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The comet assay is widely used as an in vivo/in vitro
genotoxicity test to detect initial DNA damage in a single
cell. Air containing ions generated by electric discharge
was examined in lung comet assays in rats and mice. Us-
ing whole-body inhalation, the animals were continuously
exposed to the ionized air (abbreviated as IONA) for 48 h
at the concentrations range 100-700 X 104 ions/cm3.
Lung cell samples were prepared by mincing, and blood
cells were also sampled and diluted with mincing buffer to
confirm the results obtained with lung cells. Slide prepara-
tion and electrophoresis for the comet assay were con-
ducted in accordance with the standard protocol (Version
14.2) provided by the Validation Management Team of the
““International Validation Study of In Vivo Alkaline Comet
Assay’’ controlled by the Japanese Center for the Valida-
tion of Alternative Methods (JaCVAM). Results of the lung
comet assays in both rats and mice showed that the IONA
exposure induced no significant differences in tail migra-
tion (tail length) or DNA-percentage in tail. In contrast,
ethyl methanesulfonate used as the positive control gave
clear positive responses in the assays. In the IONA-ex-
posed groups, no abnormal changes were noted in clinical
observations or body weight for rats or mice. Additionally,
no IONA exposure-related abnormalities were detected in
histopathological examinations in either species. Taken
together, these results indicate that IONA has no potential
to induce DNA damage in the lungs and has no effect on
the general health conditions of animals, body weight or
histopathology in the lungs under the conditions employed
in this study.
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inhalation, electric discharge

Introduction

Air infused with positive and negative ions generated by
electric discharge has been used in recent years for air
cleaners (1,2) to inactivate bacteria, mold and other al-
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lergens (3,4), and toxicological assessment of this
ionized air has become a point of interest among the
general public. The comet assay is regarded as one of
the most sensitive and effective methods for detecting in-
itial DNA damage. The assay was first developed by Os-
tling and Johanson (5) as a single cell gel electrophoresis
technique for detecting DNA damage. Subsequently
Singh et al. (6) introduced a single cell gel technique in-
volving electrophoresis under alkaline (pH > 13) condi-
tions, and the assay has been reviewed by a number of
researchers (7-10). In the present study, slide prepara-
tion and electrophoresis conditions for the comet assays
were in accordance with the methods prescribed in the
standard protocol provided by the Validation Manage-
ment Team (VMT) of the International Validation
Study of In Vivo Alkaline Comet Assay (Version 14.2)
(11), controlled by the Japanese Center for the Valida-
tion of Alternative Methods (JaCVAM), using single
lung cells, the major tissue receiving the first contact on
inhalation exposure to a chemical. The International
Validation Study is expected to have an influence when
issuing the comet assay guideline and in the regulatory
sciences. Accordingly, the present investigation was in-
tended to be conducted in accordance with the standard
protocol (Version 14.2) (11) of the International Valida-
tion Study described above in as much as possible.
However, the standard protocol describes only prepara-
tions for single cells of the liver and glandular stomach,
as noted in previous reports related to the comet assay
(12-15). Given that the comet assay can typically be
conducted using any tissues from experimental animals
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provided a sufficiently high-quality single cell suspen-
sion can be prepared, we simply and slightly modified
the liver suspension protocol (11) while making refer-
ence to the method of Sasaki ef al. (16) to prepare the
single lung cell samples. Here, lung comet assays were
performed to evaluate the effects of ionized air in rats
and mice exposed by whole-body inhalation. To our
knowledge, this paper is the first report of no DNA
damaging effects of cluster ions in experimental
animals.

Materials and Methods

Test compounds: Air containing positive and
negative ions generated by electric discharge devices for
air cleaners (1,2) developed by Sharp Corporation (Osa-
ka, Japan) is defined here as ‘‘ionized air (IONA)’’. The
IONA, which includes [(H,O),H]* and [(H,0),0,]" as
positive and negative ions, respectively, with ““m’’ and
“n”> as natural numbers, are cluster-shaped and are
known as ‘‘PlasmaCluster Ions®’’ (2-4). Animals were
continuously exposed to the IONA by whole-body inha-
lation at concentrations of 0, 100X 10*, 500 % 10* and
700 % 10* ions/cm® for 48 h. The high exposure concen-
tration of the IONA was set at a several hundred-fold
higher than that normally used in human life (0.5-2.0 X
10*ions/cm?). Even the low concentration was 50- to
200-fold higher than that normally used. The exposure
period was set for 48 h, corresponding to consecutive 2
days according to the method (12) referring to the stan-
dard protocol of the International Validation Study.
IONA concentrations were measured using ion-counters
placed at six points in the chamber housing animals dur-
ing the exposure period. Ethyl methanesulfonate (EMS,
CAS No.: 62-50-0) was obtained from Sigma-Aldrich
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Corporation (St. Louis, MO, USA) for use as a positive
control in this investigation, given its clear positive
response in a preliminary lung comet assay conducted.
EMS was dissolved in physiological saline to prepare a
20-mg/mL solution, which was administered by oral
gavage at 10 mL/kg (200 mg/kg) of animal body weight
at 48, 24 and 3 h before sacrifice.

