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Abstract 46 

Background 47 

Ultrasound (US) can induce cell injury, and we have previously reported that adjusting 48 

the pulse repetition frequency (PRF) of ultrasound output can induce prostate cancer 49 

cell destruction without causing a rise in the temperature of the irradiated area. In this 50 

study we examined the mechanism of non-thermal ultrasound cell destruction, which 51 

was not fully clarified in our previous reports. 52 

Methods 53 

In vitro, we evaluated post-irradiation cells immediately after treatment and examined 54 

membrane disruption by proliferation assay, LDH assay and apoptosis assay. In vivo, 55 

we injected mice with human LNCaP and PC-3 prostate cancer cells and evaluated the 56 

therapeutic effects of US irradiation by H-E staining and immunostaining. 57 

Results 58 

Proliferation assays showed inhibition at 3 hours post-irradiation independently of PRF 59 

and cell line (p<0.05). Quantitative assessment of apoptosis/necrosis by flow cytometry 60 

showed widely varying results depending on cell type. LNCaP showed an increase in 61 

late apoptosis at 0 h independent of PRF (p<0.05), while PC-3 showed no significant 62 

difference at 0 h. The LDH assay showed an increase in LDH independent of PRF in 63 

LNCaP (p<0.05 respectively), but no significant difference in PC-3. In vivo, tumor 64 

volume was compared and a significant reduction was observed at 10 Hz for LNCaP 65 

(p<0.05) and 100 Hz for PC-3 (p<0.001) at 3 weeks after the start of irradiation. The 66 

excised tumors were evaluated with Ki-67, Caspase-3, and CD-31 and showed a 67 

significant treatment effect independent of cell type and PRF (p<0.001 respectively). 68 

Conclusion 69 
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Examining the mechanism behind the therapeutic effect of US irradiation revealed that 70 

the main effect was achieved by apoptosis induction rather than necrosis. 71 

 72 

Keywords 73 

ultrasound irradiation, prostate cancer,  74 

  75 
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1. Introduction 76 

Prostate cancer is a very common cancer and the third most common cause of cancer 77 

death in men (1). Treatment methods for prostate cancer generally include active 78 

surveillance, surgery, radiation therapy, and drug therapy including hormone therapy 79 

and anticancer drugs. Each treatment has its advantages and disadvantages. For example, 80 

surgery may cause sexual and urinary dysfunction, and radiation may cause urinary 81 

obstruction and irritation (2). Less invasive treatments with fewer side effects have been 82 

long awaited. 83 

Ultrasound (US) is commonly used for examination and diagnosis and is 84 

minimally invasive. It is also widely known that by adjusting the output, it can be used 85 

to damage cells (3). HIFU (High Intensity Focused Ultrasound) has been used clinically 86 

for prostate cancer therapy. HIFU concentrates high-intensity ultrasound waves to 87 

produce thermal and non-thermal effects. The thermal effect produces tissue injury by 88 

necrosis and apoptosis (3). HIFU thermal effects have been reported to cause 89 

complications such as bladder neck/urethral stricture (4). One of the non-thermal effects 90 

is cavitation, where tiny air bubbles are repeatedly generated and collapsed by a brief 91 

change in pressure. The bubbles cause damage to cell membranes by creating shock 92 

waves in the surrounding area when they vanish (5). The cavitation effects also induce 93 

apoptosis and necrosis, the therapeutic effect of US irradiation (3).  94 

We have previously reported that optimizing the pulse repetition frequency 95 

(PRF) of non-thermal US has anti-tumor effects on prostate cancer cells (6) and could 96 

enhance therapeutic efficacy in a wild type mouse model (7). Our non-thermal US mode 97 

has an advantage over HIFU by avoiding treatment risks such as stricture, achieving its 98 

anti-tumor effects solely by cavitation. However, we still do not fully understand the 99 
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mechanism of the anti-tumor effects and apoptosis/necrosis induced by US irradiation. 100 

