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Abstract

Zoledronic acid (ZOL) is an inhibitor of osteoclast-mediated bone resorption. It is used to treat
osteoporosis and skeletal complications in patients with tumor-induced osteolysis. ZOL is also
demonstrated to possess anti-cancer activity in several tumors via apoptosis induction. Doxycycline is
well-known antibiotic used in treatment of infections caused by bacteria and certain parasites. In this
study, we evaluated the possibility if doxycycline could be used as an effective adjuvant to ZOL against
osteosarcoma cells. The data showed that co-treatment with doxycycline at non-toxic dose could
significantly increase the anti-viability effect of ZOL in osteosarcoma HOS and MG-63 cells in MTT assay
and colony formation assay, and largely increased the levels of apoptotic markers, cleaved caspase 3 and
PARP, in ZOL-treated cells. Furthermore, as co-treatment with doxycycline, the levels of ROS and
autophagy were enhanced in ZOL-treated cells. Administration of N-acetyl-L-cysteine, a reactive oxygen
species (ROS) inhibitor, or autophagy inhibitor chloroquine both reduced anti-growth effect of this
combined treatment, indicating that the increased ROS and autophagy should be involved in anti-viability
effect of combined treatment with ZOL and doxycycline. Taken together, our findings suggested that
combined treatment with ZOL and doxycycline may serve as a potential strategy for treating
osteosarcoma.
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Introduction

Osteosarcoma is the most frequent type of bone
cancer which particularly affects rapidly growing
bones in children and adolescents. It is characterized
by the presence of malignant mesenchymal cells
producing osteoid or immature bone. Incidence of

primary osteosarcoma is about 8 cases per million per
year in children and young adults [1]. Surgical
resection is major treatment for osteosarcoma, but the
prognosis for patients who received surgery alone is
poor, with a depressing 5-year survival rate of less
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than 20%. The introduction of adjuvant chemotherapy
several decades ago improved 5-year survival rate
from less than 20% to around 50% [2, 3]. However,
this outcome is nearly unchanged over the past
decades. Therefore, identification of effective drugs or

strategies are still needed for patients with
osteosarcoma.
Zoledronic acid (ZOL), a third-generation

nitrogen-containing bisphosphonate, is an inhibitor of
osteoclast-mediated bone resorption and used to
prevent or treat osteoporosis. ZOL suppresses
osteoclast-mediated = bone  resorption  through
inhibiting farnesyl pyrophosphate synthase and
geranylgeranyl pyrophosphate of mevalonate
pathway, leading to incomplete posttranslational
prenylation of small GTPases proteins including Ras,
Rac, and Rho, and the absence of cholesterol. This
effect ultimately induces apoptosis of osteoclasts [4].

In vitro studies have shown the anti-tumor
activity of ZOL in various types of cancer cells
including giant cell tumor, myeloma, renal cell
carcinoma, breast cancer, and prostate cancer [5]. ZOL
directly suppresses cell proliferation and induces
apoptosis in prostate and breast cancers [6-8]. ZOL
induces apoptosis and autophagy in cervical cancer
cells [8]. ZOL induces autophagic cell death in human
prostate cancer cells [9]. ZOL inhibits human
nasopharyngeal carcinoma cell proliferation through
activating mitochondrial apoptotic pathway [10]. ZOL
inhibits breast cancers through endoplasmic
reticulum stress [11, 12].

ZOL has strong binding activity to calcified
tissues. Although the half-life in plasma is less than 24
h, it is stable in bone with a half-life of more than 300
days [13]. Therefore, ZOL is considered as a potential
anti-cancer drug for the patients with osteosarcoma.
Several studies in mice or in clinical try to
demonstrate the anti-cancer activity of ZOL for
osteosarcoma [14, 15]. However, the outcome is still
controversial. Now, some groups put the effort to
improve drug sensitivity in ZOL-treated cells through
combination with other treatment such as irradiation
and cisplatin [16].

