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The radioprotective effects of cimetidine, which has been
used clinically as an antagonist of H, receptor, on
radiation-induced micronuclei and apoptosis in human
peripheral blood lymphocytes (PBL) prepared from
healthy donors were studied. Cells were treated with
cimetidine before or after X-irradiation, and then cytokin-
esis-blocked micronucleus assay and flow cytometry for
measurement of phosphatidylserine externalization were
utilized to evaluate the radiation-induced cytogenetic
damage and apoptosis. The protective effect of pre-
irradiation treatment of cimetidine on radiation-induced
micronuclei was dependent on the concentration. The
maximum protection rates of cimetidine (ImM) on
frequencies of micronuclei were 38.8 and 30.2% for cells
treated before and after X-irradiation (5Gy), respectively.
Protective effects of pre- and post-irradiation treatment
with cimetidine on radiation-induced early apoptosis and
decreased activity of caspase-3 were observed. A study of
electron paramagnetic resonance-spin trapping with 5,5'-
dimethyl-1-N-oxide revealed that the rate constant of
cimetidine with radiation-induced OH radicals is about
4.5 % 10°1/mol/s. Cimetidine did not significantly increase
the intracellular concentration of glutathione. These
results suggest that cimetidine suppresses radiation-
induced micronuclei and apoptosis via OH radical
scavenging and an intracellular antioxidation
mechanism. Cimetidine appears to be a useful candidate
for the future development of post-irradiation
radioprotectors.
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INTRODUCTION

Many chemicals which can protect cells against
ionizing radiation have been found since the
discovery of radioprotective effects of sulfthydryl
compounds such as cyanide and cystein in 1949, and
thiourea in 1950.!1 Among the numerous compounds
tested, some drugs such as 2-mercaptoethylamine
(MEA), S-(aminoethyl)isothiuronium bromide (AET)
and S-2-(3-aminopropylamino)ethylphosphorothioic
acid (amifostine, WR-2721) showed potent radio-
protective effects. MEA, which proved to be a strong
protector in mice, is still regarded as the most potent
whole-body radioprotective agent. AET and mer-
captoethylguanidine, which is considered the active
structure of AET, have been noted for their lack of
chronic toxicity and strong protective effects against
intestinal damage in animals. In a large research
program for synthesis of radioprotective agents at
the Walter Reed Army Institute of Research in the
US, many substances containing sulthydryl groups
were tested, but only amifostine was found to be
acceptable with regard to the toxicity. Preclinical
work suggested that amifostine and its active thiol,
2-[(aminopropyl)amino]ethanethiol (WR-1065) are
clinically useful radioprotectors which protect
normal cells effectively against the adverse effects
of irradiation without affecting tumor cells. A recent
phase III randomized trial in head and neck cancer'!
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demonstrated that amifostine reduced acute and
chronic xerostomia while preserving the efficacy of
antitumor treatment.

Most of the current radioprotective agents exhibit
their protective effects against irradiation when they
are administered before exposure, so the develop-
ment of new drugs which are effective even when
administered after exposure is desired for the
amelioration of medical and accidental exposure to
radiation. Cimetidine is a potent histamine H, receptor
antagonist, which is clinically used in treating
ulceration of the stomach and intestine. In in vitro
studies, cimetidine reacted with copper ions to form
copper/cimetidine complexes,”! and was revealed to be
a powerful hydroxyl radical scavenger*~”! Some
authors have reported protective effects of cimetidine
against y-rays® fast neutrons’” and several chemi-
cals!*~1 in mice or rats, however, the protective effects
of cimetidine on radiation-induced micronuclei and
apoptosis in human cells have not yet been reported.