In particular, US irradiation alone resulted predominantly in apoptosis, but the 101 

proportion of necrosis increased in our wild type mouse model where the immune 102 

system also attacks the cancer cells (7). To reveal the specific effects of US irradiation 103 

on cancer cells, ultrasound has to be applied to cancer cells under immunosuppressive 104 

conditions. In this report, we describe the mechanism by which non-thermal US 105 

irradiation causes tissue damage in an in vivo experiment using immune-suppressed 106 

nude mice and in vitro using a monolayer of prostate cancer cells, focusing on the direct 107 

action of US irradiation on the cell membrane and the apoptotic reaction. 108 

 109 

2．Materials and Methods 110 

2.1. Cells 111 

To evaluate the therapeutic effects of US irradiation, experiments were performed on 112 

two types of human prostate cancer cells. The androgen-dependent LNCaP prostate 113 

cancer cell line and the androgen-independent PC-3 prostate cancer cell line were 114 

cultured in 35 mm dishes with RPMI-1640 medium (Sigma-Aldrich Japan, Tokyo, 115 

Japan) supplemented with10% fetal bovine serum (Sigma-Aldrich, Tokyo, Japan) and 116 

1% penicillin-streptomycin (FUJIFILM Wako Pure Chemical Corporation, Osaka, 117 

Japan). Cell cultures were maintained at 37 ºC in a 5% CO2 humidified atmosphere. 118 

Cells were seeded at 1.0 x 105 squared cells/dish 24 hours prior to irradiation and then 119 

irradiated on the following day. 120 

 121 

2.2 US Irradiation Treatments 122 

We irradiated LNCaP and PC-3 with US irradiation (3.0W/cm², 3 MHz, irradiation time: 123 
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5 minutes, irradiation time rate: 20%) at different PRF of 10 and 100 Hz (a modified 124 

model of the SZ-100, MINATO Medical Science, Osaka, Japan). A lower PRF causes a 125 

longer pulse and higher PRF causes a shorter pulse per irradiation at the same 126 

irradiation time rate. The temperature was kept below 42.5 ºC to avoid thermal necrosis. 127 

The observation timing was adjusted for each experimental system. 128 

 129 

2.3. Proliferation assay 130 

We performed an MTS assay to evaluate the effects of US irradiation performed at each 131 

PRF on the proliferation rate of LNCaP/PC-3. An MTS assay 132 

[3-(4,5-dimethylthiazol-2-yl)-5-(3carboxymethoxyphenyl)-2-(4-sulfophenyl)-22H-tetraz133 

olium, inner salt] was performed at two time points, 3 hours and 24 hours after US 134 

irradiation. The post-irradiated cells were exposed to MTS for 4 hours and evaluated by 135 

measuring absorbance at 490 nm using a spectrophotometer.  136 

 137 

2.4. Imaging Assessment of Membrane Damage  138 

We observed live and dead cells using the Cellstain Double Staining Kit (Dojindo 139 

Moleculer Technologies, Kumamoto, Japan) and found that US irradiation causes lethal 140 

membrane damage. 24 hours after US irradiation, Calcein-AM staining solution and PI 141 

staining solution were added at concentrations of 2 µmol/l and 4 µmol/l, respectively, 142 

and the cells were incubated for 15 minutes before observation under a fluorescence 143 

microscope BZ-X700 (Keyence, Osaka, Japan). Live cells stained green when excited 144 

with a filter at 490 nm, and dead cells stained red when excited with a filter at 545 nm. 145 

 146 

2.5. Apoptosis/Necrosis Assay 147 
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We evaluated the effects of ultrasound-induced membrane damage on the induction of 148 

apoptosis and necrosis by flow cytometry. The proportion of apoptotic and necrotic cells 149 

was measured by Annexin V and PI dual-staining using the Annexin V-FITC Apoptosis 150 

Detection Kit (Nacalai tesque, Kyoto, Japan). The evaluation was conducted at 0 and 24 151 

hours after US irradiation.  152 

 153 

2.6. LDH assay 154 

We hypothesized that membrane damage caused by US irradiation is the mechanism of 155 

cell destruction, and we performed the Cytotoxicity LDH assay Kit-WST (Dojindo 156 

Moleculer Technologies, Kumamoto, Japan) to evaluate the degree of membrane 157 

damage observed on cells 24 hours after irradiation. 158 

 159 

2.7. Animal Experiments  160 

We conducted animal experiments using nude mice to confirm the antitumor effects of 161 

US irradiation on prostate cancer in vivo. All aspects of the experimental design and 162 

procedure were reviewed and approved by the institutional ethics and animal welfare 163 

committees of Kobe University. Five-week-old Balb/c nu/nu mice were purchased from 164 