Doxycycline, long-acting tetracycline, is well-
known antibiotic used in treatment of infections
caused by bacteria and certain parasites. It blocks
bacterial protein synthesis by preventing attachment
of aminoacyl-tRNAs to ribosome [17]. In addition,
recent studies show the effect of doxycycline on
anti-cancer. It inhibits mitochondrial protein synthesis
and increases the levels of ROS, resulting in a slower
proliferation rate in A549 lung carcinoma cell line
[18]. Furthermore, in a clinical study of breast cancer
patients, pre-operative treatment with doxycycline
results in a decrease of cancer stem cells in early

breast cancer patients [19].

However, little is known about adjuvant
treatment of doxycycline in cancer therapy for
osteosarcoma cells. In this study, we tried to
determine if doxycycline can enhance the
anti-viability effect of ZOL in human osteosarcoma
cell lines.

Materials and Methods

Cell culture and reagents

Human osteosarcoma HOS and MG-63 cell lines
were purchased from the Bioresource Collection and
Research Center (Hsinchu, Taiwan). HOS and MG-63
cells were cultured in Minimum Essential Medium.
The cultured mediums were supplemented with 10%
fetal bovine serum, 100 U/mL of penicillin/
streptomycin. Zoledronic acid (ZOL) was obtained
from Sigma Chemical Co. (St. Louis, MO, USA).
Doxycycline were obtained as a powder from
Cayman Chemical (Ann Arbor, Michigan).

Cell viability assay

Cell viability was analyzed by MTT
(3-(4,5-dimethylthiazol-2-y1)-2,5-diphenyltetrazolium
bromide). HOS (3% 104 cells/well) and MG-63 cells (4
x 10* cells/well) were seeded in 24-well plates
overnight. The cells were treated with ZOL alone,
doxycycline alone, or both for 48 h. Finally, MTT was
added to measure cell viability as previously
mentioned [20].

Determination of apoptosis

HOS and MG-63 cells were treated with ZOL
alone, doxycycline alone, or both for 48 h. Apoptotic
cells were determined by flow cytometry using the
Annexin-V-FITC staining kit (Becton Dickinson, San
Jose, CA, USA) according to the manufacturer’s
instructions [20].

Measurement of reactive oxygen species
(ROS)

HOS (1.5 x 105 cells/well) and MG-63 cells (2 x
10° cells/well) were seeded in 35 mm dish overnight.
The cells were treated with ZOL alone, doxycycline
alone, or both for 24 h. The levels of ROS in treated
cells were determined by staining with DCFDA as
previously mentioned [21].

Cell Lysis and Immunoblotting

Cells were lysed in TEGN buffer (10 mM Tris,
pH7.5,1mM EDTA, 420 mM NaCl, 10% glycerol, and
0.5% Nonidet P-40) containing proteases inhibitor
cocktail (Roche) and 1 mM dithiothreitol (DTT). For
Western blotting, the cell lysates were boiled in
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protein  sample buffer, and analyzed by
SDS-polyacrylamide gel electrophoresis (PAGE). The
details are described in previous report [22]. The
following antibodies were used: GAPDH antibody
(#2118; Cell Signaling, Beverly, MA, USA), cleaved
caspase-3 (#9661; Cell Signaling), PARP (#9542; Cell
Signaling), LC3A /B (#12741; Cell Signaling), Beclin-1
(#3495; Cell Signaling), Atg7 (#8558; Cell
Signaling).

Colony formation assay

HOS (1.5 x 105 cells/well) and MG-63 cells (2 x
10° cells/well) were seeded in 35 mm dish overnight.
The cells were treated with ZOL in the presence or
absence of doxycycline for 24 h. The treated cells were
washed twice by PBS and trypsinized, and then five
hundred cells were cultured onto 35 mm dishes with
drug-free complete medium for 8 to 10 days to allow
colony formation. Colonies were stained by 1% crystal
violet solution before counting.

Acridine orange staining

Autophagosomes were visualized by staining
with Acridine Orange (AO). The cells were grown on
glass coverslips, and then treated with ZOL in the
presence or absence of doxycycline for 48 h. After
treatment, the coverslips were washed with PBS once
and stained with AO (1 pM) for 10 min at 37 °C.
AO-stained cells were washed with PBS three times,
counter-stained with 4',6-diamidino-2-phenylindole

(DAPI), and the «cells were examined and
photographed by immunofluorescence microscopy.
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Statistical analysis

All results were obtained from at least three
separate experiments. Statistical comparisons of
differences between groups were conducted using
GraphPad Prism 4 (GraphPad Software; San Diego,
CA, USA) using the Student's t-test. A P value less
than 0.05 was considered significant.