The micronucleus assay has been used to assess
chromosomal damage induced by ionizing radiation
or chemicals. The cytokinesis-blocked technique!*>~*”]
for analyzing micronuclei, which is based on the
identification of binucleate cells inhibited when
undergoing cytokinesis by cytochalasin B, is a
common and reliable method for assessing the
chromosomal damage due to irradiation in human
peripheral blood lymphocytes (PBL).!'#~22 Apoptosis
is a physiologic mode of cell death that plays various
critical roles in maintaining the normal cellular
components, and evidence of apoptosis in PBL due
to DNA damage or membrane peroxidation by
ionizing radiation has been reported.[*>=%"]

Here, the radioprotective effects of cimetidine
against the radiation-induced cytogenetic damage
and apoptosis in PBL were investigated using a
cytokinesis-blocked micronucleus assay and flow
cytometry for the measurement of phosphatidyl-
serine externalization. The results revealed that both
pre- and post-irradiation treatment with cimetidine
suppressed radiation-induced micronuclei and
apoptosis effectively via OH radical scavenging
and an intracellular antioxidation mechanism. To our
knowledge, this is the first study to demonstrate the
protective effects of cimetidine both before and after
exposure on radiation-induced micronuclei and
apoptosis in PBL.

MATERIALS AND METHODS

Blood Collection and Lymphocyte Preparation

Informed consent was obtained from four healthy,
non-smoking human volunteers, three males and
one female, aged between 27 and 40 years. Blood
samples were collected in sterile vacutainer tubes

(Vacutainer® CPT™, Becton Dickinson and Com-
pany, Franklin Lakes, NJ) containing sodium heparin
anticoagulant, Ficoll-Hypaque solution and polye-
ster gel. Lymphocytes were isolated from whole
blood by density centrifugation and washed twice
with PBS. They were cultured in RPMI 1640 medium
(Gibco BRL, Paisley, Scotland, UK) containing 15%
heat-inactivated fetal bovine serum (Gibco BRL) at a
concentration of 5 X 10° cells/ml at 37°C in humidi-
fied air with 5% CO,. When lymphocytes were treated
with cimetidine, pure cimetidine powder (Wako Pure
Chemical Industries, Osaka, Japan) was dissolved in
the medium to each concentration.

X-irradiation

X-irradiation was carried out at room temperature by
X-ray apparatus (MBR-1520R-3, Hitachi Medico
Technology, Kashiwa, Japan) operating at 150kVp
and 20 mA at dose rate of 5 Gy/min determined by a
Fricke dosimeter.

Micronucleus Assay

To assess the effects of cimetidine on radiation-
induced micronuclei, pure cimetidine powder was
dissolved in the medium to give a final concentration
of 0.1, 1, 10, 100 uM or 1mM, 2h before irradiation
or 1 mM immediately after irradiation. At the start
of the culture, PHA (phytohemagglutinin; Difco
Laboratories, Detroit, MI) at a final concentration of
50 pg/ml was added to each culture, and 44 h after
PHA stimulation, cytochalasin-B (Sigma Chemical,
St. Louis, MI) was added to the cultures to give final
concentration of 3.0 wg/ml to block the dividing cells
in cytokinesis. Twenty-eight hours after the addition
of cytochalasin-B, cells were collected, decanted
directly onto a glass slide, and stained with May-
Grunwald Giemsa. All slides were evaluated under
1000-fold magnification, and the frequency of
micronuclei in cytokinesis-blocked binucleate cells
with well-preserved cytoplasm was recorded.
Binucleate cells (1000 cells/culture) were counted to
record the frequency of cells with one micronucleus,
and two and three micronuclei. The criterion for
identifying binucleated cytokinesis-blocked cells
was that cells should have two nuclei of approxi-
mately equal size, which may be attached by a fine
nucleoplasmic bridge or overlap slightly. A micro-
nucleus was defined as a nucleus of diameter
between 1/16 and 1/3 of that normal nuclei, non-
refractile and not linked to normal nuclei via a
nucleoplasmic bridge.['>~*"]

Measurement of Intracellular Glutathione

Intracellular glutathione was analyzed using a total
glutathione quantification kit (Dojindo Laboratories,
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Kumamoto, Japan). The detection method of the kit
used the reaction of 5,5'-dithiobis(2-nitrobenzoic
acid) and glutathione to generate glutathione
disulfide and 2-nitro-5-thiobenzoic acid, which is
yellow in color (Amax: 412 nm).[28‘301 The assessment
was performed according to the manufacturer’s
recommendations. Briefly, PBL were collected and
washed after 24 h incubation, lysed with 10 mM HCl
by freezing and thawing, and 5-sulfosalicylic acid
was added to eliminate proteins and to prevent GSH
oxidation and vy-glutamyl transpeptidase reaction.
The samples were then centrifuged and the
supernatant was transferred to 96 well microplates.
After the reaction, the absorbance at 412 nm of each
well was read using a microplate reader and the
concentrations of GSH in the samples were deter-
mined from the calibration curve.

