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Abstract 17 

Purpose 18 

Ultra-fine bubbles (<200 nm in diameter) have several unique properties, and they are 19 

tested in various medical fields. The purpose of this study was to investigate the effects of 20 

oxygen ultra-fine bubbles (OUB) on glucocorticoid-induced osteoporosis (GIO) model 21 

mice. 22 
22 

Methods 23 

Prednisolone (PSL, 5 mg) were subcutaneously inserted in 6-month-old male C57BL/6J 24 

mice, and 200 µl of saline, OUB diluted saline, or nitrogen ultra-fine bubbles (NUB) 25 

diluted saline was intraperitoneally injected 3 times per week for 8 weeks the day after 26 

operations. Mice were divided into 4 groups; (1) control, sham-operation + saline; (2) GIO, 27 

PSL + saline; (3) GIO+OUB, PSL + OUB-saline; (4) GIO+NUB, PSL + NUB-saline. The 28 

effects of OUB on osteoblasts and osteoclasts were examined by serially diluted OUB 29 

medium in vitro. 30 

Results 31 

Bone mass was significantly decreased in GIO [bone volume / total volume (%): control 32 

GIO: 12.6 vs. 7.9; p<0.01], while significantly preserved in GIO+OUB (GIO vs. 33 
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7.9 vs. 12.9; p<0.05). In addition, TRAP positive cells in the distal femur [mean osteoclasts 34 

number / bone surface (mm-1)] was significantly increased in GIO (control vs. GIO: 6.8 vs. 35 

11.6; p<0.01), while suppressed in GIO+OUB (GIO vs. GIO+OUB: 11.6 vs. 7.5; p<0.01). 36 

NUB didn’t affect these parameters. In vitro experiments revealed that OUB significantly 37 

inhibited osteoclastogenesis by inhibiting RANK-TRAF6-c-Fos-NFATc1 signaling, 38 

RANK-p38 MAPK signaling, and TRAP/ Cathepsin K/ DC-STAMP mRNA expression in 39 

a concentration-dependent manner. OUB didn’t affect osteoblastogenesis in vitro. 40 

Conclusions 41 

OUB prevents bone loss in GIO mice by inhibiting osteoclastogenesis. 42 

43 

Keywords 44 

Oxygen ultra-fine bubbles (OUB); Glucocorticoid-induced osteoporosis (GIO); 45 

Osteoclasts; Osteoblasts; c-Fos; Nuclear factor of activated T-cells 1 (NFATc1) 46 

47 

Mini Abstract 48 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



4 

Oxygen ultra-fine bubbles (OUB) saline injections prevents bone loss of 49 

glucocorticoid-induced osteoporosis in mice, and OUB inhibits osteoclastogenesis via 50 

RANK-TRAF6-c-Fos-NFATc1 signaling and RANK-p38 MAPK signaling in vitro. 51 

52 

Introduction 53 

Ultra-fine bubbles (UFB), also referred to as nanobubbles, are miniature gas bubble in 54 

liquids with <200 nm in diameter, and possess many unique physical properties [1, 2]. 55 

UFB remains stable in liquids for long periods at a high concentration owing to their 56 

negatively charged surface and high internal pressure, whereas macrobubbles (>50 μm in 57 

diameter) increase in size and rapidly burst at a liquids surface [3, 4]. Previous reports have 58 

demonstrated that UFB increase the oxygen pressure in liquids to a greater extent than that 59 

of microbubbles (10–50 μm in diameter) [1, 4], and the high oxygen gas solubility of UFB 60 

can be beneficial for oxygenation of hypoxic tissues [5-7]. Nano-technologies are gaining a 61 

lot of recognition in the medical field, and its usefulness for ultrasound imaging and drug 62 

delivery have been demonstrated [8]. Moreover, we have previously demonstrated that the 63 

administration of oxygen ultra-fine bubbles (OUB) and air ultra-fine bubbles (AUB) 64 

promote the growth of plant, animal and fish [2], and oral administration of OUB water 65 
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reduced calcium oxalate deposits in rat kidney [9], indicating its usefulness for clinical 66 

applications. However, no reports have assessed the effects of OUB on bone metabolism. 67 

Local oxygen concentration is strongly associated with bone metabolism. For example, 68 

hyperoxia inhibits osteoclasts differentiation [10], and promotes osteoblasts differentiation 69 

[11, 12], whereas hypoxia promotes osteoclasts differentiation [12, 13]. Indeed, it has been 70 

reported that partial pressure of oxygen (PO2) in arterial blood is about 12%, whereas that 71 

in venous blood is about 5% [11] and in human bone was about 6.6% [14], suggesting 72 

hypoxic condition in bone. Moreover, a previous report has suggested that PO2 in 73 

environments such as the poorly vascularized bone marrow of the elderly or 74 

glucocorticoid-induced osteoporosis (GIO) may be considerably lowered [15]. Taken 75 

together, we hypothesized that OUB administration may improve local hypoxic condition, 76 

and may have beneficial effects on bone metabolism. 77 

Glucocorticoids are widely used to treat various immune-mediated diseases, such as 78 

patients with rheumatic diseases, who tend to be prescribed for long duration [16, 17]. GIO 79 

is a clinically serious long-term side effect of glucocorticoid treatment which affects 0.5% 80 

of the general population [18, 19], and 30-50% of patients with chronic glucocorticoid 81 

therapy suffers osteoporotic fracture [20]. The most common anti-osteoporotic agents used 82 

in the treatment of GIO are bisphosphonates (BP) [21], while it remains unclear that 83 
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whether prolonged BP treatment for GIO and postmenopausal osteoporosis are associated 84 

with similar safety issues [17], and patients treated with BP and glucocorticoid are at the 85 

higher risk of osteonecrosis of the jaw [22]. Therefore, some alternative treatment options 86 

may be required. In this study, we assessed the effects of OUB administration in GIO 87 

model mice, and demonstrated the effects of OUB on bone metabolism for the first time. 88 