Animals: Male Crl:CD(SD) rats and male Crlj:CD-
1(ICR) mice were purchased from Charles River
Laboratories Japan, Inc. (Yokohama, Japan). After at
least seven days of quarantine and acclimation, whole-
body inhalation and EMS administration were started at
the age of eight weeks. Throughout the experimental
period, except during the whole-body inhalation period,
each animal was housed individually in a polycarbonate
cage with hard-wood bedding in an air-conditioned
room (set at 22+3°C and 55+20% relative humidity)
under a 12-h light-dark cycle and allowed free access to
feed and drinking water. During the whole-body inhala-
tion period, each animal was housed individually in a
wire-netting cage in an inhalation chamber, and room
temperature, relative humidity and oxygen concentra-
tion were monitored in the chamber. All animals were
randomly assigned to treatment groups based on the
body weight measured before the beginning of inhala-
tion and administration. Animals were also weighed and
checked for clinical signs just prior to sacrifice. In the
EMS group, the animals were additionally weighed 24 h
before sacrifice. All procedures involving live animals
were conducted with the approval of the Institutional
Animal Care and Use Committee (IACUC) at the test
facility and in accordance with the guidance of the
animal experiments issued by the IACUC.
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Study schedule of the comet assay. The animals in the negative control and IONA groups were continuously exposed by whole-body inha-

lation for 48 h. In the positive control group, each animal received EMS by oral gavage at 3, 24 and 48 h before sampling. The lung cells and blood
cells were collected from each animal 48 h after the beginning of the treatment.
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exposure to IONA: The study schedule is shown in
Fig. 1. Briefly, 5 animals per group were continuously
exposed by whole-body inhalation for 48 h to either
IONA or air not including ions, and 5 animals in the
positive control group received EMS by oral gavage at
3, 24 and 48 h before sampling. Sampling was conduct-
ed 48 h after beginning of IONA exposure or EMS
treatment. Ion concentrations of IONA were measured
before and after the exposure.

Comet assay: Reagents and single cells were pre-
pared in accordance with the standard protocol of the
International Validation described above. Animals were
euthanized after 48-h whole-body inhalation or at 3 h
after the third administration of EMS as follows. Blood
was first collected from the vena cava under anesthesia
using a syringe rinsed with sodium heparin, and then the
animals were subjected to euthanasia. The lungs were
then removed, and the left lung was excised for the co-
met assay while the right lung was fixed with 10% phos-
phate buffered formalin for histopathological examina-
tion. The removed left lung was minced in ice-cold
mincing buffer (20 mM EDTA-Na, and 10% DMSO in
Hank’s balanced salt solution, pH 7.5) using scissors to
release the lung cells. The cell suspension was strained
through a BD Falcon™ cell strainer (pore size: 40 um,
Becton, Dickinson and Company, Franklin Lakes, NJ,
USA), and the number of cells in the suspension was
provided to approximately 2.0X% 10’ cells/mL (lung
sample). Collected blood was diluted 10-fold with ice-
cold mincing buffer (blood sample). Single cell prepara-
tion was conducted within 1h after euthanasia. The
lung and blood samples were coded to avoid revealing
the group or concentration to the microscopic observer.
A 40-uL aliquot of each sample for each tissue type was
mixed with 360 uL of 0.5% (w/v) low-melting agarose
gel (Lonza, Basel, Switzerland), and 40 uL of the result-
ing mixture was then mounted onto wells of 20-well
slides (CometSlide HT, 20-well slide; Trevigen Inc.,
Gaithersburg, MD, USA). The prepared slides were im-
mersed in a chilled lysing solution (100 mM EDTA-Na,,
2.5M NaCl, 10 mM Tris hydroxymethyl aminome-
thane, 1% Triton X-100, 109% DMSO, pH 10.0) over-
night (=14 h) shielded from light in a refrigerator. Af-
ter the lysing treatment, the slides were immersed in an
alkaline solution (300 mM NaOH, 1 mM EDTA-Na,,
pH > 13) for 20 min to unwind double strand DNA, and
then electrophoresed with a constant voltage at 0.7
V/cm for 20 min at approximately 0.3 A. The tempera-
ture of the alkaline solution was maintained at <10°C
during the unwinding and electrophoresis processes. At
the comet analysis, the slides were stained with SYBR
Gold (Invitrogen-Molecular probes™; Life Technol-
ogies Corporation, Carlsbad, CA, USA), and the cells
(comets) were measured using a charge-coupled device
digital camera linked to an image analyzer system (Co-

