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Abstract. Hypoxia plays a significant role in cancer progres-
sion, including metastatic bone tumors. We previously 
reported that transcutaneous carbon dioxide (CO2) application 
could decrease tumor progression through the improvement 
of intratumor hypoxia. Therefore, we hypothesized that 
decreased hypoxia using transcutaneous CO2 could suppress 
progressive bone destruction in cancer metastasis. In the 
present study, we examined the effects of transcutaneous CO2 
application on metastatic bone destruction using an animal 
model. The human breast cancer cell line MDA-MB-231 was 
cultured in vitro under three different oxygen conditions, and 
the effect of altered oxygen conditions on the expression of 
osteoclast-differentiation and osteolytic factors was assessed. 
An in vivo bone metastatic model of human breast cancer was 
created by intramedullary implantation of MDA-MB-231 cells 
into the tibia of nude mice, and treatment with 100% CO2 or 
a control was performed twice weekly for two weeks. Bone 
volume of the treated tibia was evaluated by micro-computed 
tomography (µCT), and following treatment, histological eval-
uation was performed by hematoxylin and eosin staining and 
immunohistochemical staining for hypoxia-inducible factor 
(HIF)-1α, osteoclast-differentiation and osteolytic factors, and 
tartrate-resistant acid phosphatase (TRAP) staining for osteo-
clast activity. In vitro experiments revealed that the mRNA 

expression of RANKL, PTHrP and IL-8 was significantly 
increased under hypoxic conditions and was subsequently 
reduced by reoxygenation. In vivo results by µCT revealed that 
bone destruction was suppressed by transcutaneous CO2, and 
that the expression of osteoclast-differentiation and osteolytic 
factors, as well as HIF-1α, was decreased in CO2-treated 
tumor tissues. In addition, multinucleated TRAP-positive 
osteoclasts were significantly decreased in CO2-treated tumor 
tissues. Hypoxic conditions promoted bone destruction in 
breast cancer metastasis, and reversal of hypoxia by transcuta-
neous CO2 application significantly inhibited metastatic bone 
destruction along with decreased osteoclast activity. The find-
ings in this study strongly indicated that transcutaneous CO2 
application could be a novel therapeutic strategy for treating 
metastatic bone destruction.

Introduction

Breast cancer is the primary cause of cancer mortality in 
women (1), with bones among the most common metastatic 
sites (2,3). Bone metastasis increases skeletal-related events 
(SREs), which are defined as pathological fractures, spinal 
cord compression and bone pain requiring palliative radio-
therapy and/or surgical treatment, and worsens the activities of 
daily living and patient quality of life. Bone destruction asso-
ciated with cancer metastasis is caused by activated osteoclast 
function, but not by the direct effects of cancer cells in the 
bone (4). For osteoclast activity, receptor activator of nuclear 
factor κ-B ligand (RANKL) promotes osteoclast differentia-
tion, formation and bone-resorptive ability by binding to its 
receptor, RANK, which is expressed in both hematopoietic 
osteoclast-precursor cells and mature osteoclasts. In the 
area of bone metastasis, cancer cells produce several osteo-
lytic factors, including parathyroid-hormone-related peptide 
(PTHrP), interleukin (IL)-1β, IL-6 and IL-8, each of which can 
stimulate osteoblasts and/or stromal cells to increase RANKL 
expression (5-7). Additionally, RANKL is also expressed in 
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metastatic cancer cells (8,9), with its overexpression in the area 
of bone metastasis inducing osteoclast activation (10). Recently, 
osteoclast function was focused on as a therapeutic target in 
metastatic bone tumors, and several inhibitors of osteoclast 
activity, such as bisphosphonates and denosumab, have been 
developed and used to prevent metastatic bone destruction. 
However, the effects of these treatment modalities remain 
limited. In addition, osteonecrosis of the jaw and hypocal-
cemia represent serious side-effects and long-term prognosis 
associated with these treatments remains unknown (11-14).

