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Abstract. Background: Sonodynamic therapy (SDT) is a
promising methodology for cancer treatment. Methylene blue
(MB) is a phenothiazine dye that is widely used in clinical
practice and can be administered intravenously. Materials
and Methods: The sonodynamic antitumor effect of 1, 10 and
100 uM MB on sarcomal80 (S180) cells was investigated in
vitro. Results: After ultrasound (US) exposure at 0.24 Wiem?
for 30 seconds, survival rates of S180 cells in the presence of
10 and 100 uM MB were significantly lower than that of the
control group. These effects were significantly inhibited by the
addition of D-mannitol, but not by L-histidine or superoxide
dismutase. Microvilli loss and blebbing on the surface of S180
cells were observed in the presence of 100 uM MB after US
exposure. Conclusion: MB has a sonodynamic antitumor
effect on S180 cells in vitro and the hydroxyl radical appears
to be the principal mediator of this effect.

Sonodynamic therapy (SDT) is a method by which cytotoxic
effects of drugs (sonosensitizers) on tumor cells is enhanced
by exposure to ultrasound (US) (1-5). Because US can be
focused on a small region and can deeply penetrate tissue,
SDT may prove to be a useful tool for the clinical treatment of
tumors located deep within the body (6-11). Umemura and
colleagues first described SDT in a study of the synergistic
effect of US and hematoporphyrin (12, 13). In recent years, a
number of studies on sonosensitizers have been reported (14-
17). Hematoporphyrin and its derivatives exhibit a
sonodynamic antitumor effect and accumulate in tumor
tissues; however, these agents can cause photodermatitis.
Sonosensitizers with low toxicity are desirable for clinical use.
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Methylene blue (MB) is an inexpensive phenothiazine dye
with low toxicity and has been approved for clinical use
(Figure 1). MB has antifungal, antibacterial (18) and
antimalarial activity (19). It also has been used to stain living
organisms, to treat methemoglobinemia (20, 21), and to
prevent ifosfamide-induced encephalopathy (22). Recently,
MB was discovered to have photodynamic effects (23-26).
In a previous study, it was demonstrated that acridine orange
(AO) has a sonodynamic antitumor effect, in addition to its
photodynamic properties (27). As MB has a very similar
chemical structure to AQO, it is believed that MB and AO may
have similar physiological properties. However, there are no
reports regarding the sonodynamic effect of MB. Therefore,
the sonodynamic effect of MB on sarcoma 180 (S180) cells
was investigated in vitro.

Materials and Methods

Preparation of tumor cells. Murine ascitic tumor cells (S180,
Medical Cell Resource Center, Tohoku University Gerontology
Research Institute, Sendai, Japan) were used as the experimental
tumor. A suspension of approximately 1 mL S180 cells was injected
intraperitoneally into 7-week-old ICR male mice (Japan SLC, Inc.,
Shizuoka, Japan). Approximately 7 to 14 days later, 1 to 2 mL of
ascitic fluid was collected and diluted in phosphate-buffered saline
(PBS) to a cell density of 1.0x106/mL. The survival rate of tumor
cells was evaluated by the trypan blue dye exclusion method using
a hemocytometer (Kayagaki, Tokyo, Japan) under an optical
microscope (Olympus BH-210, Tokyo, Japan; x400). Viability
before treatment was always greater than 98% .

Drug. MB was purchased from Nacalai Tesque Inc. (Kyoto, Japan).
The MB-containing solutions were prepared by dissolving MB in
PBS to provide 2, 20 and 200 uM solutions.