98

met Assay IV™; Perceptive Instruments Ltd., Suffolk,
UK) and a fluorescence microscope (X 200). Comet
parameters were measured with regard to tail length and
the DNA-percentage (% DNA) in the tail in 100 comets
for each sample (tissue type/animal). ‘‘Hedgehogs,”’
defined as heavily damaged cells whose microscopic im-
age consists of small or non-existent heads with large
and diffuse tails were excluded from the data collection;
however, the frequency of ‘‘hedgehogs’® was still deter-
mined separately in scoring 100 cells per sample.

Necropsy and histopathology: The thoracic-ab-
dominal cavities of the treated animals were examined
at necropsy. The right lung was fixed with 10% neutral
phosphate buffered formalin and processed by the stan-
dard method for paraffin embedding and hematoxylin
and eosin staining. Histopathological examination was
conducted on the right lung under a light microscope.

Statistical analysis: Statistical analyses were con-
ducted for comet assay parameters and body weight.
The negative control group and IONA groups were
compared using the multiple comparison test. With
regard to variation, homo- or heterogeneity was initially
determined using Bartlett test. One-way analysis was
then applied in cases of homogeneous variance and the
Kruskal-Wallis test for heterogeneous variance. If
statistical significance was detected, Dunnett’s multiple
comparison test was used. Negative and positive control
groups were compared by first examining the between-
group variance using the F test. Student’s 7-test was then
applied in cases of homogeneous variance and Aspin-
Welch’s t-test for heterogeneous variance.

Results

Concentration of exposed ions: Measured ions ac-
tually exposed to animals are shown in Table 1. Num-
bers of the counted ions in the IONA groups were ac-
tually higher than the nominal concentrations, and the
actual concentrations were comparable between pre-
and post-exposure in all IONA groups. Additionally,
the coefficient variance (C.V.) values were <20% in the
low-concentration group and < 10% in the middle- and
high-concentration groups. In contrast, no ions were de-
tected in the negative control groups for rats or mice.

Environmental housing conditions during whole-
body inhalation: In the rat and mouse experiments
during whole-body inhalation, actual room tempera-
tures were approximately 24°C and relative humidity
ranged from 40% to 50%. Measured oxygen concentra-
tions were around 21%.

Clinical observations and body weights: Clinical
signs in all animals were checked on Day 3 before
sacrifice, and no abnormal clinical signs were observed
in rats and mice. The initial mean body weights in the
examination groups ranged from 327-336g and
35.9-36.7 g in rats and mice, respectively. On the day of
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Table 1. Concentration of cluster ions exposed by whole-body inhalation to rats and mice
Rats Mice
Group NomAir.lal conc, Type of Pre-exposure Post-exposure Pre-exposure Post-exposure
(X 10" ions/cm”) ion
Actual conc.* C.V. Actual conc.* C.V. Actual conc.* C.V. Actual conc.* C.V.
(MeanS.D.) (%) (Mean+S.D.) (%) (Mean+S.D.) (%) (Mean+S.D.) (%)
Negative control 0 Positive 0 — 0 — 0 — 0 —
Negative 0 — 0 — 0 — 0 —
Low conc. 100 Positive 137+21 15 144 £22 15 137+21 15 171+17 10
Negative 147+ 0 0 172+£27 16 163 +25 15 196 +31 16
Middle conc. 500 Positive 554+£22 4 547 +21 4 581+31 5 547 £21 4
Negative 572+40 7 58048 8 57251 9 580+37 6
High conc. 700 Positive 745+ 17 2 738+52 7 745+ 17 2 745+17 2
Negative 760 +27 4 751+40 5 743 +20 3 743 +£20 3

*Mean concentration calculated from 6 measurement-points (Unit of the actual concentration is “ X 10* ions/cm*”). C.V.: Coefficient variation.