89 

Materials and methods 90 

UFB diluted saline and medium preparation 91 

At first, fine microbubbles of gas were generated with brief sonication of liquid (saline or 92 

culture medium) and gas (oxygen or nitrogen) by microbubble generator. Then, these 93 

microbubbles, liquid, and gas were put into an ultra-fine bubble aerator (BUVITAS; 94 

Ligaric Company Limited, Osaka, Japan), gas-liquid mixing system which high-speed 95 

centrifugal force separates the microbubbles into UFB by the strong shearing force as 96 

previously described [2] (Fig. 1a). Nitrogen was selected as a negative control as it is 97 

abundantly contained in the atmosphere. Dissolved oxygen concentrations of OUB and 98 

nitrogen ultra-fine bubbles (NUB) diluted saline or medium were measured at 30 minutes 99 

after generation by Winkler’s method as previously described [2] (Fig. 1b). UFB diluted 100 

liquid was filtered immediately after generation, using a 220 nm pore size cellulose acetate 101 
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membrane (Corning, New York, USA) to avoid contamination. This UFB saturated liquid 102 

is considered as 100%, and gradually diluted immediately before the experiment by the 103 

same non-UFB liquid to 75, 50, and 25%, respectively. In addition, we have previously 104 

described that size, concentration, and dissolved oxygen concentration of OUB produced 105 

by this methods were stable in liquid up to day 70 in 4°C [2], so OUB diluted liquid was 106 

kept in 4°C with the tight lid, and re-generated every 2 months. To confirm the 107 

concentration and size of nanoparticles, saline, OUB diluted saline, saline-injected mice 108 

serum, and OUB saline-injected mice serum were measured by NanoSight NS 300 109 

(NanoSight Ltd, Salisbury, UK) (Supplemental material and methods) [2]. To confirm the 110 

contamination of metal nanoparticles by UFB generation, chemical analysis of both raw 111 

water and air UFB diluted water was performed by using NexION 350D ICP-MS 112 

spectrometer (PerkinElmer Inc., Shelton, USA). (Supplemental material and methods). 113 

114 

Mice 115 

Six-month-old male C57BL/6J mice were purchased from Charles River Laboratories 116 

(Osaka, Japan). Pellets of PSL (5 mg) (Innovative Research of America, Sarasota, Florida, 117 

USA) were inserted subcutaneously in the nape of the neck as previously described [23], 118 

and 200 µl of saline, OUB diluted saline or NUB diluted saline was administered by 119 
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intraperitoneal injection 3 times per week for 8 weeks from the next day of operations (Fig. 120 

1c). Mice were divided into four groups: (1) control, sham-operation + saline injections 121 

(n=8); (2) GIO, PSL pellets + saline injections (n=8); (3) GIO+OUB, PSL pellets + 122 

OUB-saline injections (n=11); and (4) GIO+NUB, PSL pellets + NUB-saline injections 123 

(n=8). All mice were housed in a temperature- and humidity-controlled facility with a 12 124 

hour light/dark cycle and had free access to standard chow and water for 8 weeks before 125 

being euthanized. Mice were anaesthetized with an intraperitoneal injection of 0.3 mg/kg 126 

medetomidine, 4.0 mg/kg midazolam, and 5.0 mg/kg butorphanol when they were 127 

euthanized to collect bone and serum samples [24]. The serum concentration of cross 128 

linked C terminal telopeptides of type I collagen (CTX-1) (CUSABIO, Hubei, China) and 129 

osteocalcin (Takara Bio, Shiga, Japan) were measured by ELISA kit according to the 130 

manufacturer’s protocol. All experimental protocols were approved by the Ethics Review 131 

Committee for Animal Experimentation of Osaka University Graduate School of Medicine 132 

(permission number: 24-022-007). 133 

134 

Micro-computed tomography (micro-CT) scan 135 

The distal femurs of mice (500 µm above the growth plate) were evaluated by micro-CT 136 

(Rigaku Mechatronics, Tokyo, Japan). The results were analyzed by Tri/3D Bon software 137 
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(Ratoc System Engineering Co., Ltd., Tokyo, Japan) for parameters including bone volume 138 

fraction (BV/TV: bone volume/total volume), trabecular number (TbN), cortical bone ratio 139 

(Cv/Av: cortical volume / all volume), and mean cortical bone thickness as previously 140 

described [25]. 141 

142 

Histology 143 

After micro-CT scanning, bone specimens were fixed in 10% neutral-buffered and 144 

decalcified for embedding. Histological sections were stained with TRAP (Cosmo bio, 145 

Tokyo, Japan) according to the manufacturer’s protocol. TRAP-positive osteoclasts were 146 

counted as previously described [26]. 147 

148 

Cell culture 149 

Murine primary osteoclasts were obtained from bone marrow (BM) cells flushed from the 150 

femurs and tibiae of C57BL/6J mice. These cells were cultured in α-minimum essential 151 

medium (α-MEM) containing 10% fetal bovine serum (FBS) (Equitech-Bio, Kerrville, TX, 152 