Ultrasound apparatus. The US apparatus used in this study was
manufactured at the Department of Electronic Engineering, Akita
University Mining College, Akita, Japan. The generator consists of
a ceramic, cylindrical transducer combined with a function
generator. It can be used at a resonance frequency of 2 MHz on a
piezo-electric element. A round, ceramic plate measuring 20 mm in
diameter and 1 mm in thickness (2Z 20D SYIC; Fuji Ceramics,
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Shizuoka, Japan) was used as the piezo-electric element. The
resonance frequency after adhesion to aluminum was 2.26 MHz. A
function generator (FG-350; Iwatsu Denshi, Tokyo, Japan) capable
of operation over a frequency bandwidth of 0.1 Hz to 10 MHz was
used. The sine-wave mode was used in this experiment. The system
also included a power amplifier (PA 40-2801; Someway, Shizuoka,
Japan) with a frequency bandwidth of 100 kHz to 350 MHz and an
output of 0 to 10 W, and a power meter (SX-200; Daiichi Denpa
Kogyo, Tokyo, Japan) with a frequency range of 1.8 to 200 MHz
and a power measurement range of 0 to 200 W (Figure 2).

Preparation of the experimental tumor fluid. For each experiment,
the tumor fluid was prepared by mixing 0.7 mL of cell suspension
with either 0.7 mL of MB-containing solution (2, 20 or 200 uM) or
0.7 mL of PBS as control. The final concentrations of MB-
containing solutions were 1, 10 and 100 uM. These solutions were
introduced separately into a glass cell that was 20 mm in diameter,
25 mm in height, and had a base of 9-pum-thick Mylar film (glass
cell, manufactured at the Instrument Center, Akita University School
of Medicine, Akita, Japan; Mylar film, Teijin DuPont Films Co.,
Tokyo, Japan). The density of tumor cells contained in each glass
cell was set at approximately 1.0x109/mL, as indicated earlier.
Initially, the survival rate of tumor cells in the presence of 100 uM
MB, without US exposure (n=8), was examined.

Ultrasound exposure experiment. The control (PBS) and 1, 10 and
100 uM MB-containing solutions were exposed to US at 0.24
W/cm? at a frequency of 2 MHz for 15, 30 or 60 seconds (n=8). In
addition, the control and 1, 10 and 100 uM MB-containing solutions
were exposed to US at 0.18, 0.24 or 0.36 W/cm?2, 2 MHz, for 30
seconds (n=8). To ensure close adhesion of the piezo-electric
element with the glass cell, transmission gel (US FINE GEL;
Fukuda Denshi, Tokyo) was applied. All procedures in the US
exposure experiment were performed within 1 hour after aspiration
of ascitic fluid from mice. The temperature of the solution in the
glass was set at room temperature (22-26°C). During the sonication
procedure, the temperature inside the glass cell did not rise by more
than 2°C, as measured by a digital thermometer (TESTO 905-T1,
Kanagawa, Japan). Cell survival rate in the experiment was defined
as number of living cells after US exposure/number of living cells
before US exposure x100 (% ); cells that were destroyed by US
exposure were counted as dead cells.

Identification of active oxygen. L-histidine, D-mannitol and superoxide
dismutase (SOD) were purchased from Wako Chemical Company
(Tokyo, Japan). The survival rate of tumor cells was determined after
US exposure at 0.24 W/cm2, 2 MHz, for 30 seconds (n=8) in the
presence of 100 uM MB, with or without active oxygen scavengers.
One hundred ug/mL SOD was used as a H,O, scavenger, 50 mM
L-histidine hydrochloride monohydrate was used as a singlet oxygen
and hydroxyl radical scavenger, and 100 mM D-mannitol was used as
a hydroxyl radical scavenger.

Electron microscopy. Before and immediately after US exposure (0.24
W/cm?2, 2 MHz, 30 seconds) in the presence or absence 100 uM MB,
the cells were fixed in 3.0% glutaraldehyde solution buffered to pH
7.2. The cells were then gradually dehydrated with increasing
concentrations of ethanol before being transferred to a freeze-drier,
coated with gold and examined with a 1200 EX scanning electron
microscope (Electron-microscope Optical Ltd. JOEL, Japan) at 10 kV.
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Figure 1. Chemical structure of methylene blue (MB).

Statistical analysis. The mean and standard deviation of the survival
rate of tumor cells was calculated for each group. Differences
between groups were considered significant when the p-value on
Dunnet’s test was 0.05 or lower.