Table 2. Results of comet assay in rats; lung and blood
Lung Blood
Group NomAinal conc,
(X 10" ions/cm”) Tail length . . Frequency of Tail length . . Frequency of
(um) % DNA in tail hedgehog (%) (um) % DNA in tail hedgehog (%)
Negative control 0 19.63+1.95 4.71+£0.46 0.0-0.0 5.79+1.50 0.77+0.16 0.0-0.0
Low conc. 100 16.77+1.03 4.12+0.42 0.0-1.0 6.24+1.77 0.79+0.20 0.0-1.0
Middle conc. 500 17.75+0.25 4.57+0.80 0.0-2.0 5.75+0.70 0.82+0.15 0.0-0.0
High conc. 700 17.90+1.17 4.23+1.07 0.0-1.0 5.60+1.47 0.93+0.38 0.0-1.0
Positive control (20()Ellr\1/lgs/kg) 47.37+2.83 25.12+2.24 0.0-1.0 42.42+2.71 19.34+0.97 5.0-10.0
Table 3. Results of comet assay in mice; lung and blood
Lung Blood

Nominal conc.

Group (x10*ions/cm?)

Tail length

% DNA in tail

Frequency of Tail length Frequency of

% DNA in tail

(um) hedgehog (%) (um) hedgehog (%)
Negative control 0 14.45+2.16 3.46+0.51 0.0-1.0 10.01+1.50 0.69+0.23 0.0-0.0
Low conc. 100 13.29+2.26 2.51+0.81 0.0-0.0 10.02+ 1.61 0.74%0.11 0.0-0.0
Middle conc. 500 14.02+2.36 2.63+0.52 0.0-0.0 11.09+1.82 0.69%0.21 0.0-0.0
High conc. 700 13.67+3.09 3.30+0.99 0.0-0.0 11.24+1.68 0.89+0.17 0.0-1.0
Positive control (ZO(Frlr\l/Igs/k o 3627545 12.81%1.29 0.0-3.0 34.02£1.66  14.74%3.06 0.0-3.0

sacrifice, the mean body weights in the negative control
and the IONA exposure groups were in the ranges of
338-343 g and 35.6-37.0 g, respectively. No exposure-
related changes were observed in the mean body weights
of any IONA groups of rats and mice. However, in the
positive control group of rats, the mean body weight
decreased during the experimental period and was sig-
nificantly lower than in the negative control group be-
fore sacrifice (the mean body weight: 287 g), whereas
the change was not observed in the positive control
group of mice (the mean body weight: 36.6 g).

Comet assay: Analytical results of the lung and
blood comet assays in rats are shown in Table 2, while
results in mice are shown in Table 3. Additionally, the
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results for the lung assays in rats and mice are also
shown in Fig. 2. Of the comet, tail length and % DNA
in tail in the lung cells of negative control group of rats
were 19.63+1.95 um and 4.71+0.46, respectively, and
those of mice were 14.45+2.16 um and 3.46+0.51. No
significant differences in both of the comet parameters
were observed between the IONA groups and the nega-
tive control group in the lung cells of rats and mice.
Negative results were also obtained in the blood cells of
rats and mice. Frequencies of hedgehogs scored in rats
and mice are shown in Tables 2 and 3, respectively,
ranging from 0% to 2% in all of the samples including
lung cell and blood cells of the IONA exposed and nega-
tive control groups of both species. This finding there-
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Histogram of the lung comet assay on Plasma Cluster Ions. The lung cells were collected from rats (A and B) and mice (C and D). The dis-

tributions of the figures are shown using the data obtained from 500 cells/group (100 cells/animal X 5 animals). (N): Negative control group at 0
ions/cm3; (H): High concentration group at 700 X 10% ions/cm?; (E): EMS-treated group at 200 mg/kg/day.

Fig. 3. Histopathological photographs of lung/bronchus in rats (A-1 to A-3) and mice (B-1 to B-3). (A-1) and (B-1): Negative control group at 0
ions/cm3; (A-2) and (B-2): High concentration at 700 X 104 ions/cm3; (A-3) and (B-3): EMS-treated group at 200 mg/kg/day. No abnormal find-

ings were detected in any groups.

fore indicates that IONA had no cytotoxic effects on the
lungs or blood.

In contrast, EMS induced clear positive results in
both of the comet parameters, tail length and % DNA
in tail, of lung cells and blood cells of rats and mice. The
frequency of hedgehogs was increased in the blood cells
of rats, but not in the lungs of rats and mice or blood of
mice, indicating that EMS was slightly cytotoxic to the
blood cells of rats.

Histopathology: No abnormalities were observed
in the histopathological examination of the lung of rats

or mice in any of control or experimental groups (Fig.
3).