Hypoxia is a common feature of malignant tumors, 
including metastatic bone tumors. Tumor hypoxia is caused 
by an inadequate supply of oxygen that occurs when the tumor 
outgrows its blood supply, resulting in chronic hypoxia and 
the inability of oxygen to reach some cells due to the large 
diffusion distance (15-17). Hypoxia strongly contributes to the 
reduced efficacy of certain chemotherapeutic agents and/or 
radiotherapy and represents a major cause of tumor propaga-
tion (15,16,18). Additionally, tumor-associated hypoxia plays 
a significant role in tumor progression associated with bone 
metastasis (19,20). Hypoxic conditions allow factors, such as 
hypoxia-inducible factor-1 (HIF-1), to overexpress and trigger 
the production of angiogenic proteins  (17,21,22). HIFs are 
essential factors for maintaining cellular oxygen homeostasis 
and adaptation to hypoxic environments. HIF-1α, an oxygen-
dependent α subunit of HIF (23), is activated by hypoxia and 
induces RANKL expression. Increased hypoxia accompanied 
by HIF-1 overexpression also promotes the progression of 
bone metastasis in breast cancer (24,25). Therefore, tumor 
hypoxia can be considered as an attractive therapeutic target 
involved with bone metastases.

To obtain local oxygenation in tumor tissues, a direct 
absorption of oxygen through the skin can be considered, 
however oxygen is not easily absorbed through the skin (26). 
We previously demonstrated that transcutaneous CO2 applica-
tion could lead to increased oxygen release from red blood cells, 
known as a physiological phenomenon, the Bohr effect (27,28). 
Oxygenation in treated tissues could be easily and effectively 
induced by the transcutaneous CO2 treatment via the oxygen 
dissociation from hemoglobins (28). Using the CO2 treatment, 
we could induce mitochondrial apoptosis in human cancer 
xenografts and improve hypoxia in cancer tissues in the 
absence of side-effects (29-32). Based on these findings, we 
hypothesized that hypoxia would promote bone destruction via 
the activation of factors related to osteoclast differentiation and 
osteolysis, and that recovery from hypoxia following transcuta-
neous CO2 application would inhibit bone destruction by cancer 
metastasis. In the present study, we examined whether oxygen 
conditions affect the expression of osteoclast-differentiation 
and osteolytic factors in vitro, as well as the effects of recovery 
from hypoxia following transcutaneous CO2 application on 
bone destruction and osteoclast activity using an in vivo bone 
metastatic model of breast cancer.

Materials and methods

Cell lines. The human breast cancer cell line MDA-MB-231 
was obtained from the American Type Culture Collection 
(ATCC; Manassas, VA, USA)  (33), and cells were grown 
as monolayers in Dulbecco's modified Eagle's medium 

(DMEM; Sigma-Aldrich; Merck KGaA, St. Louis, MO, USA) 
supplemented with 10% (v/v) fetal bovine serum (FBS; Sigma-
Aldrich; Merck KGaA), 100 U/ml penicillin and 100 µg/ml 
streptomycin. The cultures were maintained in a humidified 
atmosphere with 5% CO2 at 37˚C.

In vitro experiments. To investigate the effect of altered oxygen 
conditions on breast cancer cells in vitro, MDA-MB-231 cells 
were incubated for 6 days in one of three different oxygen 
conditions: normoxic (20% O2, 5% CO2), hypoxic (2% O2, 5% 
CO2) or reoxygenated conditions. For the reoxygenated condi-
tion, cells were incubated under normoxic conditions (20% O2, 
5% CO2) for 3 days followed by 3 days of incubation under 
hypoxic conditions (2% O2, 5% CO2), as previously described 
(30,32). Following incubation, total RNA was collected from 
the cells and the mRNA levels of RANKL, PTHrP, IL-1β, IL-6 
and IL-8 were evaluated by quantitative real-time polymerase 
chain reaction (qPCR).