CLEA Japan, Inc (Tokyo, Japan). 1.0 x 106 cells/mice were administrated at day 0 (n = 5, 165 

respectively). Fourteen days after administration, tumors reached a long diameter of 7 166 

mm and mice were randomly assigned to 3 groups (Control, PRF:10 Hz, 100 Hz). US 167 

irradiation was performed three times a week, and tumor measurement was performed 168 

twice a week. Tumor volumes were expressed by the following formula: (longest 169 

diameter) × (shortest diameter)2×0.5. Finally, mice were sacrificed at day 44 and tumors 170 

were collected. Tumors were fixed and embedded with paraffin. 171 
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 172 

2.8. Immunohistochemical Staining 173 

Immunohistochemical (IHC) staining was performed in an automatic tissue processor 174 

(Bond-Max, Leica Microsystems, Wetzlar, Germany) following the standard protocol. 175 

We evaluated three different antibodies with anti-cleaved Caspase-3 as an apoptosis 176 

marker, Ki-67 antibody as a cell proliferation marker, and anti-CD31 primary antibodies 177 

as an angiogenesis marker. H–E staining was also performed to assess the necrotic area 178 

of the tumor.  179 

 180 

2.9. Immunohistochemical Analysis 181 

The stained slides were observed under a microscope BZ-X700 (Keyence, Osaka, 182 

Japan). For H–E staining, the ratio of necrotic areas to the entire tumor was calculated. 183 

For IHC staining of Ki-67 and Caspase-3, the intensity of staining was evaluated on a 184 

4-point scale of 0 (negative), 1 (weak), 2 (intermediate), and 3 (strong), and the range 185 

was evaluated on a three-point scale of 1 (0–10%), 2 (11–50%), and 3 (50% or more). 186 

The total IHC score was determined by multiplying the frequency and intensity scores 187 

(8). For CD-31, the number of stained blood vessels was counted per field of view, and 188 

the average of five fields of view was measured. 189 

 190 

2.10. Statistical analysis 191 

Comparisons between two different groups were performed using Student’s T-test. 192 

Comparisons between multiple groups were performed using one-way analysis of 193 

variance (ANOVA) followed by the Tukey–Kramer method. Statistical differences 194 

among means were considered significant when p < 0.05. 195 



Proapoptotic effect of ultrasound 

 196 

3．Results 197 

3.1. Cell proliferation assay (Figure 1) 198 

We performed a proliferation assay 3 h and 24 h after US irradiation. At 3 h, both 199 

LNCaP and PC-3 showed a significant decrease in viability at 10 Hz and 100 Hz 200 

(LNCaP: Ctrl; 1.000, 10Hz; 0.653±0.063 (p=0.043), 100Hz; 0.667±0.071(p=0.015). 201 

PC-3: Ctrl; 1.000, 10Hz; 0.808±0.029 (p=0.039), 100Hz; 0.778±0.031(p=0.032)). At 24 202 

hours after US irradiation, only 10 Hz showed a significant difference (LNCaP: Ctrl; 203 

1.000, 10Hz; 0.628±0.096 (p=0.035), 100Hz; 0.938±0.184(p=0.676). PC-3: Ctrl; 1.000, 204 

10Hz; 0.374±0.099 (p=0.020), 100Hz; 0.637±0.010(p=0.056)). 205 

 206 

3.2. Imaging Assessment of Membrane Damage (Figure 2) 207 

Cells that stain green under a fluorescence microscope are live cells, while cells that 208 

stain red are dead cells. The dead cells in the irradiated group show a pale spread of red 209 

staining around the cells. Dead cells stain red when the PI stain solution enters the 210 

double helix structure of the DNA and turn red, so the spread of staining suggested that 211 

cell contents may have been released due to cell membrane damage. 212 

 213 

3.3. Apoptosis Assay (Figure 3) 214 

The percentages of early apoptosis, late apoptosis, and necrosis were quantified by flow 215 

cytometry at 0 and 24 hours after US irradiation, respectively. In LNCaP cells, late 216 

apoptosis was significantly increased immediately at 0 hour (10Hz; 8.40±0.68% vs ctrl; 217 

6.07±0.46% (p= 0.040). 100Hz; 11.09±0.64% vs ctrl; 8.49±0.36% (p=0.026)). 24 hours 218 

later, only 100 Hz showed a significant difference in apoptosis (early apoptosis 100 Hz, 219 
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23.61±4.73% vs ctrl 8.06±2.80% (p=0.041); late apoptosis 100Hz 18.03±0.64% vs ctrl 220 