Results

Cytotoxicity of zoledronic acid and
doxycycline in osteosarcoma cell lines

To determine the effects of zoledronic acid (ZOL)
on cell viability in osteosarcoma cell lines, two human
osteosarcoma cell lines, one from a female patient
(HOS) and one from a male patient (MG-63), were
treated with different concentration of ZOL (10 to 100
M) for 48 h, and cell viability was analyzed by MTT
assay. The results showed that 60 to 100 pM of ZOL in
HOS cells and 80 to 100 pM of ZOL in MG-63 cells
caused obvious suppression of cell viability on these
cells (Figure 1A). The IC50 (producing half-maximal
inhibition) for HOS cells was approximately 52 uM at
48 h, and the concentration for MG-63 cells was
approximately 75 pM at 48 h. Next, we examined
cytotoxic effects of doxycycline on osteosarcoma cell
lines. As shown in Figure 1B, concentrations of
doxycycline less than 1 pg/mL in HOS cells and 3
pg/mL in MG-63 cells did not significantly decrease
cell viability after a 48-h treatment.
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Figure 1. Cytotoxic potential of zoledronic acid and doxycycline against osteosarcoma cell lines. HOS and MG-63 cells were exposed to different doses of
zoledronic acid (ZOL) (A) or doxycycline (Doxy) (B) for 48 h. MTT assay were performed to analyze cell viability. Statistical significance was determined by student t-test. (*)

P <0.05, (*¥) P <0.01, and (***¥) P <0.001 as compared with 0 uM group.
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Figure 2. Doxycycline enhances anti-viability effect of zoledronic acid in osteosarcoma cell lines. (A) Co-treatment with doxycycline further inhibits cell viability in
zoledronic acid-treated cells. HOS and MG-63 cells were exposed to zoledronic acid (ZOL) in the presence or absence of doxycycline for 48 h. MTT assay were performed to
analyze cell viability. (B) Co-treatment with doxycycline further suppresses single-cell proliferative activity in zoledronic acid-treated cells. HOS and MG-63 cells were exposed
to ZOL in the presence or absence of doxycycline for 24 h. The treated cells were washed by PBS and trypsinized, and then 500 cells were seeded and cultured in 35 mm dish
with drug-free medium for 8 to 10 days. The colonies were stained by crystal violet and counted. The data were representative of three separately experiments and were shown
as mean * S.E.M. Statistical significance was determined by student t-test. (#) P < 0.05 and (##) P < 0.01 as compared with untreated group. (*¥) P < 0.01 and (***) P < 0.001 as

compared with the single treatment with ZOL.

Co-treatment with doxycycline enhances anti-
viability effect of zoledronic acid in
osteosarcoma cell lines

To investigate if co-treatment with doxycycline
enhances cytotoxic effect of ZOL, HOS or MG-63 cells
were exposed to ZOL (20, 30, or 40 pM) in the
presence or absence of doxycycline (1, 2, or 3 pg/mL)
for 48 h, and cell viability was determined by MTT
assay. The results showed that ZOL treatment alone at
the indicated concentrations just slightly suppressed
cell viability, but co-treatment with doxycycline
enhanced this suppression in these cells (Figure 2A).
In addition, the combined treatment with ZOL and
doxycycline resulted in a further decrease of
colony-forming activity compared to ZOL alone in

colony formation assay (Figure 2B).

Apoptosis is involved in anti-growth effect of
ZOL in several cancer cell lines [5]. To investigate if
co-treatment with doxycycline influences
ZOL-mediated apoptosis in osteosarcoma cell lines,
the levels of apoptosis-related markers were
determined by Western blotting in these cells. A
non-toxic concentration of doxycycline (1 and 3
pg/mL in HOS and MG-63 cells, respectively) that
determined by MTT assay (Figure 1B) was used for
continued combined treatment. The data showed that
co-treatment with doxycycline resulted in the
enhanced levels of apoptosis (cleaved PARP and
cleaved caspase 3) in ZOL-treated cells compared to
ZOL alone (Figure 3A). Furthermore, this combined
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treatment with doxycycline and ZOL significantly
increased the rate of Annexin-positive cells compared
to single-drug treatment (Figure 3B). These results
indicated that co-treatment with doxycycline
enhanced anti-growth of ZOL in osteosarcoma cell
lines, and the up-regulation of apoptosis should be
involved in this effect.