USA) and 1% penicillin and streptomycin with 5 ng/ml macrophage colony-stimulating 153 

factor (M-CSF) (R&D Systems, Minneapolis, Minnesota, USA) overnight at 37°C under 154 
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20% O2 condition as previously described [27]. Non-adherent cells were washed twice with 155 

phosphate buffered saline (PBS) (pH=7.4) and adherent cells were seeded in 12-well plates 156 

and 48-well plates at 1×106 cells per well in an OUB diluted medium (concentration: 0, 25, 157 

50, 75 and 100%) stimulated with 10 ng/ml M-CSF and 50 ng/ml receptor activator of 158 

nuclear factor kappa B ligand (RANKL) (R&D Systems) simultaneously to induce 159 

osteoclastogenesis for 5 days under 5% or 20% O2 condition. 160 

Murine primary osteoblasts were isolated from the calvaria of 3-day-old C57BL/6J mice 161 

(Charles River Laboratories) by sequential collagenase digestion and MC3T3-E1 cells of 162 

osteoblastic cell linage were purchased from Riken Cell Bank (Tsukuba, Japan). These 163 

cells were cultured in α-MEM containing 10% FBS and 1% penicillin and streptomycin at 164 

37°C under 20% O2 condition as previously described [28]. Cells were cultured in 12-well 165 

plates and 24-well plates at 1×105 cells per well in an OUB diluted medium (concentration: 166 

0, 25, 50, 75 and 100%) for 5 days under 20% O2 condition. Media were changed to 167 

osteoblasts differentiation induction medium containing 10 mM β-glycerophosphate 168 

(Calbiochem, San Diego, CA, USA) and 50 μg/ml ascorbic acid (Sigma-Aldrich, St. Louis, 169 

MO, USA) after the cells reached 60-70% confluence under 20% O2 condition. 170 

171 

Osteoclastic cells derived human peripheral blood mononuclear cells (PBMC) 172 
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PBMC were extracted from human blood using Ficoll-Paque (GE Healthcare UK Ltd., 173 

Buckinghamshire, UK) according to the manufacturer’s protocol. Then, CD14-positive 174 

cells were subsequently isolated from these PBMC by positive selection with 175 

anti-CD14-coated microbeads (Miltenyi Biotec, Bergisch, Gladbach, Germany) in a 176 

SuperMACS (Miltenyi Biotec) according to the manufacturer’s instructions. These 177 

CD14-positive cells were cultured with 10 ng/ml M-CSF and 50 ng/ml RANKL 178 

simultaneously to induce osteoclastogenesis for 7 days under 20% O2 condition in an OUB 179 

diluted medium (concentration: 0, 25, 50, 75 and 100%). 180 

181 

TRAP-staining 182 

Osteoclastic cells from mouse BM were incubated for 5 days under 5% or 20% O2 183 

condition and those from human PBMC were incubated for 7 days under 20% O2 condition 184 

in an OUB diluted medium (concentration: 0, 25, 50, 75 and 100%) using 48-well plates. 185 

At the end of the incubation period, cells were fixed with 10% formalin and washed with 186 

PBS. TRAP-staining was performed using a TRAP-staining kit (Cosmo Bio) according to 187 

the manufacturer’s protocol. The total number of TRAP-positive cells with 3 or more 188 

nuclei were counted for quantification in a well and the morphology of osteoclasts was 189 

photographed as previously described [29]. 190 
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 191 

Resorption pit assay 192 

Osteoclastic cells from mouse BM were incubated for 5 days and those from human 193 

PBMC were incubated for 7 days under 20% O2 condition in an OUB diluted medium 194 

(concentration: 0, 25, 50, 75 and 100%) using Osteo-Assay Surface 96 Well Multiple Well 195 

Plates (Corning). To analyze the surface of wells for pit formation, the medium was 196 

aspirated from the wells, and 100 µl of 10% bleach solution (6% NaOCl) was added. Cells 197 

were incubated with the bleach solution for 5 minutes at room temperature. The wells were 198 

washed twice with distilled water and allowed to dry at room temperature for 3 to 5 hours. 199 

Individual pits, or multiple pit clusters, were observed using a microscope at 200x 200 

magnification. 201 

 202 

Western blotting (WB) 203 

Cells were homogenized with 100 µl of radio-immunoprecipitation assay (RIPA) buffer 204 

(Pierce, Rockford, IL, USA), and complete cell lysis was obtained using a sonicator for 7.5 205 

minutes. The lysates were centrifuged at 12,000 rpm for 5 minutes at 4°C to remove debris 206 

and the supernatants were used for electrophoresis after a protein assay using a 207 
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bicinchoninic acid (BCA) assay kit (Pierce) and transferred to a polyvinylidene difluoride 208 

(PVDF) membrane (Nippon Genetics, Tokyo, Japan) as previously described [30]. WB 209 

was performed using the following antibodies purchased from Cell Signaling Technology 210 

(Danvers, MA, USA): anti-c-Fos antibody (1:1000), anti-nuclear factor of activated T-cells 211 

1 (NFATc1) antibody (1:1000), phosphate anti-extracellular signal-regulated kinase 1/2 212 