Assessment of Apoptosis and Caspase-3 Activity

Phosphatidylserine externalization of apoptosis was
determined by two-color flow cytometric analysis of
annexin-V/FITC binding propidium iodide (PI)
uptake® using a Beckman-Coulter EPICS XL™
flow cytometer. The proportions of FITC+/PI— cells
corresponding to early apoptosis and FITC+/PI4
cells corresponding to secondary necrosis were
evaluated. A gate was put on annexin-V/FITC
positive cells and back gating was performed on the
scatter plot in order to distinguish platelets and
debris from smaller apoptotic cells, with exclusion of
monocytes. The cell permeable fluorogenic sub-
stance, PhiPhiLux-G1D2, was used to monitor the
intracellular caspase-3 activity according to the
manufacturer’s recommendations (Oncolmmunin,
Geithersburg, MD). Briefly each sample containing
approximately 10°cells/ml was gently centrifuged
and the cell pellet was resuspended with 50 pul of
10 M PhiPhiLux-G1D2 substrate solution in RPMI
1640 supplemented with 10% heat-inactivated fetal
bovine serum. After incubation for 1h at 37°C in the
dark, the sample was washed once and diluted with
0.5ml of ice cold flow cytometry dilution buffer.
Flow cytometric analysis was then performed.

ESR Measurement

Electron spin resonance (ESR)-spin trapping with
5,5-dimethyl-1-pyrroline-N-oxide (DMPO) was uti-
lized for the measurement of rate constants of
cimetidine for reactions of OH radicals induced by
X-irradiation. Aqueous DMPO solutions at a con-
centration of 10mM saturated with air containing
various concentrations of OH scavengers were
exposed to X-rays (150Gy). The ESR spectra of
X-irradiated samples were measured in a quartz flat
cell with an ESR spectrometer (RFR-30 Radical
Analyzer System, Radical Research, Tokyo, Japan).

First, the C% values, the scavenger concentrations at
which the DMPO-OH adducts yield is decreased by
50% of the maximum yield, were obtained for
potassium iodide, sodium formate, mannitol, glu-
cose, sodium propionate and sodium acetate, all of
which are known to be water soluble OH scavengers
with different rate constants./*!! Second, the C% value
of cimetidine was obtained and the rate constant was
estimated from the relationships between the C}
values and the rate constants of various scavengers
for reactions with OH radicals.

Statistical Evaluation

The micronucleus assay data were analyzed by the
x>-test. The data obtained from the micronucleus
assays, glutathione measurement and flow cytometry
were analyzed using a t-test. Statistical significance
was determined when p values were less than 0.05.

RESULTS

Radioprotective Effect of Cimetidine on
Radiation-induced Micronucleus

The number of binucleated cells with micronuclei
and the total number of micronuclei per 1000
binucleated cells for each group of pre-irradiation
treatment of cimetidine are shown in Table I. The
number of binucleate cells containing micronuclei
and the total number of micronuclei per 1000
binucleated cells decreased with the concentration
of cimetidine for each volunteer. The protective
effects of pre-irradiation treatment of cimetidine
on radiation-induced micronuclei are indicated in
Fig. 1. “Protection rate” means a decreasing rate of
binucleated cells with micronuclei following treat-
ment with cimetidine compared to the control group
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FIGURE 1 Protective effects of cimetidine on radiation-induced
micronuclei. Protection rates indicate the percentage decrease of
binucleated cells with micronuclei treated with cimetidine
compared to controls. There is a significant dose-response
relationship with p < 0.05. Bars in figure indicate the standard
deviation of mean values (n = 4).
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TABLE I Effects of pre-irradiation treatment of cimetidine on micronucleus frequencies in human peripheral blood lymphocytes