Increased reactive oxygen species (ROS) and
autophagy by co-treatment of doxycycline
enhance anti-viability of zoledronic acid

Several chemotherapy drugs including ZOL
have the ability to induce reactive oxygen species
(ROS) generation and then suppressed cell viability in
cancer cells [23]. To determine the roles of ROS in
combined treatment with ZOL and doxycycline in
osteosarcoma cell lines, 2’,7'-dichlorofluorescin
diacetate (DCFDA), a cell-penetrable ROS sensor dye,
was used to measure ROS generation in these cells.
When DCFDA is oxidized by ROS, it produces a green
fluorescent compound called 2,7-dichlorofluoroscein.
Our results showed as the cells were treated with ZOL
alone for 24 h, the levels of ROS were increased in
these cells compared with untreated cells.
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Importantly, treatment with doxycycline alone for 24
h didn’t influence ROS generation in cells, but
co-treatment with this drug significantly increased the
levels of ROS in ZOL-treated cells (Figure 4A and 4B).
Furthermore, administration of NAC (N-acetyl-1-
cysteine), a ROS inhibitor, suppressed the increased
cleaved PARP and caspases 3 (Figure 4C), and
reversed the suppressed cell viability (Figure 5A) and
colony-forming ability (Figure 5B) in the cells with
combined treatment. These results indicate that
combined treatment with ZOL and doxycycline
largely enhance ROS generation, and this ROS
generation should be involved in anti-viability effect
of the combined treatment in osteosarcoma cell lines.
We also tested other mechanisms or pathways
that potentially involved in the combined effect
including autophagy. Autophagy is a cellular process
used to recycle or degrade proteins and cytoplasmic
organelles in response to stress. Its accumulation is
shown to be associated with antitumor effect of
several chemotherapy drugs [24]. Our results showed
that co-treatment with doxycycline increased the level
of LC3-II, the marker protein for autophagy, in
ZOL-treated cells. We also determined the expression
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Figure 3. Co-treatment with doxycycline enhances apoptosis in zoledronic acid-treated osteosarcoma cell lines. HOS and MG-63 cells were exposed to
zoledronic acid (ZOL) in the presence or absence of doxycycline (doxy) for 48 h. To detect apoptotic cells in treated cells, expression of apoptosis-related proteins was
measured by Western blotting (A). And, HOS and MG-63 cells were exposed to ZOL (40 uM) in the presence or absence of doxy for 48h. The treated cells were stained with
Annexin V and P, and analyzed using flow cytometry. Quantitative data of Annexin V-positive cells are revealed (B). Statistical significance was determined by student t-test. (#)
P < 0.05, and (###) P < 0.001 as compared with untreated group. (****) P < .0001 as compared with the single treatment with ZOL.
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of Atg7 and Beclin-1, two proteins known to be crucial
for the execution of autophagy. Similar to LC3-II
expression, Atg7 and Beclin-1 levels were increased
by combined treatment with ZOL and doxycycline
(Figure 6A). In addition, by acridine orange staining,
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an enhanced formation of autophagic vacuoles as
appeared as red fluorescent was observed in cells
exposed to both ZOL and doxycycline (Figure 6B).
These data indicate that autophagy could be
enhanced by this combined treatment.
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Figure 4. Reactive oxygen species (ROS) are involved in the apoptosis that triggered by combined treatment with zoledronic acid and doxycycline. (A)
Co-treatment with doxycycline increases ROS generation in zoledronic acid-treated cells. HOS and MG-63 cells were exposed to either zoledronic acid (ZOL) (40 pM),
doxycycline or a combination of ZOL/doxycycline for 24 h. The treated cells were stained with 2’,7’-dichlorofluorescin diacetate (DCFDA), and ROS levels were determined by
flow cytometry. Numbers indicated the induced levels of ROS in drug-treated cells compared to untreated cells. The results were calculated by a median of fluorescence intensity
in each group. (B) N-acetyl-L-cysteine (NAC) suppresses the apoptosis induced by combined treatment with zoledronic acid and doxycycline. HOS and MG-63 cells were
exposed to either zoledronic acid (ZOL) alone, doxycycline (Doxy) alone or both with or without NAC for 48 h. The levels of cleaved PARP and caspase 3 were determined by
Western blotting in treated cells. Statistical significance was determined by student t-test. (*¥) P <0.01 and (***) P <0.001 as compared with untreated group.