(ERK1/2) antibody (Thr202/Tyr204) (1:2000), anti-ERK1/2 antibody (p44/42) (1:1000), 213 

phosphate anti-p38 antibody (Thr180/Tyr182) (1:1000), anti-p38 antibody (1:1000), 214 

phosphate anti-nuclear factor-kappa B (NF-κB) p65 antibody (Ser536) (1:1000), 215 

anti-NF-κB p65 antibody (1:1000), anti-hypoxia-inducible factor 1α (HIF1α) antibody 216 

(D2U3T) (1:1000), and anti-β-actin antibody (1:2000). 217 

218 

Extraction of the RNA from cultured cells, and first-strand complementary DNA (cDNA) 219 

synthesis 220 

Total RNA was extracted from cells in 12-well plate using a RNAeasy Mini Kit (Qiagen, 221 

Düsseldorf, Germany) according to the manufacturer’s protocol, and first-strand cDNA 222 

was reverse-transcribed from total RNA (1 µg) using the SuperScriptⅢ First-Strand 223 

Synthesis System (Life Technologies, Tokyo, Japan) according to the manufacturer’s 224 

protocol. 225 
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226 

Quantitative real-time polymerase chain reaction (PCR) 227 

Real-time PCR was performed using the Step One Plus Real-Time PCR System (Life 228 

Technologies). Each cDNA sample was evaluated using a Fast SYBR Green Master Mix 229 

(Life Technologies) and expression values were normalized to hypoxanthine 230 

phosphoribosyltransferase 1 (HPRT1). PCR primers (forward and reverse, respectively) 231 

were as follows: HPRT1 (5’-CTGGTGAAAAGGACCTCTCGAA-3’ and 232 

5’-CTGAAGTACTCATTATAGTCAAGGGCAT-3’), tumor necrosis factor receptor 233 

associated factor 6 (TRAF6) (5’-AGCCCACGAAAGCCAGAAGAA-3’ and 234 

5’-CCCTTATGGATTTGATGATGC-3’), c-Fos 235 

(5’-AAACCGCATGGAGTGTGTTGTTCC-3’ and 236 

5’-TCAGACCACCTCGACAATGCATGA-3’), NFATc1 237 

(5’-CCGTTGCTTCCAGAAAATAACA-3’ and 5’-TGTGGGATGTGAACTCGGAA-3’), 238 

TRAP (5’-GGGACAATTTCTACTTCACTGGAG-3’ and 239 

5’-TCAGAGAACACGTCCTCAAAGG-3’), dendritic cell-specific transmembrane protein 240 

(DC-STAMP) (5’-GACCTTGGGCACCAGTATTT-3’ and 241 

5’-CAAAGCAACAGACTCCCAAA-3’), Cathepsin K 242 

(5’-CCATATGTGGGCCCAGGATG-3’ and 5’-TCAGGGCTTTCTCGTTCCC-3’), 243 
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nuclear factor kappa B (RANK) (5’-AGAAGACGGTGCTGGAGTCT-3’ and 244 

5’-TAGGAGCAGTGAACCAGTCG-3’), HIF1α (5’-TGGCTCCCTATATCCCAATG-3’ 245 

and 5’-GGTCTGCTGGAACCCAGTAA-3’), alkaline phosphatase (ALP) 246 

(5’-AATCGGAACAACCTGACTGACC-3’ and 247 

5’-TCCTTCCACCAGCAAGAAGAA-3’), Osteocalcin 248 

(5’-CTCACTCTGCTGGCCCTG-3’ and 5’-CCGTAGATGCGTTTGTAGGC-3’), 249 

RANKL (5’-TGGAAGGCTCATGGTTGGAT-3’ and 250 

5’-CATTGATGGTGAGGTGTGCAA-3’), and Osteoprotegerin (OPG) 251 

(5’-ACCCAGAAACTGGTCATCAGC-3’ and 252 

5’-CTGCAATACACACACTCATCACT-3’). 253 

254 

ALP staining and ALP activity assay 255 

Osteoblastic cells were incubated for 5 days in an OUB diluted medium (concentration: 0, 256 

25, 50, 75 and 100%) under 20% O2 condition. For ALP staining, cells were washed once 257 

with PBS after fixation with 10% formalin and stained using ALP substrate solution 0.1 258 

mg/ml naphthol AS-MX (Sigma-Aldrich), and 0.6 mg/ml fast violet B salt 259 

(Sigma-Aldrich) in 0.1 M Tris-HCl for 20 minutes. For the ALP activity assay, cells were 260 

washed twice with PBS and lysed with mammalian protein extraction reagent (MPER) 261 
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(Pierce) according to the manufacturer’s protocol. ALP activity was measured using a Lab 262 

Assay ALP activity kit (Wako Pure Chemical Industries, Ltd., Japan) and protein was 263 

quantified using the Bicinchoninic Acid Protein Assay Kit (Pierce). 264 

265 

Statistical analysis 266 

All data are expressed as the mean ± standard deviation (SD). Differences between the 267 

groups were assessed using the Mann-Whitney U-test. A probability value of <0.05 was 268 

considered to indicate statistical significance. 269 

270 

Results 271 

Dissolved oxygen concentrations of OUB and NUB diluted saline and medium immediate 272 

after the generation 273 

OUB significantly increased oxygen concentration of both saline (non-UFB vs. OUB: 8.3 274 

vs. 18.0 mg/L; p<0.01) and medium (non-UFB vs. OUB: 9.0 vs. 17.2 mg/L; p<0.01), while 275 