9.66±0.23% (p<0.001); total apoptosis 100 Hz 41.64±5.13% vs ctrl 17.71±2.97% 221 

(p=0.015)). In PC-3 cells, no significant difference was observed immediately after 222 

irradiation at either 10 Hz or 100 Hz, and an increase in late apoptosis and necrosis was 223 

only observed at 10 Hz after 24 hours (late apoptosis 10 Hz 11.75±1.13% vs ctrl 224 

7.42±0.37% (p=0.020); necrosis 10 Hz 0.20±0.04% vs ctrl 0.02±0.01% (p=0.013)). We 225 

performed flow cytometry again with the addition of the apoptosis inhibitor, but the 226 

percentage of apoptosis did not decrease and the percentage of necrosis did not increase. 227 

 228 

3.4. LDH assay (Figure 4) 229 

The LDH kit was used to evaluate the rate at which the cell contents, LDH, were 230 

released outside the cell by membrane damage. Prior to the experiment, the cell count 231 

was set at 3000 cells/well by measuring high and low controls. Results showed a 232 

significant increase in LDH in LNCaP cells at 10 Hz and 100 Hz compared to controls 233 

(10 Hz 10.89±0.31% (p<0.001), 100 Hz 2.53±0.27% (p=0.033) vs ctrl 0.14±0.55%). 234 

PC-3 showed no significant difference at both 10 Hz and 100 Hz (10 Hz 3.62±0.28% 235 

(p=0.531), 100 Hz 2.61±0.53% (p=0.636) vs ctrl 3.10±0.56%). 236 

 237 

3.6. Animal Experiments (Figure 5) 238 

The therapeutic effect of US irradiation was examined on nude mice transplanted 239 

subcutaneously with LNCaP cells and PC-3 cells. Tumor size was significantly reduced 240 

by irradiation at 100 Hz for PC-3 and at 10 Hz for LNCaP. Tumors were removed after 241 

the final irradiation. LNCaP cells in the 10 Hz group and PC-3 cells in the 100 Hz group 242 

were significantly smaller than in the control group (LNCaP: Ctrl, 442.0±166.4 cm3; 10 243 
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Hz, 282.9±58.6 cm3 (p=0.033);、100 Hz, 339.4±59.7 cm3 (p=0.167).、PC-3:：Ctrl, 244 

532.8±97.6 cm3;10 Hz, 443.5±104.2 cm3 (p=0.109);、100Hz, 313.3±52.1 cm3 245 

(p<0.001)). In the present study, US irradiation was performed directly on the 246 

subcutaneously implanted tumor, and no burns or other side effects were observed on 247 

the skin at the irradiated site. 248 

 249 

3.7. H-E Staining, Immunohistochemical Staining (Figures 6, 7) 250 

The percentage of tumor necrosis was evaluated by HE staining of the excised tissue 251 

using the method described above. Both LNCaP and PC-3 showed significant increases 252 

in necrotic tissue at 10 Hz and 100 Hz (LNCaP: 10 Hz 16.5±7.3 (p <0.001); 100 Hz, 253 

16.6±6.8 (p <0.001), ctrl, 6.8±1.9; PC-3: 10 Hz, 29.3±9.5 (p <0.001); 100 Hz, 35.8±7.6 254 

(p <0.001); ctrl, 15.0±7.9). 255 

Immunostaining with Ki-67, Caspase-3, and CD31 was then performed. Ki-67 was 256 

evaluated as a cell proliferation marker, and Ki-67 expression was significantly 257 

suppressed at 100 Hz in both LNCaP and PC-3 compared to the control group (LNCaP: 258 

10 Hz, 6.4±1.8 (p<0.052); 100 Hz, 6.0±1.7 (p<0.002) vs ctrl, 7.1±1.6. PC-3: 10Hz, 259 

5.4±1.8 (p <0.001), 100 Hz, 4.6±1.4 (p <0.001)), vs ctrl, 6.6±1.4). Caspase-3 was 260 

evaluated as an apoptosis marker, revealed that while LNCaP results were not 261 

significantly different at 10 Hz and 100 Hz, PC-3 was significantly elevated at 10 Hz 262 

and 100 Hz compared to the control group (LNCaP: 10 Hz, 4.8±1.0 (p <0.001); 100 Hz, 263 