Next, we used chloroquine, an autophagy
inhibitor, to further analyze the role of autophagy in
anti-viability effect of this combined treatment. The
data showed once the autophagy was blocked by
chloroquine, the increased levels of cleaved caspase 3
and PARP in cells with combined treatment were
reduced (Figure 6C), and the suppressed cell viability
and colony-forming ability were restored in these cells
(Figure 7A and 7B). These results indicate that the
enhanced autophagy should be involved in
anti-viability effects of the combined treatment in
osteosarcoma cell lines.

Discussions

Current trends in the treatment of human
tumors are with drug combinations that could
provide a better response as well as minimize the
used concentrations of the drugs. Literatures show
that zoledronic acid (ZOL) could be combined with
some chemotherapeutic agents to result in synergistic
suppression on cancer cell activity. For example, the
combined use of ZOL could increase cytotoxic effects
of paclitaxel, cisplatin, or doxorubicin in breast cancer
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cells [25-27]. In this report, we demonstrated that
cytotoxic effects
doxycycline in osteosarcoma cells. The results showed
that with  doxycycline  further
suppressed cell viability and increased apoptotic cells
in ZOL-treated cells via the generation of reactive
oxygen species (ROS) and autophagy.

ROS is considered as a potential target for cancer
therapy [28]. Compared to normal cells, cancer cells
exhibit higher levels of ROS due to metabolic
reprogramming. Increased ROS play crucial roles in
cancer formation and progression. However, once
ROS levels are pushed over the cytotoxic threshold,
cancer cells will be killed. Several widely used
chemotherapeutic agents and radiation therapy rely
on ROS accumulation as a mechanism to trigger
cancer cell death [29, 30]. In this report, our results
showed that ZOL treatment alone at a dose of 40 pM

of ZOL were enhanced by

co-treatment
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could be amplified by co-treatment with doxycycline
followed by huge apoptotic cell death in ZOL-treated
cells. It seems that the amplified ROS have reached
the threshold to kill cancer cells.

However, it is uncertain how co-treatment with
doxycycline affect ROS production in ZOL-treated
cells. Dijk et al. have demonstrated the effect of
doxycycline on mitochondria, the major site of ROS
production and elimination, in lung adenocarcinoma
cell line A549. Their results show that treatment with
doxycycline (10 pg/mL) for five days results in a
decrease of mitochondrial protein synthesis and
mitochondrial membrane potential, and an increase of
ROS, and slow proliferation and have no effect on
apoptosis in A549 cells. This treatment also decreases

the levels of glutathione, the main cellular
antioxidant, in A549 cells [18].
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Figure 5. N-acetyl-L-cysteine (NAC) rescues anti-viability effect of combined treatment with zoledronic acid and doxycycline in osteosarcoma cell lines.
HOS and MG-63 cells were exposed to either zoledronic acid (ZOL) alone, doxycycline (doxy or D) alone or both with or without NAC (0.5 or 1 mM). Cell viability was
determined by MTT assay (A), and clonogenic survival was analyzed by colony formation assay in treated cells (B). Statistical significance was determined by student t-test. (*)
P <0.05, (**) P <0.01, and (***) P <0.001 as compared with combined treatment with ZOL and doxycycline.
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Co-treatment with doxycycline enhances autophagy in zoledronic acid-treated cells. HOS and MG-63 cells were exposed to zoledronic acid (ZOL) in the presence or absence
of doxycycline for 48 h. The level of autophagy-related protein was determined by Western blotting in treated cells. (B) Zoledronic acid combines with doxycycline to induce
acidic autophagic vacuoles. The cells were treated with either doxycycline alone (doxy), zoledronic acid (ZOL) alone (40 uM), or both (ZOL+doxy) for 48 h. The cells were
stained with acridine orange (AO) to observe acidic (autophagic) vacuoles (red color), and 4',6-diamidino-2-phenylindole (DAPI) for labeling nucleus (blue color). (C)
Chloroquine suppresses the apoptosis induced by combined treatment with zoledronic acid and doxycycline. HOS and MG-63 cells were exposed to either zoledronic acid
(ZOL) (40 uM) alone, doxycycline alone, or both in the presence or absence of chloroquine for 48 h. The levels of cleaved PARP and caspase 3 were determined by Western

