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Hematological Effects of Chlorine Dioxide on /n
Vitro Exposure in Mouse, Rat and Human Blood and
on Subchronic Exposure in Mice
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Hematological effects of chlorine dioxide (C10,) and its metabolites were investigated. In vitro exposure
of mouse, rat and human blood cells to ClO, and the reduction by-product, chlorite (Cl1O,") resulted in the
formation of methemoglobin, a decrease in the activities of glucose-6-phosphate dehydrogenase (G-6-PD) and
glutathione peroxidase (GPX) and in the content of reduced glutathione (GSH), and an increase in hydrogen
peroxide (H,0,) formation and hemolysis. The H,O, formation and hemolysis induced by ClO, and ClO, ™ in
mouse blood cells were the highest among cells tested, and human blood cells were more resistant to the
oxidative stress than rat and mouse blood cells. Both compounds also showed more toxic responses to E. coli
mutants lacking production of catalase DSH19 (katEG), superoxide dismutase DSH56 (sodAB) and both of
them DSH67 (katEG sodAB) than the wild strain DSH7 by Kat-sod assay, as a biological detection method
for reactive oxygen species, suggesting the production of H,0, and superoxide anion. For subchronic study
of ClO,, mice received drinking water containing 100, 1000, 1500 or 2000 mg/1 ClO, in the presence of the
stabilizer, 1200 mg/l of sodium bicarbonate ad lbitum for 30, 60 or 90 days. Statistically significant
hematological changes were observed in animals exposed to more than 1000 mg/1 ClO,, which showed
augmented G-6-PD activity in erythrocytes and increased resistance to hemolysis in hypotonic solution. The
results of this study therefore indicate that ClO, acutely causes hematotoxicity toward mice by producing
reactive oxygen species and by weakening the protection systems to oxidative stress in erythrocytes,
although the latter may be induced by long term exposure, while humans appear to be more resistant to this

hematotoxicity.
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INTRODUCTION

It has been apparent that chlorine disinfec-
tion of drinking water containing trace organic
compounds sych as a naturally occurring humic
acids results in the formation of trihalomethanes—
principally chloroform.!® The most common tri-
halomethane (THM), chloroform, has been
shown in laboratory animal tests to induce he-
patocellular carcinomas and kidney epithelial
tumors in mice and rats, respectively.? Presently,
alternative disinfection methods are still being
actively explored as possible substitutes for
chlorination of potable water supplies. Chlorine
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dioxide (ClO,) disinfection is among the alterna-
tives being considered for adoption because ClO,
has far less tendency to generate THM during
the water treatment.? Indeed, Cl0, has been re-
ported to have some important advantages over
chlorine with respect to water quality and stabil-
ity as a post-disinfectant in the Dutch drinking
water system.” ClO, was recently proven to be
effective for medical use, for example for dialysis
monitor disinfection,® control of Legionella
pueumophila in hospital water systems,” human
immunodeficiency virus inactivation on waste
disposal,® etc.

ClO, dissolved in water is gradually convert-
ed to chlorite (C10,™) and chlorate (ClO,;~) under
neutral conditions. ClO;~ is further reduced to
chloride (Cl7). It is reported to undergo 48%
reduction to ClO,~, 229 to ClOs;~ and 28% to Cl-
within 42 h.? Studies in rats have revealed that
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ClO; is also converted to these reduction products
in the body following oral administration and
ClO, and its metabolites are eliminated into urine
more rapidly than chlorine® The reported
potential health hazards in animals exposed to
ClO, and its related compounds are the suppres-
sion of thyroid activity,'? reproductive effects!?
and hematological effects including methemog-
lobinemia."®**® I vitro toxicological experiments
utilizing rat blood treated with ClOQ, and its
metabolites have also shown alterations in
hematological parameters and induction of
oxidative stress.' However, no clinically signifi-
cant effects were detected in human healthy adult
volunteers following either acute!® or chronic!?
administration of ClO, and its by-products, and
even on glucose-6-phosphate dehydrogenase (G-6-
PD) deficient healthy volunteers who are likely to
develop hemolytic anemia by oxidative stress.'®
However, the blood from this potential high risk
group was shown to undergo methemoglobin
formation and a decrease in reduced glutathione
(GSH) level by in wvitro treatment of ClQ,~.1?
Thus, 2 vitro hematological assays may be more
precise for measuring the difference between
animals and humans in connection with suscepti-
bility to oxidative stress when ClO, is assessed as
a possible alternate disinfectant for drinking
water supplies. The present study was therefore
undertaken to develop i wvitro hematological
effects on mouse, rat and human blood exposed
to CIO, and its metabolites in comparison with
subchronic oral toxicity of ClO, in mice.

