatin and methotrexate treatment alone
could only induce apoptosis in a low proportion of the cells
(MG63: vehicle vs cisplatin: mean 6.3 (SEM 0.6) vs 8 (SEM 1),
p = 0.070, one-way ANOVA; U2OS cells: vehicle vs cisplatin:
mean 4.3 (SEM 0.6) vs 8.7 (SEM 0.58), p < 0.001; MG63: vehicle
vs methotrexate: mean 8.3 (SEM 0.6) vs 15 (SEM 1), p < 0.001;
U2OS cells: vehicle vs methotrexate: mean 8.7 (SEM 0.58) vs
11 (SEM 1), p < 0.05, one-way ANOVA). However, the addition
of benzamil could greatly enhance cisplatin-induced apoptosis
in both MG63 and U2OS cells (MG63 cells: benzamil vs C+B:
mean 18 (SEM 1) vs 25.3 (SEM 1.5), p = 0.002; U2OS cells:
benzamil vs C+B: mean 27 (SEM 1) vs 42.3 (SEM 2.5), p <
0.001, one-way ANOVA). However, benzamil only potentiates
methotrexate-induced apoptosis in MG63 cells (MG63 cells:
benzamil vs M+B: mean 22 (SEM 1) vs 30.3 (SEM 1.5), p < 0.05;
U2OS cells: benzamil vs M+B: mean 18.3 (SEM 1.5) vs 19 (SEM
2.6), p = 0.720, one-way ANOVA) (Figure 7).

Fig. 7
Benzamil enhances cisplatin-induced apoptosis. MG63 and U2OS cells were pretreated with cisplatin (10 μM) or methotrexate (30 μM) for one hour,
followed by benzamil (75 μM) for 24 hours. Apoptosis was analyzed by FITC annexin V/PI double staining. *p < 0.05 comparing indicated groups
(one-way analysis of variance). C+B: cisplatin and benzamil; M+B, methotrexate and benzamil. Vehicle: 0.5% dimethyl sulfoxide.
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Discussion
Amiloride is a diuretic used to treat hypokalaemia, hyper-
tension, and heart failure.28 The drug has also been shown
to exhibit promising anticancer activity for various types
of cancer, including multiple myeloma,28 pancreatic cancer,29

colon cancer,30 and breast cancer.31 Its analogue, benzamil,
also possesses diuretic activity,13 but the anticancer activity
of benzamil has not been explored in detail. Only one study
has so far demonstrated an anticancer activity of benzamil on
human neuroblastoma and astrocytoma cells.16 In that study,
elevation of intracellular calcium was shown to be essential
for benzamil-induced cell death.16 Nevertheless, the anticancer
effects and underlying mechanisms of benzamil in other types
of cancer cells have not yet been reported. To the best of
our knowledge, this is the first study to reveal the anticancer
effect of benzamil on human osteosarcoma cells. Furthermore,
we determined that the underlying mechanism of this effect
most likely involves the inhibition of FAK/STAT3 activation,
suppression of mitochondrial function, and alterations to the
integrin expression profile.

The MG63 and U2OS cell lines were both derived from
osteosarcoma patient samples. However, the two lines differ in
terms of their cancer-related phenotypes.32 For instance, MG63
cells exhibit strong clonogenic ability, while the clonogenic
ability is relatively weak in U2OS cells.32 Furthermore, the
invasive and migratory abilities of U2OS are much stronger
than those of MG63 cells.32 Cancer cells with different cancer-
related phenotypes usually have different chemosensitivities,33

but our cytotoxicity (Figure 1) and apoptosis (Figure 2) assays
revealed potent anticancer activity of benzamil in both MG63
and U2OS cells. These results suggest that benzamil-induced
cytotoxicity is not limited to osteosarcoma cells with certain
phenotypes, suggesting that it may have broad potential
therapeutic value.

As mentioned above, benzamil induces cytotoxicity in
human brain tumour cells by increasing the level of intra-
cellular calcium.16 This elevation of intracellular calcium is
the result of benzamil-mediated suppression of sodium-cal-
cium exchange, which disturbs the balance of intracellular
calcium.16 While the calcium level is also elevated by benzamil
in MG63 cells (Figure 3A), this effect is not critical for benzamil-
induced cytotoxicity in osteosarcoma cells (Figure 3B).