blotting in treated cells.

In our report, treatment with doxycycline alone
(1 and 3 pg/mL in HOS and MG-63 cells, respectively)
for 24 h didn’t increase ROS levels, and for 48 h didn’t
affect cell viability in osteosarcoma cell lines.
However, co-treatment with doxycycline in
ZOL-treated cells resulted in a further increase of ROS
and decrease of cell viability compared with ZOL
alone. Based on these findings, we reasoned that
treatment with doxycycline could cause an
attenuation of mitochondrial function. This
attenuation may not influence cell proliferation or
viability in a short period of time. However, it could
result in the loss of tolerance to ROS accumulation,
and then the cells become more sensitive to some ROS
inducers such as ZOL or polyphyllin G as mentioned
before [18].

Autophagy is a lysosome-dependent self-
digestive program to recycle damaged proteins and
organelles in cells. It plays a dual role of either pro-cell
survival or pro-cell death in response to different
chemotherapy. For example, autophagy induced by
cisplatin protect cells from apoptosis in ovarian cancer

cell line A2780 [31]. However, autophagy activated by
combination of cisplatin and resveratrol, one of
natural phytoalexin products, result in a decrease of
cell viability in lung carcinoma cell line A549 [32]. In
this report, the data showed that co-treatment with
doxycycline resulted in an increased level of
autophagy in ZOL-treated osteosarcoma cell lines.
Suppression of this autophagy by chloroquine
decreased inhibitory effect of the combined treatment
on cell viability and proliferation in these cells,
indicating that this induced autophagy should work
as a pro-death role in the combined treatment.

It is known that autophagy and ROS can
regulate each other in some chemotherapy. For
example, Khandelwal et al. show that increased ROS
is essential for the induction of autophagy in
ZOL-treated breast cancer cell line MCF-7 [33]. In this
report, we found that both ROS and autophagy could
be contributed to anti-viability of the combined
treatment, but their interaction should be addressed
further.

https://www.medsci.org
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Figure 7. Chloroquine attenuates anti-viability effect of combined treatment with zoledronic acid and doxycycline in osteosarcoma cell lines. HOS and
MG-63 cells were exposed to either zoledronic acid (ZOL) alone, doxycycline (doxy or D) alone, or both in the presence or absence of chloroquine (CQ) (2.5, 5, or 10 uM). Cell
viability was determined by MTT assay (A), and clonogenic survival was analyzed by colony formation assay in treated cells (B). Statistical significance was determined by student
t-test. (*) P <0.05, (**) P <0.01, and (***) P <0.001 as compared with combined treatment with ZOL and doxycycline.

Two human osteosarcoma cell lines, one from a
female patient (HOS) and one from a male patient
(MG-63), were used in this study. As the cells were
exposed to the combined treatment of ZOL and
doxycycline, cell viability was suppressed, and the
increased ROS and autophagy followed by apoptotic
cell death were observed in both cell lines. And,
autophagy-related proteins, Atg7 and Beclin-1, were
increased in both cell lines (Figure 6A). However,
Atg3 was enhanced in HOS cells, but not in MG-63
cells (data not shown), suggesting that there are some
differences in autophagy formation between HOS and
MG-63 cells in response to this combined treatment.

Conclusion

In this report, we demonstrated that doxycycline
works as a chemosensitizer to enhance anti-viability
effect of zoledronic acid via apoptosis in osteosarcoma
cell lines. The increased ROS and autophagy should

be involved in this process. Our findings suggested
that this combined treatment may serve as a potential
strategy for treating osteosarcoma.