MATERIALS AND METHODS

Chemicﬁals—Fresh-prepared alkaline 0.5% ClO,
solutio#t containing 0.49% sodium bicarbonate
(NaHCOs) as a stabilizer was provided from Sukeg-
awa Chemical Co., Ltd. (Kobe, Japan). The concentra-
tion of ClO, was determined by iodometric method as
well as by the DPD method.2?® Sodium chlorite
(NaClO,) and sodium chlorate (NaClO;) were pur-
chased from Wako Pure Chemicals and Kanto Chemi-
cals, respectively.

Blood Cell Exposure and Hematological Assays —
Male SPF ddy mice (20—30 g, 5 weeks of age) and
male SPF Sprague-Dawley rats (120—180 g, 5 weeks
of age) were obtained from Japan SLC, Inc.,
Hamamatsu. The animals were maintained at 23 +
1 C, approximately 409 relative humidity, and a

light/dark cycle of 12 h. The animals had free access
to y-ray-irradiated pellet chow (NMF, Oriental Yeast
Co., Tokyo) and sterilized water for a week until a
day before sacrifice. Blood was collected in heparin-
ized tubes by cardiac puncture under anesthesia.
Human blood was taken from healthy male nonsmok-
ing volunteers with normal G-6-PD activity. Vessels
containing blood of each species were incubated at
37 C after the addition of C10,, NaClO, or N aClO; at
final concentrations of 25, 50, 100, 250 or 500 mg/1.
The addition of blood to hypotonic solution was
used to determine the osmotic fragility by measuring
the concentration of hemoglobin released in the solu-
tion by the method of Dacie.? Twenty ul of blood
sample was added to 2 ml of 0.1, 0.2, 0.3, 0.4, 0.5, 0.55,
0.6, 0.65, 0.75, and 0.99% NaCl solution, mixed gently
and then left for 30 min at room temperature. After
centrifugation at 500 X g for 10 min, the supernatant
was read at 545 nm. The osmotic fragility was plotted
as percent hemolysis against salt concentration and
estimated as percent hemolysis against the maximal
salt concentration showing 1009% hemolysis in the
control. Activities of G-6-PD,?? glutathione perox-
idase (GPX)® and GSH reductase,?¥ and GSH con-
tent® in erythrocytes were assayed, respectively.
Hydrogen peroxide (H,0,) formation and catalase
activity were determined based on the complex for-
mation of catalase and 3-amino-1,2,4—triazole:in the
presence of H,0, according to the method of Heffer-
nan ef al.*® Hemoglobin and methemoglobin contents
were determined spectrophotometrically.?”
Kat-sod Assay —— Kat-sod assay was carried out
with 4 strains of Escherichia coli DSHT (wild : F-,
lacY, w»psL, thil), catalase (CAT)-deficient DSH19
(katEG : DSHT but his, katE1, katG17 : Tnl0), super-
oxide dismutase (SOD)-deficient DSH56 (sodAB :
DSH7 but ¢ (sodA’-’lacZ) 49, ¢ (sodB’-’kan) 1A2) and
CAT-SOD-deficient DSH67 (katEGsodAB : DSHI19
but ¢ (sodA’-’lacZ) 49, ¢ (sodB’-’kan) 1A2).2® Ini brief,
each strain was cultured in LB medium at 37 °C to the
concentration of 1 to 3 X 102 cells/ml. Twenty ml of
LB-agar medium was poured into each plate, and a 10
mm i.d. hole was opened at the center after congela-
tion. The 4 strains of overnight culture were then
streaked radially from the center to make duplicate
or triplicate lines for each strain. After adding 100 g1
of a solution of the test chemical into each hole, the
plates were incubated for 12 h at 37 C, and the
lengths of growth inhibition were measured. Hydro-
gen peroxide (0.25 mol/l) and 8-hydroxy quinoline
(0.69 mol/1y show specifically cytotoxic responses in
DSH19 and DSH67, and DSH56 and DSH67, respec-
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tively, and were used as the positive controls.
Oxidative cell damage was judged as positive when
the mean difference between distance of growth inhi-
bition of the wild strain and the other strains (z=2)
was estimated to be more than 4-mm.
Subchronic Study Protocol —— Male SPF ddy mice
weighing 10—20 g (4 weeks of age) were allowed to
acclimate to laboratory conditions as above for a
week prior to initiation of exposures and were 5
weeks of age at the start of dosing and were random-
ly divided into groups of 10 animals each. Drinking
water containing various concentrations of ClO, and
1200 mg/1 NaHCO; (stabilizer of ClO,) in freshly
autoclave-treated tap water at the following levels:
Control (no addition of NaHCOs), 0, 100, 1000, 1500 or
2000 mg/1 ClO,. The animals received the drinking
water and pelleted basal diet ad Zbitum for 30, 60 and
90 consecutive days, with the water being changed
twice weekly. Animals were observed daily for any
overt sign of toxicity. Body weight and consumption
of food and water were measured twice weekly.
Blood was collected from the abdominal aorta of
animals under pentobarbital anesthesia at the termi-
nation of the study and used for hematological assays.
Osmotic fragility was assayed in the same manner as