Results

Cell damage. Without US exposure the survival rate of S180
cells in the presence of 100 uM MB was not significantly
different from that of the control group within 1 hour, and
there were no significant differences in survival rate among
MB-containing groups (data not shown). The survival rates
of S180 cells in both the control and the MB-containing
groups at an intensity of 0.24 W/cm? declined as US
exposure time increased. At a US exposure time of 15
seconds, the survival rate in the presence of 100 uM MB was
significantly lower than that of the control group. At 30
seconds, the survival rates in the presence of 10 and 100 uM
MB were significantly lower than that of the control group.
At 60 seconds, the survival rate in the presence of 100 uM
MB was significantly lower than that of the control group.
However, the survival rate was very low even in the control
group at 60 seconds (Figure 3).

The survival rate of S180 cells in both the control and the
MB-containing groups at a US exposure time of 30 seconds
declined as US intensity increased. At an intensity of 0.18
W/cm?, survival rates were not significantly different among
the control group and MB-containing groups. At 0.24
W/cm?, the survival rates in the presence of 10 and 100 pM
MB were significantly lower than that of the control group.
At 0.36 W/cm2, the survival rates in both the control and
MB-containing groups were very low and no significant
differences in survival rates were observed between the
control and the MB-containing groups (Figure 4).

Identification of active oxygen. The sonodynamic effect of
100 uM MB was significantly lower in the presence of
D-mannitol, as compared with MB alone, but not in the
presence of L-histidine or SOD (Figure 5).

Scanning electron microscope observations. In the control
group without US exposure, cells were round or oval with
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Figure 2. Overview of the US apparatus.
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Figure 3. Effect of US exposure on S180 cells for various exposure times
at an intensity of 0.24 W/em? (mean=SD, n=8). *p<0.05; **p<0.01 vs.
control group.

numerous microvilli over the surface of the cells (Figure
6A). In the 100 uM MB-containing group without US
exposure, no obvious cell damage was observed (Figure 6B).
Cells in the control group exposed to US were mostly
spherical in shape; however, the number of microvilli was
lower, and some blebs had formed on the cell surface (Figure
6C). Cells exposed to US in the presence of 100 uM MB
were irregularly shaped; most microvilli had disappeared,
and numerous blebs of various sizes had formed on the cell
surface (Figure 6D).
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Figure 4. Effect of US exposure on S180 cells at various US intensities
for an exposure time of 30 seconds (mean+SD, n=8). **p<0.01 vs.
control group.

Discussion

In this study, it is demonstrated that MB exerted a dose-
dependent sonodynamic effect on S180 cells in vitro. The
survival rate in the presence of 100 uM MB was significantly
lower than that of the control group at a US exposure time of
15 seconds; in the presence of 10 uM MB, the same result
was obtained at 30 seconds (Figure 3). At 0.24 W/cm?, the
survival rates in the presence of 10 and 100 uM MB were
significantly lower than that of the control group (Figure 4).
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Figure 5. Effect of active oxygen scavengers on cell damage in the
presence of 100 uM MB after US exposure at an intensity of 0.24 W/cm?
for 30 seconds (mean+SD, n=8). *p<0.01 vs. no-scavenger group.
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The sonodynamic antitumor effect on S180 cells was
observed in the control group at 0.24 W/cm? for 15-60
seconds. However, the effect was enhanced in the presence of
MB. This may be due to the synergistic effect of US and MB.
In a previous study, it was reported that sparfloxacin at a
concentration greater than 200 uM had a sonodynamic effect
at 0.24 W/cm? for 30 seconds, and that 3.3 uM AO had an
effect at 0.24 W/cm? for 60 seconds. The sonodynamic effect
of MB is similar to that of AO and stronger than that of
sparfloxacin. These findings indicate that MB has potential
for clinical use in SDT.

The sonodynamic effect of MB was significantly reduced by
D-mannitol; although no obvious change was observed in the
presence of either L-histidine or SOD (Figure 5). These
findings suggest that the hydroxyl radical is an important
mediator of the sonodynamic antitumor effect of MB. The
sonodynamic effect of sparfloxacin was reduced by L-histidine,
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Figure 6. Scanning electron microscopic images of S180 cells. A, Cells in the control group without US exposure; B, cells in the 100 uM
MB-containing group without US exposure; C, cells in the control group after US exposure at 0.24 Wicm? for 30 seconds; D, cells in the 100 uM

MB-containing group after US exposure at 0.24 W/cm? for 30 seconds.
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and the effect of AO was reduced by L-histidine and D-
mannitol (3, 27). In the context of these previous results, the
role played by singlet oxygen in cell damage in SDT using MB
remains obscure.