Animal models. Female BALB/c nude mice aged 5 weeks old 
were obtained from CLEA Japan Inc. (Tokyo, Japan). Animals 
were maintained under pathogen-free conditions in accordance 
with institutional guidelines. Animals were fed pathogen-free 
laboratory chow and allowed free access to autoclaved water 
in an air-conditioned room with a 12-h light/dark cycle. All 
animal experiments were approved by the Ethics Committee 
of the Kobe University Animal Experimentation Regulations 
(permission no. P120404-R1). To create the in vivo bone metas-
tasis model of breast cancer, 18 mice were randomly divided 
into two groups: a CO2-treated group (CO2 group; n=9) and 
a control group (n=9). MDA-MB-231 cells [1.0x106 cells in 
10 µl phosphate-buffered saline (PBS)] were intramedullary 
implanted into the proximal epiphysis of the tibia of all mice in 
both groups (34). For surgical procedures, mice were anesthe-
tized by intraperitoneal injection of 20-30 mg/kg pentobarbital 
sodium for induction and isoflurane inhalation at a concentra-
tion of 2% for maintenance.

Transcutaneous CO2 application. Transcutaneous CO2 applica-
tion was performed as previously described (30-32,35). Briefly, 
the area of skin around the lower limb where MDA-MB-231 
cells were implanted was treated with CO2 hydrogel. This area 
was then sealed with a polyethylene bag, and 100% CO2 gas 
was administered into the bag. Mice in the control group were 
treated similarly, replacing CO2 with room air.

In vivo studies. Examination of the in vivo effects of trans-
cutaneous CO2 application on breast cancer bone metastasis 
was performed following treatment (CO2 or air) at 4-week 
post-implantation of MDA-MB-231 cells and for 10 min/
mouse, twice weekly for 2 weeks. The tumor volume and body 
weight were monitored twice weekly until the end of the treat-
ment. Tumor volume was calculated as previously described 
according to the formula V = π/6 x a2 x b, where a and b 
represent the shorter and longer diameters of the tumor cell 
implanted proximal tibia, respectively (36).

qPCR analysis. Total RNA was extracted from cells and tumor 
tissues by selective binding to a silica-gel-based membrane 
using an RNeasy mini kit according to the manufacturer's 
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protocol (Qiagen, Valencia, CA, USA). Oligo (dT)-primed 
first-stand cDNA was synthesized using a high-capacity 
cDNA transcription kit (Applied Biosystems, Foster City, 
CA, USA). qPCR was performed in a 20-µl reaction mixture 
using SYBR Green Master Mix reagent (Applied Biosystems; 
Thermo Fisher Scientific, Inc., Foster City, CA, USA) on 
an ABI Prism 7500 sequence-detection system (Applied 
Biosystems; Thermo Fisher Scientific, Inc.). PCR conditions 
were as follows: one cycle at 95˚C for 10 min, followed by 
40 cycles at 95˚C for 15 sec and 60˚C for 1 min. Pre-designed 
primers specific for RANKL, PTHrP, IL-1β, IL-6 and IL-8 
were obtained from Invitrogen Life Technologies; Thermo 
Fisher Scientific, Inc. (Carlsbad, CA, USA). Primer sequences 
were as follows: RANKL forward, 5'-CCC AGA TCA AGG 
TGG TGT CT-3' and reverse, 5'-TGC TGA CCA ATG AGA 
GCA TC-3'; PTHrP forward, 5'-CAT CAG CTC CTC CAT 
GAC AA-3' and reverse, 5'-TCA GCT GTG TGG ATT TCT 
GC-3'; IL-1β forward, 5'-GGA CAA GCT GAG GAA GAT 
GC-3' and reverse, 5'-TCG TTA TCC CAT GTG TCG AA-3'; 
IL-6 forward, 5'-AAA GAG GCA CTG GCA GAA AA-3' 
and reverse, 5'-TTT CAC CAG GCA AGT CTC CT-3'; IL-8 
forward, 5'-GTT CCA CTG TGC CTT GGT TT-3' and reverse, 
5'-GCT TCC ACA TGT CCT CAC AA-3'. Relative expression 
of RANKL, PTHrP, IL-1β, IL-6 and IL-8 was calculated using 
the ∆∆Cq method (37), with normalization against β-actin 
levels.