The number of BN cells with MN /1000 BN cells

1IMN 2MN 3MN Total Total MN*

Donor 1
Control 9 1 0 10 11
Cimetidine 0.1 uM 9 0 0 9 9
1M 6 2 0 8 10
10 pM 9 0 0 9 9
100 pM 8 0 0 8 8
1mM 9 0 0 9 9
+25Gy 259 40 4 303 351
Cimetidine 0.1 uM 243 30 4 277 315
1M 204 22 3 230 258
10 pM 201 27 0 228 255
100 pM 175 23 0 198 221
1mM 183 11 0 194 205

Donor 2
Control 4 0 0 4 4
Cimetidine 0.1 pM 5 0 0 5 5
1uM 4 1 0 5 6
10 uM 5 0 0 5 5
100 pM 5 0 0 5 5
1mM 5 0 0 5 5
+25Gy 228 35 3 266 307
Cimetidine 0.1 pM 204 18 4 226 252
1M 203 28 0 231 259
10 pM 197 22 2 221 247
100 pM 169 23 2 194 221
1mM 180 10 0 190 200

Donor 3
Control 7 1 0 8 9
Cimetidine 0.1 pM 7 0 0 7 7
1pM 6 1 0 7 8
10 pM 7 0 0 7 7
100 M 7 1 0 8 9
1mM 7 1 0 8 9
+25Gy 224 36 6 266 314
Cimetidine 0.1 pM 198 32 2 232 266
1pM 174 39 2 215 258
10 uM 188 20 2 210 234
100 pM 171 21 0 192 213
1mM 134 12 0 146 158

Donor 4
Control 7 2 0 9 11
Cimetidine 0.1 uM 5 2 0 7 9
1M 8 1 0 9 10
10 pM 6 1 0 7 8
100 pM 7 0 0 7 7
1mM 7 1 0 8 9
+25Gy 208 37 2 247 288
Cimetidine 0.1 pM 183 18 0 201 219
1uM 165 21 2 188 211
10 pM 173 14 2 189 207
100 pM 165 12 0 177 189
1mM 132 2 0 134 136

*The total number of micronucrei per 1000 binucleated cells, MN: Micronucleus; BN: Binucleated cells.

(not treated). The protection rates of micronucleus
cells increased with the concentration of cimetidine.

Table II shows the frequencies of micronuclei
after post-irradiation treatment of 1 mM cimetidine
for three volunteers’ PBL. The frequencies of
binucleated cells with micronuclei for the groups
with post-irradiation treatment of cimetidine were
significantly lower than in the groups without
treatment (p <0.05). The average decrease of
binucleated cells with micronuclei was 30.2% for
the groups treated with cimetidine. These results

indicate that cimetidine protects PBL from chromo-
somal damage induced by irradiation.

Radioprotective Effect of Cimetidine on
Radiation-induced Apoptosis

To investigate the effect of cimetidine on radiation-
induced apoptosis, isolated PBL were irradiated,
harvested after 24h and subsequently flow cyto-
metrically analyzed with annexin-V/FITC and PI
Representative flow cytometric data are shown in
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TABLE II  Effects of post-irradiation treatment of cimetidine on micronucleus frequencies in human peripheral blood lymphocytes

BN cells with MN /1000 BN cells

1IMN 2MN 3MN Total Protection rate* (%)
Donor 1
Control 9 0 0 9
+Cimetidine 1 mM 8 0 0 8
2.5Gy 249 41 5 295
+Cimetidine 1 mM 200 16 3 219 25.5%
Donor 2
Control 5 0 0 5
+Cimetidine 1 mM 5 0 0 5
2.5Gy 228 37 3 268
+Cimetidine 1 mM 176 20 2 198 26.1%
Donor 3
Control 7 0 0 7
+Cimetidine 1 mM 6 0 0 6
2.5Gy 216 35 8 259
+Cimetidine 1 mM 133 19 3 155 39.9%
Total 3 donorst
Control 21 0 0 21
+Cimetidine 1 mM 19 0 0 19
2.5Gy 693 113 16 822
+Cimetidine 1 mM 509 55 8 572 30.2%

*Protection rate indicates the percentage decrease of binucleated cells with micronucleus treated with cimetidine compared to control. t A total of 3000
binucleated cells were examined in each culture. fp < 0.05, with respect to control values, MN: Micronucleus; BN: Binucleated cells.