NUB significantly decreased oxygen concentration of both saline (non-UFB vs. NUB: 8.3 276 

vs. 2.7 mg/L; p<0.05) and medium (non-UFB vs. NUB: 9.0 vs. 3.1 mg/L; p<0.05) (Fig. 277 

1b). 278 
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279 

Increased nanoparticles in OUB diluted saline and OUB diluted saline injected mice 280 

serum 281 

None of nanoparticles were detected in normal saline, although abundant nanoparticles were 282 

detected in OUB diluted saline (supplemental Fig. 1a). On the other hand, saline injected serum 283 

showed abundant total number (4.3×1012 particles/ml) and peak number (2.0×1011 particles/ml in 284 

45nm size) of nanoparticles, in accordance with the results of previous report demonstrating the 285 

presence of serum-derived nanoparticles in mammalian [31]. Finally, OUB-saline injected serum 286 

showed higher total number (5.6×1012 particles/ml), peak number (2.9×1011 particles/ml in 50nm 287 

size), and Brownian motion of nanoparticles compared to saline injected serum (supplemental Fig. 288 

1b, 1c, and 1d), suggesting that intraperitoneally injected OUB increased serum nanoparticles 289 

number. 290 

291 

Detection of metal nanoparticles in raw water and air UFB diluted water 292 

As shown in supplemental Fig. 2, no apparent difference was observed in metal 293 

nanoparticles concentration between raw water and air UFB diluted water, suggesting little 294 

effect of UFB generation on metal nanoparticles contamination. 295 
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296 

Effects of OUB on bone mass in GIO mice 297 

Trabecular and cortical bone of distal femurs were assessed by micro-CT (Fig. 2a). BV/TV 298 

and TbN of trabecular bone was significantly decreased in GIO mice compared to control 299 

mice [BV/TV (%): control vs. GIO: 12.6 vs. 7.9; p<0.01 / TbN (1/mm): control vs. GIO: 300 

3.6 vs. 2.5; p<0.01]. OUB treatment prevented these BV/TV loss (GIO vs. GIO+OUB: 7.9 301 

vs. 12.9; p<0.05) and TbN loss (GIO vs. GIO+OUB: 2.5 vs. 3.4; p<0.05), although NUB 302 

treatment had no significant effects (Fig. 2b). Cv/Av was significantly decreased in GIO 303 

mice as compared to control mice (control vs. GIO: 36.7 vs. 32.8; p<0.05), while OUB 304 

treatment prevented this cortical bone loss (GIO vs. GIO+OUB: 32.8 vs. 35.7; p<0.05) but 305 

NUB treatment showed no significant effects as compared to GIO group (Fig. 2c). Same 306 

tendency was observed in mean cortical bone thickness, while didn’t reached significant 307 

difference (Fig. 2c). 308 

309 

Effects of OUB on osteoclasts number and bone turnover markers in vivo 310 

TRAP-staining of distal femurs revealed that number of osteoclasts in trabecular bone was 311 

significantly increased in GIO mice as compared to control mice (control vs. GIO: 6.8 vs. 312 
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11.6 mm-1; p<0.01), while significantly decreased by OUB treatment (GIO vs. GIO+OUB: 313 

11.6 vs. 7.5 mm-1; p<0.01) but not by NUB treatment (GIO vs. GIO+NUB: 11.6 vs. 12.2 314 

mm-1; p=0.39) (Fig. 2d, e). The same patterns observed in trabeculae via histology were315 

observed in cortical bone and were consistent with the micro-CT data (Fig. 2d). The 316 

ELISA of serum bone turnover markers revealed that the bone resorption marker CTX-1 317 

was significantly increased in GIO group (control vs. GIO: 4.2 vs. 5.4 ng/ml; p<0.05), 318 

while significantly decreased by OUB treatment (GIO vs. GIO+OUB: 5.4 vs. 4.5 ng/ml; 319 

p<0.05). In contrast, the bone formation marker osteocalcin was significantly decreased in 320 

GIO group (control vs. GIO: 33.8 vs. 24.8 ng/ml; p<0.05), while showed not significant 321 

response to OUB treatment (GIO vs. GIO+OUB: 24.8 vs. 28.6 ng/ml; p=0.52) (Fig. 2f). 322 

323 

Effects of OUB on osteoclastogenesis in mouse BM cells under 5% or 20% O2 condition in 324 

vitro 325 

The effects of OUB on osteoclastogenesis in mice were evaluated in an OUB diluted 326 

medium under 20% O2 condition. OUB significantly decreased the number of 327 

TRAP-positive cells in a dose dependent manner (Fig. 3a). In addition, OUB significantly 328 

inhibited the bone resorption activity of osteoclasts in a dose dependent manner (Fig. 3b). 329 

As for cell-signaling, WB revealed that OUB down-regulated the c-Fos and NFATc1 330 
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proteins, and the phosphorylation of p38 in a dose dependent manner (Fig. 3c). Real-time 331 

PCR analysis showed that OUB significantly inhibited osteoclast-related mRNA (TRAF6, 332 

c-Fos, NFATc1, TRAP, Cathepsin K, DC-STAMP) expression in a dose dependent333 

manner, while didn’t affect the mRNA levels of RANK and HIF1α (Fig. 3d). A schematic 334 

diagram of the signaling pathways involved in osteoclasts differentiation treated with OUB 335 

is shown in Fig. 5c. 336 

The effects of OUB on osteoclastogenesis in mice were evaluated in OUB diluted medium 337 

under 5% O2 condition, mimicking hypoxia of bone marrow. OUB significantly decreased 338 

the number of TRAP-positive cells in a dose dependent manner (Fig. 4a). Western blotting 339 

revealed that protein levels of HIF1α was promoted by hypoxia (5% O2) compared to 340 

normoxia (20% O2), although no apparent difference was observed between 0% and 100% 341 