50 ~ (A) Mouse 90 - (B) Rat

)V4

Methemoglobin formation (%)

the in vitro assay. Organ weight measurement and
histopathological examinations were also performed
at the termination of the study. Serum clinical chem-
istry measurements were made for aspartate
aminotransferase (AST), alanine aminotransferase
(ALT), lactate dehydrogenase (LDH), G-6-PD, GSH,
albumin, total protein, hemoglobin, methemoglobin,
serum iron, bilirubin and urea nitrogen (BUN), uric
acid, creatine, and creatinine.

Statistical comparisons between control and
exposed groups were evaluated by a one-way analysis
of variance (ANOVA). Group means were compared
with control values uéing Dunnett’s multiple compari-
son test.?” The 959% (p<0.05) confidence level was
chosen as the criterion of significance.

RESULTS AND DISCUSSION

Interspecies Susceptibility to Hematological
Parameters

Considerable information has been ac-
cumulated on the hematological effects of ClO,
and its metabolites in particularly animal studies.
However, It is still important to investigate dif-

90

(C) Human
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Fig. 1. Methemoglobin Formation by Exposure of Mouse (A), Rat (B) and Human Blood Cells (C) to ClO, and its

Metabolites

Blood cells were incubated for 1 h at 37 ‘C with various concentrations of ClO, (O), NaClO, (@) or NaClO; (A). Another disinfectant, NaClO
(A) and the potent methemoglobinemia-inducer, NaNO, (V) were also examined for the comparison (dotted line).
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ferences between species susceptibility to these
oxidative stressors for the assessment of human
health effects. In this respect, methemoglobin
formation may be one of the best indicators as a
measure of the difference in the interspecies sus-
ceptibility to oxidative stressors, as described in
the Introduction. As shown in Fig.1, in vitro
exposure of mouse, rat and human blood cells to
oxidative stressors resulted in the formation of
methemoglobin with Cl0, and NaClO,, as well as
with NaNO,, a potent methemoglobinemia-
inducer. The potential of these agents was obser-
ved most significantly in mouse erythrocytes.
However, no formation of methemoglobin by
NaClO; was observed even in mouse eryth-
rocytes, and sodium hypochlorite (NaClO) as
another disinfectant was also less likely to induce
methemoglobinemia. This result indicates that
the hematological effects induced by ClO, are
predominantly due to ClO, itself and the one
electron-reduction metabolite, ClO,~. Further
hematological parameters were therefore as-
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Fig. 2. Effect of ClO, and NaClO, on G-6-PD (A, B) and
GPX Activities (C, D), and GSH Content (E, F) in
Mouse, Rat and Human Blood Cells

Blood cells from mouse (O, @), rat (CJ, M) and human (O, 4)
were incubated for 1 h at 37 C with various concentrations of ClO,
(opened symbol) or NaClO, (closed symbol).

