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ABSTRACT — Arsine (AsH,) is used in many industries, but there is insufficient knowledge about
the potential for percutaneous absorption. In order to examine possible percutaneous absorption of ars-
ine, we conducted inhalation studies. Arsine was generated by reducing arsenic trioxide with NaBH,.
Male 5-week-old Hos:HR-1 hairless mice were subjected to a single percutaneous exposure or whole-
body inhalation exposure of ca. 300 ppm arsine for 5 min. The examination was performed 0-6 hr after
the exposure. Total arsenic in whole blood and hematocrit (Ht) values were measured. Generation of an
arsenic—hemoglobin (As-Hb) adduct in the blood was detected using high-performance liquid chromatog-
raphy with an inductively coupled plasma mass spectrometer (HPLC-ICP-MS). Ht values in the inhala-
tion group significantly decreased after 3 hr, but those in the percutaneous exposure group did not. Total
arsenic in the inhalation group was 9.0-14.2 mg/l, which was significantly higher than that in the per-
cutaneous group. The As-Hb adduct was detected only in mice in the inhalation group. Histopatholog-
ical changes were noted only in the inhalation group, with marked deposition of eosinophilic globules
in the proximal convoluted tubules of the kidneys, the Kupffer cells of the liver, and the red pulp in the
spleen, but not in the lungs. Immunohistochemically, these eosinophilic globules were stained positive-
ly by hemoglobin (Hb) antibody. In the present study, arsine-induced hemolysis and deposition of Hb
occurred in the kidney via the inhalation route but not via percutaneous exposure. The presence of As-Hb
adduct may be a useful indicator for confirming arsine poisoning.

Key words: Arsine, Whole-body inhalation, Percutaneous exposure, Hairless mice,
Arsenic-hemoglobin adduct

INTRODUCTION

Arsine (AsH,) is a gas used in organic synthesis and
in the semiconductor industry for epitaxial growth of gal-
lium-arsenide (GaAs) and as a dopant for silicon-based
electronic devices (ACGIH, 2007). Exposure to arsine is
possible from accidental release of the gas during these

manufacturing processes. It can also be accidentally gen-
erated from arsenic-containing substances, such as wastes
from metal/mining and recycling of GaAs semiconduc-
tors (ACGIH, 2007). In one such recycling factory, acute
poisoning occurred as described in our previous report
(Yoshimura et al., 2011). In that instance, percutaneous
absorption was suggested because the victim wore a gas
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respirator.

Of the several hundred cases of arsine exposure record-
ed, 25% were fatal (Fowler and Weissberg, 1974). The
main cause of death in humans is kidney damage due to
hemolysis after inhalation. Levvy (Levvy, 1947) speculat-
ed that the high toxicity of arsine at higher concentrations
may be due to the action of unreacted arsine gas on vital
organs. However, in animal experiments, no kidney dam-
age was reported after a single arsine exposure, although
spleen damage was reported (Blair ez al., 1990).

Although many poisoning cases have been report-
ed, there is no information about whether poisoning can
occur through percutaneous absorption (ACGIH, 2007).
Furthermore, human metabolites in urine and blood after
inhalation of arsine (Apostoli et al., 1997, Yoshimura et
al., 2011) are the same as the metabolites found in inor-
ganic arsenic exposure. Thus, the effects of inorgan-
ic arsenic toxicity should be considered in chronic arsine
exposure.

An in vitro study on the dermal uptake of arsenic
compounds, inorganic arsenic, arsenosugars, and their
metabolites through human skin has been reported
(Ouypornkochagorn and Feldmann, 2010). The uptakes of
these substances from skin depend strongly on their chem-
ical forms (Ouypornkochagorn and Feldmann, 2010).
Arsine has high hydrophobicity in spite of its instabili-
ty in oxygen, so we presumed that it would be absorbed
efficiently through the skin. However, there are no useful
data about the transdermal absorbency of arsine.

An in vitro experiment indicated the possible forma-
tion of an unidentified arsenic-adduct from arsine-ex-
posed human blood samples (Higashikawa et al., 2008).
Although no data were available whether such an arsenic-
adduct could be produced in vivo, the formation of such
adducts could be a good indicator of arsine poisoning and
also lead to elucidation of the induction mechanism of
hemolysis by arsine, its main mode of toxicity. Thus, it is
necessary to measure the specific arsine metabolites such
as arsenic-hemoglobin (As-Hb) adduct in the blood.

Therefore, in order to determine whether arsine can be
absorbed percutaneously, we performed acute inhalation
studies at the level of almost human lethal dose of arsine
gas (ACGIH, 2007) consisting of whole-body inhalation
and transdermal exposure using hairless mice, whose skin
is in many ways similar to that of humans and is more
permeable than human skin (Hinz ef /., 1989). In addi-
tion, blood samples obtained from arsine-exposed hairless
mice were analyzed using high-performance liquid chro-
matography with inductively coupled plasma mass spec-
trometry (HPLC-ICP-MS) and spectrophotometry to veri-
fy the production of arsenic-adduct.

Vol. 39 No. 2

MATERIALS AND METHODS

Caution: Because arsine used in the present study is
highly toxic, it must be handled with extreme care.

Animals

Animal experiment protocols were approved by the
Ethical Committee of Nihon University (approval #:
AP11P042), and all experiments with animals were per-
formed in compliance with the Ethical Guidelines for
Animal Experiments of Nihon University.