In scanning electron microscope observations, ultrasonically
induced cell membrane damage was much more serious in the
presence of 100 uM MB than in the control group, which is
consistent with the findings observed with sparfloxacin (4).
Changes on the surface of the cell membrane affect membrane
function and eventually lead to cell death.

Many drugs have been investigated as possible sono-
sensitizers, but none are approved for clinical use in SDT. MB
is widely used in clinical practice and can be administered by
intravenous injection. Matsubara ef al. (23) described the
photodynamic effects of MB for osteosarcoma in vitro and in
vivo studies. They noted that MB in photodynamic therapy had
a strong cytocidal effect on mouse osteosarcoma cells in vitro,
but did not inhibit tumor growth in vivo. Tumor selectivity and
the sonodynamic effects of MB in the treatment of tumor-
bearing mice should be further investigated.

In conclusion, because of its excellent sonodynamic effect
and low toxicity, MB has promise as a sonosensitizer for SDT.

References

1 Umemura S, Yumita N and Nishigaki R: Enhancement of
ultrasonically induced cell damage by a gallium-porphyrin
complex, ATX-70. Jpn J Cancer Res 84: 582-588, 1993.

2 Suzuki T, Kamada S, Yoshida Y and Unno K: A study on
sonodynamic therapy-antitumor effect of novel sonodynamic
compounds under ultrasound. Heterocycles 38: 1209-1211, 1994.

3 Huang D, Okada K, Komori C, Itoi E and Suzuki T: Enhanced
antitumor activity of ultrasonic irradiation in the presence of new
quinolone antibiotics in vitro. Cancer Sci 95: 845-849, 2004.

4 Huang D, Okada K, Komori C, Itoi E, Kawamura K and Suzuki
T: Ultrastructure of sarcoma 180 cells after ultrasound irradiation in
the presence of sparfloxacin. Anticancer Res 24: 1553-1559, 2004.

5 Rosenthal I, Sostaric JZ and Riesz P: Sonodynamic therapy — a
review of the synergistic effects of drugs and ultrasound.
Ultrason Sonochem /1/: 349-363, 2004.

6 Yumita N, Nishigaki R, Umemura K and Umemura S:
Synergistic effect of ultrasound and hematoporphyrin on
sarcoma 180. Jpn J Cancer Res 87: 304-308, 1990.

7 Yumita N, Sasaki K, Umemura S and Nishigaki R: Sono-
dynamically induced antitumor effect of a gallium-porphyrin
complex, ATX-70. Jpn J Cancer Res 87: 310-316, 1996.

8 Sakusabe N, Okada K, Sato K, Kamada S, Yoshida Y and Suzuki
T: Enhanced sonodynamic antitumor effect of ultrasound in the
presence of nonsteroidal anti-inflammatory drugs. Jpn J Cancer
Res 90: 1146-1151, 1999.

9 Yumita N, Nishigaki R, Sakata I, Nakajima S and Umemura S:
Sonodynamically induced antitumor effect of 4-formyloxime-
thylidene-3-hydroxy-2-vinyl-deuterio-porphynyl(1X)-6,7-
diaspartic Acid (ATX-S10). Jpn J Cancer Res 91: 255-260, 2000.

10 Yu T, Wang Z and Mason TJ: A review of research into the uses
of low level ultrasound in cancer therapy. Ultrason Sonochem
11: 95-103, 2004.

11 Liu Q, Wang X, Wang P and Xiao L: Sonodynamic antitumor
effect of protoporphyrin IX disodium salt on S180 solid tumor.
Chemotherapy 53: 429-436, 2007.