Fig. 2. The proportions of cells spontaneously
undergoing early apoptosis and secondary necrosis
were 4.8 and 1.6%, and no effect of cimetidine was
observed. In the samples of irradiated PBL without
cimetidine treatment, the percentages of the early
apoptotic cells (annexin-V/FITC + , PI—) were 34.9
and 40.1%, and those of the secondary necrosis
(annexin-V/FITC +, PI+) were 7.3 and 9.1% with
2.5 and 5.0Gy exposures, respectively. When the
cells were treated with cimetidine prior to or after
irradiation, the percentages of the early apoptotic
cells were significantly decreased. The percentages
of the early apoptosis for the pre-irradiation

Fraction of early apoptosis
and secondary necrosis (9)
[
>

Early Secondary  Early

apoptosis necrosis

0 Gy (Control ) 2.5 Gy

treatment groups were 26.4 +2.8% and 32.1 *
3.7%, and those for the post-irradiation treatment
groups were 23.0 = 1.3% and 26.8 = 0.8% (mean =
SD, n = 3) with 2.5 and 5.0Gy exposures, respec-
tively. These results show that pre- and post-
irradiation treatment of cimetidine inhibited the
radiation-induced apoptosis of PBL.

Caspase-3 Activity of PBL

To investigate the caspase-3 activity of PBL, flow
cytometric analysis was performed using PhiPhiLux-
G1D2. Figure 3 indicates the fraction of cells showing
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Secondary Early Secondary
apoptosis necrosis apoptosis necrosis

5.0 Gy

FIGURE 2 Protective effects of cimetidine on radiation-induced early apoptosis and secondary necrosis. Cimetidine conc., 1mM.
*p < 0.05, with respect to control values. Bars in figure indicate the standard deviation of mean values (1 = 3).
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FIGURE 3 Protective effects of cimetidine on radiation-induced activity of caspase-3. Cimetidine conc., 1mM. *p < 0.05, with respect to
control values. Bars in figure indicate the standard deviation of mean values (1 = 3).

the caspase-3 activity by pre- and post-irradiation
treatment of cimetidine. The fractions of cells with
high activation of caspase-3 were 26.2 and 33.9%
after 2.5 and 5.0 Gy without treatment of cimetidine,
respectively. When the cells were treated with
cimetidine prior to or after irradiation, caspase-3
activity was significantly decreased compared with
the cells without cimetidine treatment.

Measurement of Intracellular Glutathione

Intracellular glutathione levels were measured by
the glutathione assay kit as described in the previous
section. PBL were treated with 1 mM cimetidine for
2h, irradiated (2.5Gy), and the intracellular GSH
levels were measured. The quantities of glutathione
per 1x10°cells were 6.1 = 0.1, 5.7 = 0.7 and 5.0 =
0.1nmol with pre-irradiation treatment of cimeti-
dine, and 6.2+ 1.0, 6.6 =0.1 and 4.9 = 0.2nmol
(mean = SD, n = 3) without cimetidine treatment at
0, 6 and 24h after irradiation, respectively. No
significant difference in the intracellular glutathione
levels was observed as a result of the pre-irradiation
treatment of cimetidine.

ESR Measurement for Rate Constant With OH
Radicals

The C} value is a scavenger concentration at which
the DMPO-OH adducts yield is decreased by 50%.
The C} value of cimetidine was compared with those
of various OH radical scavengers, and the rate
constant of cimetidine for reactions of OH radicals
was obtained (Fig. 4). The estimated rate constant is
about 4.5x 10°1/mol/s, which is similar to that of
sodium formate. The results indicate that cimetidine
has a potent activity to scavenge radiation-induced
OH radicals.