sayed by comparison of both compounds. Figure
2 shows that both compounds cause a decrease in
activities of G-6-PD and GPX and GSH content in
mouse and rat blood cells, while these effects
were lowest in human blood cells. The H,O,
formation and hemolysis by ClO, and NaClO,
were also most significant in mouse blood cells,
and human blood cells were more resistant to this
oxidative stress than rat and mouse (Fig. 3). Both
compounds did not affect osmotic fragility (data
not shown), although these agents are reported to
enhance resistance to hemolysis.!® As GSH
reductase and catalase activities were also not
affected by these oxidative stressors (data not
shown), the elevation of H,0, level seems to be
related to decline of GPX activity and GSH
content, and insufficient supplementation of
NADPH by the lowered G-6-PD activity. How-
e'Ver, the mechanism to generate H,0, by either
ClO, or ClO,~ is unclear at the present, although
a novel mechanism of hydroxyl radical genera-
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Fig. 3. Hydrogen Peroxide Formation and Hemolysis in
Mouse, Rat and Human Blood Cells Exposed to
ClO, and NaClO,

Blood cells from mouse (O, @), rat ((J, M) and human (>, ¢)
were incubated for 1 h at 37 C with various concentrations of ClO,
(opened symbol) or NaClO, (closed symbol). Relative H,0, formation
was estimated as percent inhibition of catalase activity in proportion
to H,O, level. Hemolysis represents percent hemoglobin released in
isotonic salt solution.
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Fig. 4. Oxidative Cell Damage of ClO, and NaClO, with and without Cysteine by Kat-sod Assay
[_1: DSH7 (Wild),[//): DSH19 (katEG, catalase-deficient), BXR: DSH56 (sodAB, SOD-deficient), [lll: DSH67 (katEGsodAB, catalase

and SOD-deficient).

tion via singlet oxygen by NaClO, and lactic acid
has been proposed.*® Another possibility for
reactive oxygen production is reported to be due
to interaction of the oxidant-induced methemog-
lobin with intracellular reducing agents such as
ascorbic acid.®® The feature of this mechanism is
the requirement of heme iron, based on the
Fenton-like reaction.

Figure 4 shows the oxidative cytotoxicity of
ClO, and NaClO, in oxygen radical scavenger
enzyme-deficient E. coli mutants by Kat-sod
assay, as a biological detection method for
reactive oxygen production. Both compounds
showed more toxic response to E. coli mutants
lacking producibility of catalase DSH19 (katEG),
superoxide dismutase DSH56 (sodAB) and both
of them DSH67 (katEG sodAB) than the wild
strain DSH7, suggesting the generation of several
reactive oxygen species. By the addition of
cysteine, cytotoxic responses of both compounds
were suppressed in all strains. This result sug-
gests that Cl0O, and ClO,~ directly generate some
oxygen radicals without the requirement of heme

iron.

The results of the in vitro study therefore
indicate that mouse blood is most susceptible to
oxidative stress by acute exposure to ClO;, which
produces reactive oxygen species and weakens
the antioxidant systems, and human blood was
most resistant to it.

Subchronic Hematological Effects of CIO, in
Mice

As mouse seemed to be more susceptible to
the hematotoxicity of ClO, following oral admin-
istration, a subchronic study of ClO, in mice was
conducted. Mice received drinking water contain-
ing 100, 1000, 1500 or 2000 mg/l ClO, in the
presence of the stabilizer, 1200 mg/! of sodium
bicarbonate ad libitum for 30, 60 or 90 days. More
than 1000 mg/1 ClO,-exposed groups showed a
significant decrease in rate of mean body weight
gain, as well as depressed consumption of food
and water (data not shown). The average daily
intake of ClO, estimated from the water con-
sumption was 0.16, 1.00, 1.19 and 0.77 mg/animal/
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d for the 100, 1000, 1500 and 2000 mg/] treatment
group, respectively. Ten of the 30 mice exposed
to 1500 mg/l1 CIO, and 26 of the 30 animals
exposed to 2000 mg/1 CIO, died before the 60 d-
and 30 d-terminal euthanasia, respectively. These
mice were characterized by a lack of motile
activity, dysbasia and hyposthenia with extreme-
ly reduced consumption of food ahd water prior
to death. Although darkish red eyes and
cyanosis-like spots in the tail were also observed
in the surviving animals of the 1500 and 2000 mg/1
treatment groups, no apparent changes were seen
in the 100 and 1000 mg/1 groups. Significant
increases in absolute weight of organ and organ-
to-body weight ratio were observed in spleen for
the 1000 mg/1 group at 60 d and 90d and the 1500
mg/] group at 60 d, suggesting hematological
effects related to Cl0, exposure (data not shown).
However, histopathological examinations did not
reveal exposure-related changes in either the
liver, kidneys, spleen, lung, heart, pancreas, stom-
ach, duodenum or testes.