Acknowledgments

This study was supported by grants 110-CCH-
IRP-086 and 111-CCH-HCR-144 from the Changhua
Christian Hospital Research Foundation, Changhua
City, Taiwan.

Data availability

Data of current study were available from the
corresponding author on reasonable request.

Competing Interests

The authors have declared that no competing
interest exists.

https://www.medsci.org



Int. J. Med. Sci. 2025, Vol. 22

2569

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Cole S, Gianferante DM, Zhu B, Mirabello L. Osteosarcoma: A Surveillance,
Epidemiology, and End Results program-based analysis from 1975 to 2017.
Cancer. 2022; 128: 2107-18.

Smeland S, Bielack SS, Whelan J, Bernstein M, Hogendoorn P, Krailo MD, et al.
Survival and prognosis with osteosarcoma: outcomes in more than 2000
patients in the EURAMOS-1 (European and American Osteosarcoma Study)
cohort. Eur ] Cancer. 2019; 109: 36-50.

Yasin NF, Abdul Rashid ML, Ajit Singh V. Survival analysis of osteosarcoma
patients: A 15-year experience. ] Orthop Surg (Hong Kong). 2020; 28:
2309499019896662.

Wang B, Zhan Y, Yan L, Hao D. How zoledronic acid improves osteoporosis
by acting on osteoclasts. Front Pharmacol. 2022; 13: 961941.

Zekri ], Mansour M, Karim SM. The anti-tumour effects of zoledronic acid. J
Bone Oncol. 2014; 3: 25-35.

Zoledronic acid directly suppresses cell proliferation and induces apoptosis in
highly tumorigenic prostate and breast cancers: Retraction. J Carcinog. 2015;
14:2.

Rachner TD, Singh SK, Schoppet M, Benad P, Bornhauser M, Ellenrieder V, et
al. Zoledronic acid induces apoptosis and changes the TRAIL/OPG ratio in
breast cancer cells. Cancer Lett. 2010; 287: 109-16.

Wang IT, Chou SC, Lin YC. Zoledronic acid induces apoptosis and autophagy
in cervical cancer cells. Tumour Biol. 2014; 35: 11913-20.

Lin JF, Lin YC, Lin YH, Tsai TF, Chou KY, Chen HE, et al. Zoledronic acid
induces autophagic cell death in human prostate cancer cells. ] Urol. 2011; 185:
1490-6.

Li XY, Lin YC, Huang WL, Lin W, Wang HB, Lin WZ, et al. Zoledronic acid
inhibits human nasopharyngeal carcinoma cell proliferation by activating
mitochondrial apoptotic pathway. Med Oncol. 2012; 29: 3374-80.

Lan YC, Chang CL, Sung MT, Yin PH, Hsu CC, Wang KC, et al. Zoledronic
acid-induced cytotoxicity through endoplasmic reticulum stress triggered
REDD1-mTOR pathway in breast cancer cells. Anticancer Res. 2013; 33:
3807-14.

Tripathi R, Singh P, Singh A, Chagtoo M, Khan S, Tiwari S, et al. Zoledronate
and Molecular Jodine Cause Synergistic Cell Death in Triple Negative Breast
Cancer through Endoplasmic Reticulum Stress. Nutr Cancer. 2016; 68: 679-88.
Weiss HM, Pfaar U, Schweitzer A, Wiegand H, Skerjanec A, Schran H.
Biodistribution and plasma protein binding of zoledronic acid. Drug Metab
Dispos. 2008; 36: 2043-9.

Ouyang Z, Li H, Zhai Z, Xu ], Dass CR, Qin A, et al. Zoledronic Acid:
Pleiotropic ~ Anti-Tumor Mechanism and Therapeutic Outlook for
Osteosarcoma. Curr Drug Targets. 2018; 19: 409-21.

Lu KH, Lu EW, Lin CW, Yang JS, Yang SF. New insights into molecular and
cellular mechanisms of zoledronate in human osteosarcoma. Pharmacol Ther.
2020; 214: 107611.

Wang L, Fang D, Xu J, Luo R. Various pathways of zoledronic acid against
osteoclasts and bone cancer metastasis: a brief review. BMC Cancer. 2020; 20:
1059.