FAK and STAT3 are often highly expressed in human
osteosarcomas,25,26 and their high expression is associated
with poor prognosis.34 In this work, we found that both
FAK and STAT3 were suppressed by benzamil (Figure 4).
Furthermore, the respective inhibition of FAK or STAT3 by
either Y15 or Stattic could induce apoptosis in osteosarcoma
cells (Figure 4d). Thus, it is plausible that benzamil-medi-
ated suppression of FAK and STAT3 might contribute to its
cytotoxic activity. Previous studies demonstrated that FAK
and STAT3 could facilitate mitochondrial repair, which in
turn promotes cell survival in endothelial cells.27,35 Thus, we
speculated that benzamil-mediated suppression of FAK and
STAT3 might impair mitochondrial function in osteosarcoma
cells. As predicted, benzamil dramatically reduced mitochon-
drial membrane potential in both cell lines (Figure 5a). In
addition, benzamil reduced the protein levels of anti-apop-
totic proteins XIAP, Bcl-2, and Bcl-xL (Figures 5c to 5e).
Mitochondrial damage is usually associated with increased
ROS production.36 However, we found that ROS levels are

reduced by benzamil (Figure 5f), despite our concurrent
evidence that mitochondria damage had occurred (Figure 5a).
Since ROS are formed as a byproduct of ATP production by
mitochondria,36 we then speculated that the ATP production
might be suppressed by benzamil. Intriguingly, our experi-
mental results confirmed our speculation, as intracellular ATP
levels were greatly inhibited by benzamil (Figure 5b). Notably,
the benzamil-induced detrimental effects on mitochondrial
membrane potential and ATP production were stronger in
MG63 cells than in U2O2 cells (Figures 5a and 5b). As such,
we suspect that benzamil may preferentially disrupt mito-
chondrial function in cells with strong clonogenic ability.
Previous work has demonstrated that drug-resistant cancer
cells exhibit higher intracellular ATP levels, and ATP deple-
tion can re-sensitize cells to chemotherapeutic agents.37,38

In addition, high intracellular ATP levels can trigger cancer
metastasis.38 Thus, the ATP-suppressing activity of benzamil
could make it a strong candidate for combination therapy
with conventional chemotherapeutic agents, as it may help
to overcome issues with resistance and metastasis. Anticancer
drug combinations can provide several advantages over high
doses of single anticancer agents, such as lower chance of
drug resistance and fewer side effects.39 Along these lines, we
further demonstrated that the anticancer activity of cisplatin
and methotrexate may be enhanced by benzamil (Figure 7).
Taken together, these observations suggest that the combi-
nation of cisplatin/methotrexate and benzamil could provide
several advantages over cisplatin or methotrexate alone, such
as enhanced anticancer activity and reduced risks of renal
and cardiac toxicities from high or accumulated cisplatin and
methotrexate dosages.40-42

Integrins are signalling molecules that act upstream of
FAK and STAT3.27,43 Moreover, integrins α5,44 αV,45-47 and β148 are
known to be involved in the development of osteosarcoma.
We found that benzamil alters the profiles of total protein
and/or cell surface integrin expression in both MG63 and
U2OS cells (Figure 6). In MG63 cells, benzamil reduces the
total protein and cell surface expression levels of integrin α5,
αV, and β1 (Figures 6a and 6c). However, benzamil does not
alter the total protein levels of any measured integrin in U2OS
cells (Figure 6b). In addition, cell surface levels of integrin
αV were reduced, while integrin β1 on the cell surface was
elevated by benzamil (Figure 6d). Upregulation of integrin
β1 is associated with apoptosis resistance and metastasis in
osteosarcoma.49,50 Moreover, integrin β1 can bind to different
integrin α subunits to form a variety of heterodimers that
may exert a wide variety of diverse biological functions.51

For instance, the integrin α2β1 heterodimer enhances tumour
growth and cancer relapse,52 but integrin α5β1 inhibits tumour
growth.53 Thus, the precise function of elevated integrin β1
in benzamil-induced cytotoxicity in osteosarcoma cells should
depend on its association with different integrin α subunits.
Further studies will be needed to clarify the potential role
of integrin β1 and its binding partners in benzamil-induced
cytotoxicity toward osteosarcoma cells.

In this study, two osteosarcoma cell lines were used
as an in vitro model to validate the anti-osteosarcoma ability
of benzamil. Using patient-derived osteosarcoma cells instead
of osteosarcoma cell lines might more accurately reflect the
response to benzamil in patients. In addition, further in vivo
experiments are needed to validate the anti-osteosarcoma
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ability of benzamil. Although a previous study demonstrated
that 500 μg/kg benzamil does not induce obvious adverse
effect in mice,54 it is still needed to explore the maximum
tolerated dose and possible adverse effect of benzamil in vivo.
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