Micro-computed tomography (µCT) analysis. Quantitative 
analysis of treated tibiae was performed both before and 
after treatment using a µCT Scanner (R_mCT; Rigaku 
Mechatronics Co., Ltd., Tokyo, Japan). Following the end of 

treatment, all mice were euthanized by intraperitoneal injec-
tion of 1 ml pentobarbital sodium (Kyoritsu Seiyaku, Tokyo, 
Japan), and the treated tibiae were removed. The bone samples 
were scanned by µCT, and using the constructed sagittal 
image from the scanning data, histomorphometric analysis of 
the proximal epiphysis of the tibia, excluding the cortical bone, 
was performed. Bone volume was assessed using an image-
analysis system (TRI/3D-BON; Ratoc System Engineering, 
Tokyo, Japan). Following µCT scanning, samples were fixed 
in 10% formalin for 48 h.

Hematoxylin and eosin (H&E) staining. Formalin-fixed tibia 
samples were decalcified in 10% ethylenediaminetetraacetic 
acid for 2 weeks and embedded in paraffin. Paraffin-embedded 
tibia samples were sliced into 6-µm-thick sections and stained 
with H&E. Sections were evaluated using a light microscope 
to confirm bone destruction and the presence of cancer cells.

Immunohistochemical analysis. Paraffin-embedded tibia 
sections were pretreated with citrate buffer for 40 min at 95˚C 
and quenched with 0.05% H2O2, followed by overnight incu-
bation at 4˚C with the following primary antibodies in Can 
Get Signal Immunostain Solution A (Toyobo, Osaka, Japan): 
mouse anti-HIF-1α antibody (1:1,000; cat. no. sc-13515; Santa 
Cruz Biotechnology, Dallas, CA, USA), rabbit anti-RANKL 
antibody (1:1,000; cat. no. ab9957; Abcam, Tokyo, Japan), 
rabbit anti-IL-1β antibody (1:1,000; cat. no. ab9722; Abcam), 
mouse anti-IL-6 antibody (1:1,000; cat. no. sc-130326; Santa 
Cruz Biotechnology) and mouse anti-IL-8 antibody (1:1,000; 
cat.  no.  sc-7303; Santa Cruz Biotechnology). Following 
washes, the sections were incubated with horseradish 

Figure 1. Effects of altered oxygen conditions on the expression of osteoclast-differentiation and osteolytic factors in MDA-MB-231 breast cancer cells in vitro. 
Cells were incubated for 6 days under one of three different oxygen conditions: normoxic (20% O2, 5% CO2), hypoxic (2% O2, 5% CO2) or reoxygenated 
conditions (incubated under normoxic conditions for 3 days followed by a 3-day incubation under hypoxic conditions). The mRNA expression of the osteoclast-
differentiation factor (RANKL) and osteolytic factors (PTHrP, IL-1β, IL-6 and IL-8) in cells was evaluated by qPCR. *P<0.05; **P<0.01.
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peroxidase-conjugated labeled anti-mouse (cat. no. 424131) 
or anti-rabbit (cat.  no.  424141) antibody (1:200; Histofine 
Simplestain Max PO; Nichirei, Tokyo, Japan) for an additional 
30 min at room temperature, counterstained with hematoxylin, 
and examined with a BZ-X700 confocal microscope (Keyence 
Corporation, Osaka, Japan). Immunopositive cells were 
counted in three random fields under a high-power field (x200).

Tartrate-resistant acid phosphatase (TRAP) staining. To 
evaluate the effect of transcutaneous CO2 treatment on 
osteoclast activity in metastatic bone tumors, TRAP staining 
was performed in paraffin-embedded histological sections 
using the standard naphthol AS-BI phosphate post-coupling 
method (38). Slides were incubated at 37˚C in sodium acetate 
buffer (pH 5.0) containing 0.01% naphthol AS-BI phosphate 
and 0.5 Ml- (+) tartaric acid. The sections were then incubated 
in the same buffer containing pararosaniline chloride for 
20 min, followed by washing in distilled water. The sections 
were counterstained with hematoxylin for 30 sec, dehydrated 
with alcohol and penetrated with xylene. TRAP-positive 
multinucleated cells containing more than three nuclei were 
counted as osteoclasts in three random fields under a light 
microscopy.