OUB treated osteoclasts (Fig. 4b). Real-time PCR analysis showed that OUB significantly 342 

inhibited osteoclast-related mRNA (TRAF6, c-Fos, NFATc1, TRAP, Cathepsin K, 343 

DC-STAMP) expression in a dose dependent manner, while didn’t affect the mRNA levels344 

of HIF1α (Fig. 4c). 345 

346 

Effects of OUB on osteoclastogenesis in human PBMC under 20% O2 condition in vitro 347 
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The effects of OUB on osteoclastogenesis in human PBMC were also evaluated. OUB 348 

significantly decreased the number of TRAP-positive cells (Fig. 5a) and the bone 349 

resorption activity (Fig. 5b) in a dose dependent manner, similar to the results we report in 350 

mice. 351 

352 

Effects of OUB on osteoblastogenesis in mouse calvarial cells and MC3T3-E1 cells under 353 

20% O2 condition 354 

The effects of OUB on osteoblasts differentiation were investigated using OUB diluted 355 

medium (concentration: 0, 25, 50, 75 and 100%). OUB administration didn’t affect ALP 356 

activity and ALP staining in mouse calvarial cells and MC3T3-E1 cells (Fig. 6a). In 357 

addition, OUB didn’t significantly affect the mRNA expression of ALP, osteocalcin, 358 

RANKL, OPG and HIF1α in mouse calvarial cells (Fig. 6b). 359 

360 

Discussion 361 

To the best of our knowledge, this is the first report demonstrating the effect of OUB on 362 

bone metabolism, and our results revealed that OUB preserved bone loss in GIO mice. 363 
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Important roles of oxygen tension on bone metabolism has been reported. Concerning 364 

osteoclastogenesis, previous reports have shown that hypoxia (1-2% PO2) stimulates 365 

osteoclasts formation [13], whereas hyperoxia (95% PO2) suppresses osteoclasts formation 366 

and bone resorption through the reduction of RANK, NFATc1, and DC-STAMP 367 

expression [10]. Alternatively, hypoxia (0.2% PO2) inhibits differentiation of rat 368 

osteoblasts [11]. 369 

A previous report has demonstrated that saline solution containing oxygen microbubbles 370 

(<50 µm in diameter) improved a hypoxic condition in blood in a dose dependent manner, 371 

suggesting that oxygen microbubbles may be a potentially effective tool for the 372 

oxygenation of hypoxic tissue [4]. In addition, the clinical application of microbubbles and 373 

nanobubbles have been reported. Drugs encapsulated in microbubbles can be focally 374 

released at a targeted tissue and incorporated by various cells [32-36], and the oral intake 375 

of OUB-containing water reduced expression of monocyte chemoattractantprotein-1 in the 376 

kidneys of ethylene glycol-treated rats [9]. Taken together, OUB may affect target cells in 377 

vivo and in vitro, and we hypothesized that OUB administration may be effective at 378 

improving a hypoxic condition and preserving bone loss in GIO mice. 379 

Concerning osteoclastogenesis signaling, RANKL binds to its membrane bound receptor 380 

RANK on monocytic precursors, and RANKL-induced osteoclasts formation is transduced 381 
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by TRAF6 ubiquitination, and following nuclear translocations of NF-κB, AP-1 382 

(c-Fos/c-Jun dimer) and NFATc1 [37]. Downregulation of TRAF6 lead to decreased 383 

TRAF6 ubiquitination and osteoclasts formation [37]. On the other hand, hypoxia (2% 384 

PO2) increased HIF1α activity and expression [38], and consequent osteoclasts formation 385 

[39]. In this study, OUB down-regulated the expression of TRAF6, c-Fos and NFATc1, 386 

and phosphorylation of p38, although RANK, HIF1α, ERK1/2, and NF-κB expression and 387 

phosphorylation in osteoclasts were unaffected. Taken together, OUB may attenuate 388 

RANK-TRAF6-c-Fos-NFATc1 signaling and RANK-p38 MAPK signaling, without 389 

altering elements related to oxygen-concentration such as RANK, HIF1α, ERK1/2, and 390 

NF-κB [10, 40, 41] (Fig. 5C). 391 

On the other hand, OUB didn’t significantly affect osteoblasts differentiation. A previous 392 

report has demonstrated that hypoxia (2% O2) decreased mineralization as compared to 393 

normoxia (20% O2) [42], although intensive hyperoxia (90% O2) increased ALP activity 394 

and the collagen synthesis of osteoblasts [43]. We have previously reported that the 395 

increase of oxygen concentration in water containing OUB at 70 days after generation was 396 

relatively small compared to normal water (approximately 9.2 vs. 7.8 mg/L) [2], and PO2397 

of swine venous blood increased from 64.6 mmHg to 81.9 mmHg in a 10% oxygen 398 

microbubbles dilution [4]. There are no other reports demonstrating the effect of this “mild 399 
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hyperoxia” on bone metabolism, and oxygen-related gene expression may not be 400 

influenced in this situation and time course. 401 

There are several limitations in this study. First, the size of UFB is so small that it is 402 

technically difficult to detect its bioavailability in the circulation. Second, there may be 403 

differences in the response to OUB between cells types such as osteoclasts and osteoblasts, 404 

although the precise mechanisms of how OUB affect cell signaling (receptor, endocytosis, 405 

etc.) remain to be elucidated. Third, our preliminary experiments using high-concentration 406 