Hamblin MR, Abrahamse H. Tetracyclines: light-activated antibiotics? Future
Med Chem. 2019; 11: 2427-45.

Dijk SN, Protasoni M, Elpidorou M, Kroon AM, Taanman JW. Mitochondria as
target to inhibit proliferation and induce apoptosis of cancer cells: the effects
of doxycycline and gemcitabine. Sci Rep. 2020; 10: 4363.

Scatena C, Roncella M, Di Paolo A, Aretini P, Menicagli M, Fanelli G, et al.
Doxycycline, an Inhibitor of Mitochondrial Biogenesis, Effectively Reduces
Cancer Stem Cells (CSCs) in Early Breast Cancer Patients: A Clinical Pilot
Study. Front Oncol. 2018; 8: 452.

Hsu CT, Huang YF, Hsieh CP, Wu CC, Shen TS. JNK Inactivation Induces
Polyploidy and Drug-Resistance in Coronarin D-Treated Osteosarcoma Cells.
Molecules. 2018; 23.

Hsu YK, Chen HY, Wu CC, Huang YC, Hsieh CP, Su PF, et al. Butein induces
cellular senescence through reactive oxygen species-mediated p53 activation
in osteosarcoma U-2 OS cells. Environ Toxicol. 2021; 36: 773-81.

Huang YF, Chang MD, Shieh SY. TTK/hMps1 mediates the p53-dependent
postmitotic checkpoint by phosphorylating p53 at Thr18. Mol Cell Biol. 2009;
29:2935-44.

Ullen A, Schwarz S, Lennartsson L, Kalkner KM, Sandstrom P, Costa F, et al.
Zoledronic acid induces caspase-dependent apoptosis in renal cancer cell
lines. Scand ] Urol Nephrol. 2009; 43: 98-103.

Bai Z, Peng Y, Ye X, Liu Z, Li Y, Ma L. Autophagy and cancer treatment: four
functional forms of autophagy and their therapeutic applications. ] Zhejiang
Univ Sci B. 2022; 23: 89-101.

Jagdev SP, Coleman RE, Shipman CM, Rostami HA, Croucher PI. The
bisphosphonate, zoledronic acid, induces apoptosis of breast cancer cells:
evidence for synergy with paclitaxel. Br ] Cancer. 2001; 84: 1126-34.
Woodward JK, Neville-Webbe HL, Coleman RE, Holen I. Combined effects of
zoledronic acid and doxorubicin on breast cancer cell invasion in vitro.
Anticancer Drugs. 2005; 16: 845-54.

Ottewell PD, Monkkonen H, Jones M, Lefley DV, Coleman RE, Holen I.
Antitumor effects of doxorubicin followed by zoledronic acid in a mouse
model of breast cancer. ] Natl Cancer Inst. 2008; 100: 1167-78.

Nakamura H, Takada K. Reactive oxygen species in cancer: Current findings
and future directions. Cancer Sci. 2021; 112: 3945-52.

29.

30.

31.

32.

33.

Shah MA, Rogoff HA. Implications of reactive oxygen species on cancer
formation and its treatment. Semin Oncol. 2021; 48: 238-45.

Yang H, Villani RM, Wang H, Simpson MJ, Roberts MS, Tang M, et al. The role
of cellular reactive oxygen species in cancer chemotherapy. ] Exp Clin Cancer
Res. 2018; 37: 266.

Bao L, Jaramillo MC, Zhang Z, Zheng Y, Yao M, Zhang DD, et al. Induction of
autophagy contributes to cisplatin resistance in human ovarian cancer cells.
Mol Med Rep. 2015; 11: 91-8.

Hu S, Li X, Xu R, Ye L, Kong H, Zeng X, et al. The synergistic effect of
resveratrol in combination with cisplatin on apoptosis via modulating
autophagy in A549 cells. Acta Biochim Biophys Sin (Shanghai). 2016; 48:
528-35.

Khandelwal VK, Mitrofan LM, Hyttinen JM, Chaudhari KR, Buccione R,
Kaarniranta K, et al. Oxidative stress plays an important role in zoledronic
acid-induced autophagy. Physiol Res. 2014; 63: S601-12.

https://www.medsci.org