Hematological examinations resulted in no
apparent effects related to ClO,-exposure on
AST, ALT, LDH, GSH, albumin, total protein,
serum iron, bilirubin, BUN, uric acid, creatine
and creatinine. As shown in Table 1, however, a
significant increase in methemoglobin was obser-
ved in animals exposed to 1000 mg/1 Cl1O, for 90
d and 1500 mg/1 ClO, for 60 d, whereas a decrease
in hemoglobin was shown conversely. Contrary
to the results of the in vitro hematological

assays, the exposure to more than 1000 mg /1
ClO, caused augmentation of G-6-PD activity and
a lowering of osmotic fragility in erythrocytes.
Osmotic fragility is related to the stability of the
erythrocyte membrane and this change by sub-
chronic exposure to ClO, indicates an increased
resistance to hemolysis in hypotonic solution.
The G-6-PD supplies NADPH which is used as a
cofactor for reduction of oxidized glutathione by
GSH reductase. Exogenous GSH and NADPH
also stabilize erythrocyte membrane and protect
hemoglobin from release to the hypotonic solu-
tion (data not shown). These results therefore
indicate that the antioxidant systems in mouse
erythrocytes may be induced by long term expo-
sure to ClO,, although mouse blood was most
susceptible to oxidative stress by iz vitro acute
exposure.

In conclusion, these findings demonstrate
that although ClO; acutely causes hematotoxicity
toward mice by producing reactive oxygen
species and by Weakeniﬁg the protection systems
to oxidative stress in ‘erythrocytes, humans
appear to be more resistant to this hematotox-
icity. In this subchronic oral toxicity study in
mice, the no-observed-adverse effect level
(NOAEL) seems to be obtained when at least 100
mg/1 ClO,-containing drinking water was given.
Considering the genotoxicity®® and car-
cinogenicity,®* as well as the interspecies suscep-
tibility to oxidative stress and the assumed
NOAEL, human health effects from Cl0, may be

Table1. Hematological Changes in Mice Received ClO,-Containing Drinking Water for 30, 60 and 90 Consecutive

Days®
Parameter measured Interval Control NaHCO, CI0x (me/D
on test (d) 100 1000 1500 2000
Hemoglobin (g/dl) 30 11.34£1.37 13.42%0.26 12.59+1.06 12.04+0.47 10.02£1.02 7.12
60 12.92+0.50 12.931+0.51 11.52+1.86 9.2120.85%*++ 10.110.05%*++ -
90 13.10%0.72 12.92+1.50 13.0340.45 11.50£+0.80 - -
Methemoglobin (g/dl) 30 0.17£0.05 0.44%0.37 0.274+0.06  0.47£0.21 0.42£0.13 0.14
60 0.14+0.03 0.160.01 0.17£0.03  0.22£0.09 0.58 £0.16%* -
90 0.23+0.12 0.26+0.04 0.34£0.02  0.440.04*+ - -
Osmotic fragility (%)® 30 100.0 100.0 88.7 52.8 46.7 27.5
60 100.0 100.0 78.2 63.0 49.3 -
90 100.0 100.0 83.0 57.8 - -
G-6-PD (units/g Hb) 30 594+1.63 6.47+0.89 6.8910.78  9.55+1.12 13.02£0.43%+ 18.73
60 5.53+2.08 6.26 £0.96 7.59+2.49  10.60+3.04 12.64£1.19%+ -
90 7.07+1.36 4.96+1.96 5.83+1.69 13.51+£2.83*++ — —

a) Data are shown as the mean+S.D. for 3 samples which were made by mixing equally blood from 3—4 mice, with statistically significant differences
compared to the control group at p<0.05 (*), p<0.01 (**), and NaHCO, group at p<0.05 (*), p<0.01 (**). —: Not determined for the necrosis.
b) Values represent percent hemolysis of control group.
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at least the same as chlorine. As ClO, has some
important advantages over chlorine with respect
to water quality and stability when used for
disinfection of drinking water,® this disinfectant
should be taken into account for application to
water oxidation/disinfection.
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