NUB diluted medium showed some apoptosis of cultured cells which was never seen in 407 

OUB experiments, and was difficult to assess the effects of NUB in vitro. Taken together, 408 

the effects of OUB on osteoclasts may be exerted by oxygen at least in part, but not only 409 

by UFB itself. Further interest is that OUB may be more effective under conditions of high 410 

bone turnover such as postmenopausal osteoporosis, and for convenient clinical 411 

application, effects of OUB by oral administration or combination with other 412 

anti-osteoporosis agents may be confirmed in future studies. 413 

In conclusion, OUB prevents bone loss associated with GIO in mice by inhibiting 414 

osteoclastogenesis via RANK-TRAF6-c-Fos-NFATc1 signaling and RANK-p38 MAPK 415 

signaling, indicating OUB as a hopeful treatment option for GIO. 416 

417 
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553 

Figure Legends 554 

555 

Figure 1. (a) Ultra-fine bubble aerator (BUVITAS; Ligaric Company Limited, Osaka, 556 

Japan). Fine microbubbles of gas were generated after brief sonication. Then UFB were 557 

generated using this gas-liquid mixing system with hydrodynamic function. In this 558 

apparatus, gas was supplied at 0.1 MPa and 0.7 L/min into microbubble water for 30 min. 559 

The high-speed centrifugal force caused by the circulation separates the microbubbles into 560 

ultra-fine bubble by the strong shearing force in the dispersed water. (b) Dissolved oxygen 561 

concentrations of OUB and NUB diluted saline or medium were measured at 30 minutes 562 

after generation by Winkler’s method. ††p<0.01 vs. non-UFB saline, §p<0.05 vs. non-UFB 563 

medium. (c) Experimental protocols. All data are expressed by the mean ± SD. 564 

GIO: glucocorticoid-induced osteoporosis, NUB: nitrogen ultra-fine bubbles, OUB: 565 

oxygen ultra-fine bubbles, PSL: prednisolone, UFB: ultra-fine bubbles. 566 

567 
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Figure 2. (a) Representative micro-CT images of distal femurs in each group (Control, 568 

GIO, GIO+OUB and GIO+NUB). (b) Quantitation of trabecular bone parameters (BV/TV 569 

and TbN). **p<0.01, *p<0.05. GIO vs. Control, GIO+OUB and GIO+NUB. (c) 570 

Quantitation of cortical bone parameters (Cv/Av and Mean cortical bone thickness). 571 

*p<0.05. GIO vs. Control, GIO+OUB and GIO+NUB. (d) Representative TRAP-staining572 

in the distal femur of trabecular and cortical bone in each group (Control, GIO, GIO+OUB 573 

and GIO+NUB) (200×). (e) The number of TRAP-positive cells per unit trabecular surface 574 

were counted using a microscope. **p<0.01 GIO vs. Control, GIO+OUB and GIO+NUB. 575 

(f) Serum levels of CTX-1 and osteocalcin in control, GIO and GIO+OUB mice assessed576 

by ELISA. *p<0.05 GIO vs. Control and GIO+OUB. All data are expressed by the mean ± 577 

SD. 578 

BV/TV: bone volume fraction (bone volume/total volume), Cv/Av: cortical bone ratio 579 

(cortical volume / all volume), CTX-1: cross linked C terminal telopeptides of type I 580 

collagen, GIO: glucocorticoid-induced osteoporosis, NUB: nitrogen ultra-fine bubbles, 581 

OUB: oxygen ultra-fine bubbles, TbN: trabecular number, TRAP: tartrate resistant acid 582 

phosphatase. 583 

584 
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Figure 3. Osteoclastic cells were incubated under 20% O2 condition using mouse BM cells 585 

cultured in OUB medium (concentration: 0, 25, 50, 75 and 100%). (a) TRAP-staining was 586 

assayed and the number of TRAP-positive cells were counted (200×).  *p<0.05 vs. 0%. 587 

(b) The bone resorption activity of osteoclasts was assayed using an Osteo-assay plate 588 

(200×). *p<0.05 vs.0%. (c) Western blotting of the osteoclasts differentiation-related 589 

signals was analyzed. (d) Changes in gene expression for TRAF6, c-Fos, NFATc1, TRAP, 590 

Cathepsin K, DC-STAMP, RANK and HIF1α were examined. **p<0.01, *p<0.05 vs. 0%. 591 

All data are expressed by the mean ± SD.   592 

BM: bone marrow, ERK: extracellular signal-regulated kinase, DC-STAMP: dendritic 593 

cell-specific transmembrane protein, HIF1α: hypoxia-inducible factor 1α, HPRT1: 594 

hypoxanthine phosphoribosyltransferase 1, NF-κB: nuclear factor-kappa B, NFATc1: 595 

nuclear factor of activated T-cells 1, OUB: oxygen ultra-fine bubble, RANK: receptor 596 

activator of nuclear factor kappa B, TRAF6: tumor necrosis factor receptor associated 597 

factor 6, TRAP: tartrate resistant acid phosphatase. 598 

 599 

Figure 4. Osteoclastic cells were incubated under 5% O2 condition using mouse BM cells 600 

cultured in OUB medium (concentration: 0, 25, 50, 75 and 100%). (a) TRAP-staining was 601 

assayed and the number of TRAP-positive cells were counted (200×). *p<0.05 vs. 0%. (b) 602 
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Western blotting of HIF1α with whole cell extracts obtained from osteoclasts under 603 

normoxic (20% O2) or hypoxic (5% O2) conditions in normal medium or OUB diluted 604 

medium. (c) Changes in gene expression for TRAF6, c-Fos, NFATc1, TRAP, Cathepsin K, 605 