Statistical analysis. All experiments were performed 
independently in triplicate, and data are presented as the 
mean ± standard error of the mean (SEM) unless otherwise 
indicated. Differences between groups were evaluated using 
the Mann-Whitney U test and also by analysis of variance 
(ANOVA) with a Tukey's post hoc test to compare continuous 

values. All tests were considered to indicate a statistically 
significant difference at P<0.05.

Results

Hypoxic conditions increase mRNA expression of osteoclast-
differentiation and osteolytic factors in MDA-MB-231 breast 
cancer cells in  vitro. The mRNA expression of RANKL, 
PTHrP and IL-8 was significantly increased in cells under 
hypoxic conditions compared with their expression observed 
under normoxic conditions (P<0.05), with the elevated expres-
sion of the three factors subsequently decreased to the same 
levels as those under normoxic conditions following reoxygen-
ation (Fig. 1). We also observed elevated expression of IL-1β 
and IL-6 under hypoxic conditions, however, this increase was 
not statistically significant (Fig. 1).

Transcutaneous CO2 application suppresses tumor growth 
and prevents bone destruction in a bone metastatic model of 
human breast cancer. Transcutaneous CO2 treatment signifi-
cantly suppressed breast cancer tumor growth compared with 
that observed in controls (Fig. 2A). In addition, at the end of 
the experiment, the tumor volume in the CO2 group was 49% 
of that in the control group (Fig. 2B) (P<0.05). There was 
no significant difference in body weight between the groups 
(Fig. 2C).

µCT analyses demonstrated that transcutaneous CO2 appli-
cation blocked bone destruction compared with the control 
treatment, and that bone volume was significantly preserved in 
the CO2 group (Fig. 3A and B). H&E staining of treated tibiae 

Figure 2. Effect of transcutaneous CO2 application in in vivo breast cancer growth. (A and B) Tumor growth in both the CO2-treated and the control groups. 
*P<0.05; **P<0.01. (C) Body weight in both the CO2-treated and the control groups.
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also revealed that the area of cancer tissues in the CO2 group 
was smaller than that in the control group (Fig. 3C).

Osteoclast activity is significantly inhibited by transcu-
taneous CO2 application and via decreased expression of 
osteoclast-differentiation and osteolytic factors along with 
decreased HIF-1α expression. Immunopositive staining for 
HIF-1α was weakly detected in CO2-treated tibiae, whereas 
positive staining was extensively observed in the control 
tibiae (Fig. 4). For TRAP staining, the number of TRAP-
positive multinucleated osteoclasts was significantly reduced 
following transcutaneous CO2 treatment compared with 
that observed in the controls (Fig. 5A and B). Additionally, 

immunohistochemical staining for osteoclast-differentiation 
and osteolytic factors revealed that staining for RANKL, 
IL-1β, IL-6 and IL-8 was barely detectable in the CO2-treated 
tibiae, but was strongly positive in the control group (Fig. 6A). 
Furthermore, the number of cells immunopositive for these 
factors in the CO2-treated tumors was significantly decreased 
compared with that observed in the control tumors (Fig. 6B).

Discussion

In the area of bone metastasis, osteolysis is mainly caused 
by activated osteoclast function and not by the direct effects 
of metastatic cancer cells  (4,39). In response to factors 

Figure 3. Effect of transcutaneous CO2 application on bone destruction in treated tibiae following breast cancer-cell implantation. (A) Three-dimensional 
reconstructed images of treated tibiae following breast cancer-cell implantation, followed by µCT analysis of both CO2-treated and control groups. (B) Bone 
volume before and after treatment was analyzed in both the CO2-treated and the control groups. *P<0.05. (C) H&E staining of the treated tibiae in both the 
CO2-treated and the control groups.