3.5±1.4 (p <0.001); ctrl 2.3±0.9. PC-3: 10 Hz, 5.7±1.7 (p <0.001); 100 Hz, 5.4±1.5 (p 264 

<0.001); ctrl, 3.7±1.5). CD31 was evaluated as a marker of angiogenesis, and LNCaP 265 

showed no significant difference, but PC-3 showed significantly suppressed expression 266 

at 10 Hz and 100 Hz (LNCaP: 10 Hz, 7.9±2.4 (p <0.001); 100 Hz, 8.4±2.4 (p <0.001); 267 
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ctrl 11.4±1.8. PC-3: 10 Hz, 62.8±6.2 (p <0.001); 100 Hz, 43.2±13.4 (p <0.001); ctrl 268 

86.80±9.3). 269 

We observed Differences in sensitivity to US irradiation between LNCaP and 270 

PC-3. Especially in vitro, LNCaP showed a significantly greater therapeutic effect than 271 

PC-3. On the other hand, in vivo studies have shown similar therapeutic effects in both 272 

cases. 273 

 274 

4. Discussion 275 

Prostate cancer is the most prevalent malignancy in men and is commonly treated with 276 

active surveillance, surgery, radiation, and hormonal therapy. Many cases of localized 277 

prostate cancer can be cured by radical surgery or radiotherapy, but surgery has 278 

complications such as erectile dysfunction and urinary incontinence, and radiation has 279 

complications such as urinary obstruction, irritation and bleeding in the late stages (2). 280 

Hormone therapy is effective in many patients, but may eventually lead to 281 

castration-resistant prostate cancer (CRPC). Treatment options for CRPC are increasing, 282 

but the prognosis is still poor. (9). A less invasive treatment with a different mechanism 283 

of action than conventional therapy is much desired. 284 

Ultrasound is commonly used as an examination device, but it is also used for 285 

treatment by adjusting the ultrasound output. By varying the power, frequency, and PRF 286 

parameters, the ultrasound output produces effects such as tissue injury, apoptosis and 287 

necrosis through thermal and non-thermal effects (3). The thermal effects cause tissue 288 

injury in various ways including apoptosis, necrosis, altered gene expression, and 289 

membrane dysfunction. However, thermal effects may cause irreversible changes to 290 

areas other than the target organs of irradiation, and bladder neck/urethral stricture has 291 
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been reported as a complication of HIFU (4). The focal area reaches 60 ºC to 85 ºC, 292 

causing protein coagulation, fusion of cell membranes, and necrosis of tumor cells. 293 

Outside the focal region, the temperature decreases gradually, so the cells are not 294 

subjected to immediate death levels of heat, but they are exposed to temperatures above 295 

40 ºC, and most of these cells undergo apoptosis in the days following treatment (10). 296 

US irradiation also has non-thermal effects not related to temperature rise. The 297 

cavitation effects, one of the mechanisms of non-thermal effects, produce shear forces 298 

and pressure changes, release reactive molecules (3) and also induce apoptosis (11).  299 

The US irradiation technology we used in this study produces anti-tumor 300 

effects by cavitation, with no thermal effects, by adjusting the ultrasound PRF. 301 

Therefore, unlike HIFU, the possibility of urethral stricture or burns due to temperature 302 

increase are expected to be reduced in clinical application. 303 

In general, apoptotic cells do not release their cellular constituents into the 304 

surrounding interstitial tissue (12), whereas in necrosis the cell membrane is disrupted 305 

and cell contents such as nucleus and cytoplasm are released (13). When we observed 306 

cells for several hours after irradiation, our findings were suggestive of apoptosis, such 307 

as reduction of cellular volume and bleb formation (14), and also were suggestive of 308 

necrosis, such as membrane rupture (14) (Fig. 2). In our previous studies using wild 309 

type mouse and syngeneic mouse cancer cells, necrosis was the predominant antitumor 310 

effect (7). The present study confirmed by flow cytometry that necrosis occurred in only 311 

a few cells (Fig. 3), and it was noteworthy that LDH was released extracellularly (Fig. 312 