12 Yumita N, Nishigaki R, Umemura K and Umemura S:
Hematoporphyrin as a sensitizer of cell-damaging effect of
ultrasound. Jpn J Cancer Res 80: 219-222, 1989.

13 Umemura S, Yumita N, Nishigaki R and Umemura K: Mechanism
of cell damage by ultrasound in combination with
hematoporphyrin. Jpn J Cancer Res 81: 962-966, 1990.

14 Milowska K and Gabryelak T: Synergistic effect of ultrasound and
phthalocyanines on nucleated erythrocytes in vitro. Ultrasound
Med Biol 37: 1707-1712, 2005.

15 Liu Q, Wang X, Wang P, Qi H, Zhang K and Xiao L:
Sonodynamic effects of protoporphyrin IX disodium salt on
isolated sarcoma 180 cells. Ultrasonics 45: 56-60, 2006.

16 Hachimine K, Shibaguchi H, Kuroki M, Yamada H, Kinugasa T,
Nakae Y, Asano R, Sakata I, Yamashita Y, Shirakusa T and Kuroki
M: Sonodynamic therapy of cancer using a novel porphyrin
derivative, DCPH-P-Na(I), which is devoid of photosensitivity.
Cancer Sci 98: 916-920, 2007.

17 Kuroki M, Hachimine K, Abe H, Shibaguchi H, Kuroki M,
Maekawa S, Yanagisawa J, Kinugasa T, Tanaka T and Yamashita
Y: Sonodynamic therapy of cancer using novel sonosensitizers.
Anticancer Res 27: 3673-3677, 2007.

18 Wainwright M and Crossley KB: Methylene blue — a therapeutic
dye for all seasons? J Chemother /4: 431-443, 2002.

19 Schirmer RH, Coulibaly B, Stich A, Scheiwein M, Merkle H,
Eubel J, Becker K, Becher H, Miiller O, Zich T, Schiek W and
Kouyaté B: Methylene blue as an antimalarial agent. Redox Rep
8: 272-275, 2003.

20 Baraka AS, Ayoub CM, Yazbeck-Karam V, Kaddoum RN,
Gerges FJ, Hadi UM and Degher CM: Prophylactic methylene
blue in a patient with congenital methemoglobinemia. Can J
Anesth 52: 258-261, 2005.

21 Bradberry SM: Occupational methaemoglobinaemia. Mechanisms
of production, features, diagnosis and management including the
use of methylene blue. Toxicol Rev 22: 13-27, 2003.

22 Patel PN: Methylene blue for management of ifosfamide-
induced encephalopathy. Ann Pharmacother 40: 299-303, 2006.

23 Matsubara T, Kusuzaki K, Matsumine A, Satonaka H, Shintani
K, Nakamura T and Uchida A: Methylene blue in place of
acridine orange as a photosensitizer in photodynamic therapy of
osteosarcoma. In Vivo 22: 297-304, 2008.

24 Aghahosseini F, Arbabi-Kalati, F, Fashtami LA, Djavid GE, Fateh
M and Beitollahi JM: Methylene blue-mediated photodynamic
therapy: a possible alternative treatment for oral lichen planus.
Lasers Surg Med 38: 33-38, 2006.

25 Orth K, Beck G, Genze F and Riick A: Methylen blue-mediated
photodynamic therapy in experimental colorectal tumors in mice.
J Photochem Photobiol B 57: 186-192, 2000.

26 Wainwright M, Phoenix DA, Marland J, Wareing DR and Bolton
FJ: A study of photobactericidal activity in the phenothiazinium
series. FEMS Immunol Med Microbiol 79: 75-80, 1997.

27 Suzuki N, Okada K, Chida S, Komori C, Shimada Y and Suzuki
T: Antitumor effect of acridine orange under ultrasonic
irradiation in vitro. Anticancer Res 27: 4179-4184, 2007.

Received December 2, 2008

Revised January 17, 2009
Accepted March 11, 2009

2415




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (None)
  /CalCMYKProfile (Japan Color 2001 Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile (None)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 300
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308030d730ea30d730ec30b9537052377528306e00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /FRA <>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 793.701]
>> setpagedevice