Figure 4. Immunohistochemical staining for HIF-1α in tibiae from both the CO2-treated and the control groups.
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associated with osteoclast differentiation (RANKL) and oste-
olysis (PTHrP, IL-1β, IL-6 and IL-8), which are produced by 
cancer cells, osteoblast-mediated cross-talk between RANKL 
and its receptor, RANK, which is expressed in hematopoietic 
osteoclast-precursor cells and mature osteoclasts, is promoted, 
followed by stimulation of osteoclast activity, especially bone-
resorptive functions (5-7,40-42). In particular, PTHrP induced 
osteoclast formation through the upregulation of RANKL (42) 
and represented a specific mediator of osteolysis in metastatic 
breast cancer (43,44). Previous studies reported that breast 

cancer cells secreted high levels of RANKL, IL-1β and 
IL-6 under hypoxic conditions (45-47). In the present study 
using MDA-MB-231 breast cancer cells, we observed that 
the in vitro expression of factors, including RANKL, PTHrP, 
IL-1β, IL-6 and IL-8, was increased under hypoxic conditions 
and subsequently decreased by reoxygenation. These findings 
were consistent with previous studies (45-47) and indicated 
that hypoxic conditions affected the expression of osteoclast-
differentiation and osteolytic factors, which play essential 
roles in bone destruction associated with cancer metastasis. 

Figure 5. Osteoclast activity following transcutaneous CO2 application. (A) TRAP staining of treated tibiae from both the CO2-treated and the control groups. 
(B) Assessment of the number of TRAP-positive multinucleated cells counted as osteoclasts. **P<0.01.

Figure 6. Effects of transcutaneous CO2 application on the expression of osteoclast-differentiation and osteolytic factors in breast cancer cells in vivo. 
(A) Immunohistochemical staining for RANKL, IL-1β, IL-6 and IL-8 in both the CO2-treated and the control groups. (B) The number of immunopositive cells 
was evaluated. *P<0.05; **P<0.01.
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Based on these findings, we hypothesized that improving 
hypoxia could suppress the stimulation of osteoclast activity, 
and that recovery from hypoxia would inhibit bone destruction 
by cancer metastasis.

Hypoxia is a common feature of solid tumors, including 
metastatic bone tumors, and is mainly a consequence of 
poor perfusion in solid tumors. In bone metastasis, abnormal 
blood vessels are insufficient to supply oxygen to metastatic 
tumor tissues, causing intratumoral hypoxia (48). The median 
tumor oxygen concentration in breast cancer is reportedly 
≤1.3%, which is substantially lower than that in normal 
tissues (25). Hypoxia negatively affects clinical outcomes, 
including overall patient survival, motility, and resistance to 
chemotherapy and/or radiotherapy by impacting tumor-cell 
functions. The transcription factor HIF-1 is a key regulator 
of the cellular response promoting survival in the hostile 
environment of hypoxic tumors (23). In human malignancies, 
HIFs critically contribute to chemoresistance and/or radio
resistance (49) and are associated with histological grade, 
stage and local or distant recurrence  (50-53). Recently, a 
role for HIF-1α in promoting lung and bone metastases was 
described using a transgenic model of breast cancers (25). 
Therefore, improvement of hypoxic conditions by regulating 
HIF-1α in metastatic bone tumors may control not only 
tumor progression, but also bone destruction. Although 
several therapeutic strategies to overcome hypoxia and/or 
to specifically target hypoxic cells have been investigated, 
attempts to improve tumor oxygen levels have not yielded 
clinically compelling results (54-56), and metastatic bone 
tumors are still considered an incurable disease. Recent 
therapeutic strategies for treating bone metastasis include 
surgery, radiotherapy and osteoclast inhibitors, such as 
bisphosphonates and denosumab, the human monoclonal 
antibody used to neutralize RANKL. Regardless of the wide 
use of these treatments, radiotherapy should still be adminis-
tered for symptom palliation (57), although bisphosphonates 
and denosumab can cause unfavorable side-effects, such as 
osteonecrosis of the jaw (11-14). Based on these findings, new 
strategies for the treatment of bone metastases with fewer 
side-effects are required.