4). Cell membranes have important function in maintaining cellular homeostasis, and 313 

cavitation has a variety of effects on cell membranes depending on the degree of 314 

ultrasound pressure. At moderate ultrasound pressure, stable cavitation stimulates 315 
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endocytosis. At higher ultrasound pressures, effects become so intense that they pierce 316 

the cell membrane, known as sonoporation (15), which is also attracting attention as an 317 

intracellular drug delivery method (16). If the pressure is too strong, the damage results 318 

in cell death by necrosis (17). US irradiation itself has been shown to induce apoptosis 319 

(18), and the mitochondrial caspase pathway and reactive oxygen species are thought to 320 

be involved in the mechanism (19). Considering the fact that necrosis is rarely observed 321 

while LDH is elevated (Fig 4), our US irradiation mainly resulted in small pore 322 

formation in the cell membrane, which induced apoptosis. 323 

The current results show that LNCaP and PC-3 differ in therapeutic efficacy in 324 

vitro, specifically that PC-3 may be resistant to treatment compared to LNCaP. This 325 

trend has been suggested in previous reports (6). Differences in efficacy by cell type are 326 

observed despite the fact that the treatment mechanism is mechanical stimulation, which 327 

has also been reported for X-ray radiation (20) and HIFU combined with radiotherapy 328 

(21). PC-3 are cells established from bone metastases of CRPC patients, and LNCaP are 329 

cells established from lymph node of androgen-dependent prostate cancer patients. A 330 

difference in cell membranes may have an impact, as the therapeutic mechanism is the 331 

apoptosis-inducing effect of cell membrane disruption. 332 

Not only by cell type, but also by time after US irradiation, the therapeutic 333 

effect has been observed to vary. Although the present study was not able to evaluate 334 

why there was a difference in therapeutic effect by time, it has been reported that 335 

hyperthermia therapy shows cytotoxicity and DNA damage within 24 hours after 336 

irradiation, followed by recovery (21). We have observed therapeutic effect in our US 337 

irradiation due to the nonthermal effect, but a similar mechanism is expected in terms of 338 

mechanical stimulation. Further research is needed. 339 
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Although the PRFs that inhibited tumor growth in this animal study differed by 340 

cell type, immunohistochemistry staining showed apoptosis-inducing and 341 

angiogenesis-inhibiting effects independent of cell type and PRF. PC-3 in particular 342 

showed an increase in the area of necrotic tissue, which may have resulted in a greater 343 

therapeutic effect than the measured tumor size. PC-3 is an androgen-independent 344 

prostate cancer cell difficult to treat in practice, so the possibilities of treatment by US 345 

irradiation could be significant. 346 

US irradiation alone in this case was able to inhibit tumor growth, but did not 347 

reduce tumor size. It will be necessary to demonstrate a stronger therapeutic effect for 348 

clinical use. One way to achieve the stronger effect is in combination with immune 349 

checkpoint inhibitors. Prostate cancer is known to be an immunologically "cold" tumor 350 

that does not respond well to immune checkpoint inhibitors. However, Eranki et, al. 351 

reported that the combination of HUFU and an immune checkpoint inhibitor showed a 352 

strong antitumor effect in immunologically "cold" neuroglioma (22). Shibin et al. also 353 

reported that the combination of US irradiation and immune checkpoint inhibitors for 354 

melanoma in mice showed enhanced antitumor effects and an abscopal effect that was 355 

therapeutic even for distant metastases (23). We have also shown that combining US 356 

irradiation with a PD-1 antibody enhances the therapeutic effect (7).  357 

Another way to increase the effectiveness of our ultrasound technology would 358 

be to create nanobubbles specifically targeted in prostate cancer cells to induce 359 

sonoporation through microbubble collapse upon US irradiation (24), which would act 360 

more specifically on prostate cancer cells and reduce damage to normal cells. Zlitin et al. 361 

reported that creating microbubbles that accumulate in the prostate specific membrane 362 

antigen (PSMA) could improve the detection rate of prostate cancer diagnosis by 363 
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ultrasound (25). We believe that combining these techniques could potentially improve 364 

the therapeutic effect of our US irradiation.  365 

Combining US irradiation with immune checkpoint inhibitors and nanobubbles 366 

may have therapeutic potential not only for localized prostate cancer, but also for CRPC 367 

with metastases. This US irradiation technology could be applied for prostate cancer 368 

treatment in the future, but there are limitations to this study. First, irradiation was 369 

performed by applying the probes directly to the tumor subcutaneously. To irradiate the 370 

prostate, a transrectal method of irradiation is being considered, and the effects on 371 

surrounding normal organs such as the urethra and rectum need to be considered. 372 