DC-STAMP and HIF1α were examined. *p<0.05 vs. 0%. All data are expressed by the606 

mean ± SD. 607 

BM: bone marrow, DC-STAMP: dendritic cell-specific transmembrane protein, HIF1α: 608 

hypoxia-inducible factor 1α, HPRT1: hypoxanthine phosphoribosyltransferase 1, NFATc1: 609 

nuclear factor of activated T-cells 1, OUB: oxygen ultra-fine bubble, TRAF6: tumor 610 

necrosis factor receptor associated factor 6, TRAP: tartrate resistant acid phosphatase. 611 

612 

Figure 5. (a) Induction of osteoclasts from human PBMC cultured in OUB diluted medium 613 

(concentration: 0, 25, 50, 75 and 100%) under 20% O2 condition and assayed by 614 

TRAP-staining (200×). **p<0.01, *p<0.05 vs. 0%. (b) Bone resorption activity of 615 

osteoclasts from human PBMC cultured in OUB diluted medium (concentration: 0, 25, 50, 616 

75 and 100%) under 20% O2 condition and assayed using an Osteo-Assay Plate (200×). 617 

**p<0.01, *p<0.05 vs.0%. (c) Schematic representation of the signaling pathways involved 618 

in osteoclasts differentiation treated with OUB diluted medium. All data are expressed by 619 

the mean ± SD. 620 
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AP-1: activator protein 1, DC-STAMP: dendritic cell-specific transmembrane protein, 621 

ERK: extracellular signal-regulated kinase, HIF1α: hypoxia-inducible factor 1α, JNK: 622 

c-Jun-N-terminal kinase, M-CSF: macrophage colony-stimulating factor, MEK:623 

mitogen-activated protein kinase/ ERK kinase, MKK: mitogen-activated protein kinase 624 

kinase, NFATc1: nuclear factor of activated T-cells 1, NF-κB: nuclear factor-kappa B, 625 

OUB: oxygen ultra-fine bubble, PBMC: peripheral blood mononuclear cells, RANK: 626 

receptor activator of nuclear factor kappa B, RANKL: receptor activator of nuclear factor 627 

kappa B ligand, TRAF6: tumor necrosis factor receptor-associated factor 6, TRAP: 628 

tartrate-resistant acid phosphatase. 629 

630 

Figure 6. Osteoblastic cells were incubated under 20% O2 condition. (a) ALP activity and 631 

ALP staining were assayed using mouse calvarial cells and MC3T3-E1 cells cultured in 632 

OUB diluted medium (concentration: 0, 25, 50, 75 and 100%). (b) Changes in gene 633 

expression for ALP, osteocalcin, RANKL, OPG and HIF1α were examined using mouse 634 

calvarial cells cultured in OUB diluted medium (concentration: 0, 25, 50, 75 and 100%). 635 

All data are expressed by the mean ± SD. 636 
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ALP: alkaline phosphatase, HIF1α: hypoxia-inducible factor 1α, HPRT1: hypoxanthine 637 

phosphoribosyltransferase 1, OPG: osteoprotegerin, OUB: oxygen ultra-fine bubble, 638 

RANKL: receptor activator of nuclear factor kappa B ligand. 639 
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Supplemental Materials and methods 19 

Seven-week-old male C57BL/6J mice were purchased from Charles River Laboratories 20 

(Osaka, Japan), and 200 µl of saline or OUB diluted saline (which were filtered with 220  21 

nm pore size cellulose acetate membrane to avoid contamination) was intraperitoneally 22 

injected in 5 mice for each group. Five minutes after the injection, serum was collected, 23 

heparinized, and filtered, then kept in 4°C with the tight lid. The next day (24hr later), 24 

concentration and size (10-2000 nm) of nanoparticles of both group serum (×10,000 25 

diluted) were measured by NanoSight NS 300 (NanoSight Ltd, Salisbury, UK) as 26 

previously described [2]. Filtered normal saline (negative control) and filtered OUB diluted 27 

saline (positive control) were measured at the same time. 28 

Chemical analysis of metal nanoparticles in both raw water and air UFB diluted water was 29 

performed by using NexION 350D ICP-MS spectrometer (PerkinElmer Inc., Shelton, 30 

USA). 31 
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Supplemental Figure 1. 37 
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 41 

Supplemental Figure 1. Comparison of the nanoparticles concentration and size 42 

distribution between saline and OUB diluted saline (a), and saline injected mice serum 43 

(n=5) and OUB saline injected mice serum (n=5) (b). Visualization of nanoparticles’ 44 

Brownian motion in saline injected mice serum (c) and OUB saline injected mice serum 45 

(d). 46 

Serum samples were ×10,000 diluted, and all the samples were filtered with 220 nm pore 47 

size cellulose acetate membrane to avoid contamination. 48 
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Supplemental Figure 2. 55 

56 

57 

Supplemental Figure 2. Concentration of metal nanoparticles in both raw water and 58 

air-UFB water. 59 