DISCUSSION

Radiation-induced micronuclei formed in interphase
cells are the consequence of DNA damage and
repair, and arise mainly from acentric chromosomal
fragments that cannot be attached to the spindle
apparatus during mitosis."”*? Since the micro-
nucleated cells lose their clonogenecity, the frequency
of cells with micronuclei reflects the cytogenetic
damage fraction induced by ionizing radiation.
Fenech and Morley™! developed a cytokinesis-
block micronucleus assay based on identification of
binucleated cells by blocking cytokinesis with
cytochalasin-B, an inhibitor of actin polymerization
required for the formation of the microfilament ring,
and scoring micronuclei in binucleated cells that
have undergone only one division. The method is
widely used when testing for genotoxicity and
cytogenetic damage in mitogen-stimulated PBL. In
this study, we measured the radiation-induced
micronuclei in PBL from four healthy volunteers to
assess the cytogenetic effects of X-irradiation and the
radioprotective effects of cimetidine.

The results presented here demonstrated the
protective effects of cimetidine against radiation-
induced micronucleus formation. The protective
effect was dose dependent, since increasing the
concentration of cimetidine resulted in significant
reduction of the number of binucleated cells with
micronuclei and the total number of micronuclei per
1000 binucleated cells.

Although amplification of the glutathione system
has been reported as the mechanism of radio-
protective effects of cimetidine,'®®! our results
indicated that intracellular glutathione levels did
not significantly increase as a result of the treatment
of cimetidine. It has been shown that Cu(Il)/cimeti-
dine complexes and Fe(Ill)/cimetidine complexes
have higher superoxide dismutase-like activities
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FIGURE 4 Relationships between ESR signal intensity of DMPO-OH adducts induced by X-irradiation and concentration of OH radical
scavengers. (a) Relationships between rate constants for reactions of OH radicals and C}, (b) Aqueous 20 mM DMPO solutions containing
various OH radical scavengers were X-irradiated at a dose of 150 Gy and the ESR signal intensity of DMPO-OH adducts was measured
with an ESR spectrometer. A comparison of C% values, the scavenger concentration at which the DMPO-OH adducts yield is decreased by
50% and rate constants for reactions of OH radicals from J. Phys. Chem. Ref. Data[31] was performed. Arrow in figure shows C1/2 value of

cimetidine.

compared with other copper complexes such as
Cu(Il)/ (o-phenanthroline),, Cu(ll)/glycylglycine
and Cu(Il)/salicilate.***! Therefore, the superoxide
dismutase like activities of metal/cimetidine com-
plex appear to contribute to the radioprotective
effects of cimetidine in both pre- and post-irradiation
treatment.

We demonstrated the hydroxyl radical scavenging
activity of cimetidine with a higher rate constant
than that of mannitol, and this evidence is consistent
with the previous reports that cimetidine is a power-
ful hydroxyl radical scavenger.*””! These results
indicate that the radioprotective effects of cimetidine
administered prior to radiation are due to the OH
radical scavenging activity.

The detailed molecular mechanism and signaling
pathways for radiation-induced apoptosis remain
unknown. Recent data suggest that plasma membrane

processes are important in radiation-induced apop-
tosis, in contrast to the widely acknowledged role of
DNA damage in inducing classical reproductive cell
death.”®! For the quantitation of apoptosis, the
phosphatidylserine externalization of apoptosis was
determined by flow cytometry with annexin-V/FITC
and PI staining, which can separatelPI measure early
apoptosis and secondary necrosis.?* Our results
showed that the fraction of radiation-induced early
apoptosis but not that of secondary necrosis in PBL
was reduced by the treatment with cimetidine, and
cimetidine also inhibited the radiation-induced
caspase-3 activity of PBL when administered both
before and after irradiation. Activation of caspase-3
plays an important role not only in radiation but also
in other forms of stress-induced apoptosis.|***>~3*!
Therefore, cimetidine inhibited the upstream caspase-3
dependent pathways of radiation-induced apoptosis,
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most likely due to scavenging of hydroxyl radicals
and/or intracellularly-produced superoxide.

The detailed mechanism of the radioprotective
effects of cimetidine on micronucleus formation
when after irradiation is still unknown, but the
intracellular antioxidation mechanism also may play
a role in radiation-induced micronucleus formation.

Cimetidine is a potent histamine H, receptor
antagonist and is currently in worldwide use for the
clinical treatment of peptic ulcers. The potent radio-
protective effects of cimetidine against X-irradiation
when administered not only prior to irradiation
but also after exposure suggest that cimetidine is a
useful candidate for the future development of post-
irradiation radioprotectors.
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