The benefits of CO2 therapy have been realized for 
therapeutic purposes, especially in the treatment of periph-
eral vascular disorders (58), and carbonated spa therapy has 
historically been used in Europe as an effective treatment for 
cardiac diseases and skin problems (59,60). The therapeutic 
effects of CO2 are mediated by an increase in blood flow 
and microcirculation, nitric oxide-dependent neocapillary 
formation and an increase in the partial pressure of O2 in 
local tissue, known as the Bohr effect (27). The Bohr effect is 
represented by a rightward shift in the O2-hemoglobin disso-
ciation curve accompanied with increased pCO2 or decreased 
pH (27). We previously demonstrated that transcutaneous CO2 
application increased O2 pressure in treated tissues, through 
the absorption of CO2, potentially causing an artificial Bohr 
effect (28). Transcutaneous CO2 application suppressed the 
in vivo human undifferentiated pleomorphic sarcoma/malig-
nant fibrous histiocytoma tumor growth through induction 
of mitochondrial apoptosis accompanied by mitochondrial 
proliferation (29). Additionally, animal models of osteosar-
coma (30) and oral squamous cell carcinoma (31) demonstrated 

that CO2 treatment decreased metastatic potential along with 
decreased expression of both HIF-1α and vascular endothelial 
growth factor (30,31). These findings strongly indicated that 
transcutaneous CO2 application exhibited antitumor effects by 
improving hypoxic conditions within tumor tissues (29-31). 
In the present study, we revealed that transcutaneous CO2 
application in a bone metastatic model of human breast 
cancer, significantly improved intratumoral hypoxia along 
with decreased expression of HIF-1α, RANKL and osteolytic 
factors, as well as suppressed osteoclast function along with 
decreased TRAP activity, resulting in blockage of progressive 
bone destruction without observable side-effects.

However, the present study had several limitations. 
Firstly, we have not examined the influence of CO2 applica-
tion on osteoblasts in the surrounding tissues. We previously 
reported that CO2 application accelerated fracture repair in 
a rat-fracture model by increasing osteoblast activity (61). 
In addition, several studies revealed that, in the presence of 
osteolytic bone metastasis, tumor cells increased the RANKL 
production of osteoblasts in the surrounding bone stroma 
of the host with decreased osteoprotegerin, by releasing a 
variety of factors including interleukins and PTHrP, resulting 
in more osteoclast formation and bone degradation (62,63). 
Based on these previous studies, CO2 application may inhibit 
the tumor-induced RANKL production of osteoblasts, 
resulting in decreased bone destruction via decreased osteo-
clast activity. Secondly, we observed that transcutaneous 
CO2 application could inhibit metastatic bone destruction 
along with decreased osteoclast activity in a well-established 
bone metastatic model using MDA-MB-231 human breast 
cancer cells, however we used only one breast cancer cell 
line in the present study. Additionally, we did not directly 
assess the oxygen conditions in the metastatic bone during 
transcutaneous CO2 treatment. Therefore, further investiga-
tions are required to clarify the effects of transcutaneous 
CO2 application on cancer cells and bone destruction in 
metastatic bone tumors. In conclusion, our findings strongly 
indicated that oxygen conditions affected the expression of 
osteoclast-differentiation and osteolytic factors, which play 
essential roles in bone destruction by breast cancer cells, 
and that transcutaneous CO2 application blocked metastatic 
bone destruction by improving hypoxic conditions along 
with decreased expression of osteolytic factors and TRAP 
activity. Although further studies are required to elucidate 
the mechanisms associated with the effects of CO2 applica-
tion, transcutaneous CO2 application can be considered a 
potential therapeutic strategy for the treatment of metastatic 
bone destruction in breast cancer patients.
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