Second, we used nude mice to examine the therapeutic effect on human prostate cancer 373 

cells, so we could not fully evaluate the immunological effects of the treatment. We plan 374 

to conduct experiments using mouse prostate cancer cells in the future. Third, in animal 375 

studies tumors are removed at the end of treatment, so changes in tumor size after 376 

treatment is stopped have not yet been confirmed.  377 

 378 

5. Conclusions 379 

The therapeutic effects of non-thermal US irradiation on prostate cancer cells was 380 

demonstrated in vitro and in vivo. We also confirmed that the anti-tumor effect of US 381 

irradiation is mainly due to the induction of apoptosis. 382 

 383 
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 467 

7. Figure Legends 468 

Figure 1. Proliferation assay 469 

Proliferation assays were performed at 3 and 24 hours after US irradiation. After 3 hours 470 

of irradiation, both LNCaP and PC-3 showed significant differences at 10 Hz and 100 471 

Hz (all p-values < 0.05), but after 24 hours of irradiation, only 10 Hz showed significant 472 

differences (LNCaP: 10 Hz p=0.035, 100 Hz p=0.676. PC-3: 10 Hz p=0.020, 100 Hz 473 

p=0.056). 474 

 475 

 476 

Figure 2. Imaging Assessment of Membrane Damage 477 

Double staining, with live cells stained green and dead cells stained red, was used to 478 

evaluate membrane disruption caused by US irradiation, using a fluorescence 479 

microscope at 40x zoom. 480 

In both LNCaP cells (Fig A) and PC-3 cells (Fig B), the red stain spread around the 481 

dead cells in the irradiated group. The red color fluoresces in response to DNA, 482 

indicating that cell contents may have been released around the dead cells. 483 
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 484 

Figure 3. Apoptosis Assay 485 

To explore the anti-tumor mechanism of US irradiation, the percent of apoptosis and 486 

necrosis was quantitatively evaluated by flow cytometry. Results showed that the 487 

percentage of necrosis was very limited and apoptosis was predominant. Especially in 488 

LNCaP (A), an increase in late apoptosis was observed immediately after irradiation, 489 

and at 24 hours a significant increase was observed at 100 Hz for early apoptosis, late 490 

apoptosis, and total apoptosis. 491 

 492 

Figure 4. LDH assay 493 

LDH assays were used to confirm that US irradiation disrupts cell membranes and 494 

releases cell contents. In LNCaP, LDH was predominantly increased compared to 495 

controls (10 Hz: p<0.001, 100 Hz: p=0.033), but no significant difference was observed 496 

in PC-3 regardless of PRF. 497 

 498 

Figure 5. Animal Experiment 499 

(A) LNCaP and PC-3 were subcutaneously implanted in mice and US irradiation was 500 

performed three times a week starting 14 days after administration when tumor 501 

diameters reached 7 mm. Tumor size measurements were performed twice a week. 502 

 503 

(B) Figure shows the change in tumor size over time with treatment, with LNCaP 504 

showing a significant difference at 10 Hz compared to controls (p=0.033) and PC-3 505 

showing a significant difference at 100 Hz compared to controls (p<0.001). 506 

 507 
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Figure 6. H-E stain 508 

H-E staining was performed on excised tumor cells and the areas of necrotic tissue were 509 

analyzed for comparison. Although the comparison of tumor size showed significant 510 

differences at 10 Hz for LNCaP and 100 Hz for PC-3, the area of necrotic tissue was 511 

significantly increased in H-E staining, independent of PRF (p<0.001, respectively). 512 

 513 

Figure 7. Immunohistochemical analysis 514 

Three types of immunohistochemistry staining were performed on the excised tumors. 515 

Ki-67 expression, as a cell proliferation marker, showed proliferation was significantly 516 

suppressed at 100 Hz in both LNCaP and PC-3 and 10 Hz in PC-3. Caspase-3 517 

expression, as an apoptosis marker, was significantly elevated in both LNCaP and PC-3 518 

independent of PRF. CD31 expression, as a marker of angiogenesis, was also 519 

significantly suppressed in both LNCaP and PC-3 independent of PRF.  520 
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