Discussion

In this investigation, rats and mice were exposed to
air containing ions generated by electric discharge
devices (1,2) at the high concentration atmosphere by
whole-body inhalation. The concentrations of IONA
were measured with ion-counters commonly used for
the environmental assessment, and it was confirmed that
the positive- and negative-ion concentrations were ap-
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proximately 100-700 x 10*ions/cm?®. It was reported
that no other ions than intended were generated from
the same electric discharge devices for the air cleaners
(2). When the devices are working in operation, the ion-
counter shows a high ion-count, but when the devices
are not, the ion-counter indicates zero. Thus, the air ex-
posed to the animals in this investigation was defined as
‘“‘ionized air (IONA)”’. The results of ion count indicat-
ed that the animals in the present examination were suc-
cessfully and stably exposed to uniform ions via the
whole-body inhalation (Table 1). The housing condi-
tions during the whole-body inhalation exposure were
considered appropriate for the animals, and the en-
vironmental housing conditions during the exposure
were considered not to have had any adverse effects on
the experimental results.

Blood comet assays are nearly completely devoid of
non-specific factors or artifacts in tissue sampling or sin-
gle cell preparation procedures, because blood is usually
collected directly from the vein and simply diluted with
mincing buffer to prepare single cells. Therefore, we
performed comet assay in the lung where cells directly
first contact to the IONA and blood cells where inter-
vening of the non-specific factor can be excluded. We
detected no DNA damaging activity of IONA in the
lung cells of rats and mice and also in blood cells of rats
and mice. Frequencies of hedgehogs in the negative con-
trol group for the lung comet assays in rats and mice
were comparable to those in the blood comet assays,
and they did not increase by exposure to IONA, indicat-
ing that IONA did not show cytotoxic effects in the lung
cells and blood cells of rats and mice (Tables 2 and 3).
Further, no inhalation-related abnormalities were de-
tected by the histopathological examination of the lung
tissues of rats and mice (Fig. 3).

As for comet parameters in the lung cells and blood
cells of negative controls, the values obtained were
different between these tissues; tail length were 19.63 =
1.95 um and 5.79£1.50 um, and % DNA in tail were
4.71£0.46 and 0.77 £0.16, in lung cells and blood cells,
respectively. Although the values obtained in these two
tissues were relatively different, variation coefficients of
the parameters in the lung cells were less than 10% in
rats. Similar results were obtained in mice, and the vari-
ation coefficients of the comet parameters were less than
15% in the lung cells. On a separate note, it was admit-
ted that some blood may have contaminated the lung
samples; however, based on the low variation
coefficient, it was ascertained that this possibility does
not merit extensive consideration.

It was also considered that the procedures for tissue
sampling and single cell preparation had no adverse
effects on the results of the lung comet assay. The lung
comet assays in rats and mice in the negative control
groups showed approximately 4-5% DNA in the tail (T-
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ables 2 and 3). According to the standard protocol (Ver-
sion 14.2), the negative control values for average %
DNA in tails should be 1-8% and 1-20% in the liver
and glandular stomach, respectively. Values in the liver
and stomach are typically around 1-2% and 10% at the
test facility, respectively. However, we maintain that the
values of 3-5% obtained from the negative control
groups in the present study were reasonable given the
tissue characteristics of the lung compared to the liver;
substantial organ and glandular stomach using mucous
membrane.

These results from the negative and positive control
groups underscored that the validity of this examina-
tion.

Airborne particles such as molds and bacteria are as-
sumed to be inactivated by radicals generated on com-
bining positive and negative cluster ions at the surface
of the particles (3). The concentrations of ions usually
used in air cleaners range 0.5-2.0 X 10*ions/cm?. The
radicals become extinct at the moment these radicals
collide with something such as an airborne particle pos-
sibly preventing them from entering the animal body,
including humans. The negative results obtained in the
present study were therefore expected.

A potential limitation of the present study was the
fact that the positive control was administered by oral
gavage and not inhalation exposure. Achieving ex-
posure by a route similar to that of the test compound,
inhalation exposure or intratracheal route is an issue
that must be addressed in future studies.

Given the results of this lung comet assay in rats and
mice exposed by whole-body inhalation, it was deter-
mined that IONA had no effects on clinical signs, body
weight or histopathological examination results under
the conditions employed in the present study; using the
concentrations 350- to 1400-fold higher than concentra-
tions usually applied to humans (700 X 10* ions/cm? vs.
0.5-2.0x 10*ions/cm®). It was reported that the life
span of the generated ions is approximately 5 sec (2);
however it is unknown whether the cluster ions directly
reach the lung of exposed animals.

It was concluded that under the conditions employed,
IONA showed no DNA damaging potential in the lungs
of rats and mice.
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