We used 4-week-old male Hos:HR-1 hairless mice
(weight, 20-23 g), purchased from Sankyo Labo Service
Corporation (Tokyo, Japan). Each group consisted of
4 mice. The animals were acclimated under a 12-hr light/
dark cycle with free access to food and water under
Specific Pathogen Free conditions for one week. The mice
were placed in the exposure chamber with arsine gas for
5 min for the transdermal exposure route or for the whole-
body inhalation exposure route, under isoflurane anesthe-
sia.

Exposure to arsine

We handled the extremely toxic arsine with great care.
The inhalation exposure chamber was made from acryl-
ic resin with a volume of 2.5 | (Fig. 1A) and was able
to facilitate whole-body inhalation (Fig. 1B) and transder-
mal exposure (Fig. 1C). All trials were carried out in
the acrylic chamber located in a fume hood for chemi-
cal safety. Arsine gas was generated by the reduction of
arsenic trioxide with alkaline NaBH,. The arsine con-
centration was measured by a Kitagawa-type detec-
tor tube system, which consisted of an aspirating pump
(AP-20) and an arsine gas detector tube (140SA ARSINE,
measuring range: 10-320 ppm/50 ml air) from Komyo
Rikagaku Kogyo K.K. (Kanagawa, Japan). Prior to the
exposure experiment, the change of arsine concentra-
tion in the inhalation chamber was measured and a sta-
ble concentration persisted for almost 10 min. Therefore,
we chose a 5-min exposure. Actual arsine concentrations
during a single exposure were 320 ppm for whole-body
exposure and 300-320 ppm for transdermal exposure at
25°C. Immediately after the exposure, arsine in the acryl-
ic chamber was discharged by introducing argon gas and
was then oxidatively trapped into 0.1 M potassium per-
manganate.

Hematological changes

In order to observe hematological changes, degree of
hemolysis and changes in hematocrit (Ht) values were
targeted. We obtained murine blood from a tail vein at 0,
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(A) Schematic of arsine-generating system and exposure apparatus. (B) A mouse is set inside the chamber for whole-body

inhalation, and (C) the head of a mouse is set outside the chamber for transdermal exposure. During the exposure, the

mouse was maintained under isoflurane anesthesia.

3, and 6 hr after the end of a single exposure and assessed
it by using Ht capillary tubes.

Total arsenic concentration in whole blood
Each mouse was killed by exposure to isoflurane
6 hr after the end of a single exposure to arsine; the blood

sample was obtained transcardially by using a syringe.
Half of the blood sample taken was stored as whole blood
at -80°C until analysis.

For total arsenic measurement, 100 pl of whole blood
was diluted 10-fold with 0.1 M nitric acid (TAMAPURE
AA-100, Tama Chemicals, Kawasaki, Japan), depro-
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teinized with an Amicon Ultra filter (Ultracel 100 kDa,
Millipore, Billerica, MA, USA), and analyzed using an
ELAN DRC-II ICP-MS (PerkinElmer SCIEX, Concord,
Ontario, Canada). The instrument settings of the ICP-
MS were as follows: RF power 1300 W, argon plasma
gas flow 15 l/min, auxiliary flow 1.2 I/min, and nebulizer
flow 1.0 V/min. A coaxial-type nebulizer was used; skim-
mer and sample cones were platinum. ICP-MS detection
mass was set as m/z 75 ("3As*), m/z 77 (“Ar 3CIl*), m/z
82 (32Se*), and m/z 72 ("2Ge*). 2Ge* was used as an inter-
nal standard. According to the EPA Standard Methods
(EPA, 2009), signal intensity (counts per second, CPS)
of arsenic in blood samples was corrected by the follow-
ing equation in order to remove interference by chlorine
in the sample; arsenic CPS = 75CPS — 3.127 x [77CPS
— (0.815 x 82CPS)]. The accuracy of the analysis was
assessed using Seronorm™ Trace Elements Whole Blood
L-3 (Lot No: 0512627, Sero AS, Billingstad, Norway) as a
reference material.

Detection of As-Hb adduct

Half of the blood obtained from heart puncture was
centrifuged at 2,000 rpm for 10 min to separate the plas-
ma and blood cells and was then placed in a sealed plas-
tic tube and stored at -80°C in a freezer until analysis.
In order to detect As-Hb adduct, we used the blood cells
sample. Since the blood cells obtained from mice with
whole-body exposure were hemolytic, the supernatant
after centrifugation at 2,000 rpm for 10 min was used for
the As-Hb adduct analysis. The blood cells from control
mice and mice with transdermal exposure were added to
water and centrifuged at 2,000 rpm for 10 min to obtain
hemoglobin (Hb) solution. We performed spectrometric
analysis at 540 nm (a Q band absorption that is charac-
teristic of Hb) in addition to speciation analysis of arsenic
compounds by HPLC-ICP-MS. The proteins (including
Hb) in the supernatant were separated using an Agilent
1100 series HPLC (Agilent Technologies, Santa Clara,
CA, USA) by using a gel filtration column (Superdex™
75 10/300GL, GE Healthcare Bio-Sciences AB, Uppsala,
Sweden) under the following conditions: mobile phase, 10
mM CH,COONH, with 0.15 M NaCl at pH 7.2; flow rate,
0.5 ml/min; column temperature, 25°C; and injection vol-
ume, 100 pl. For Hb detection, absorbance at 540 nm was
measured using a visible wavelength detector, and arsenic
and iron were measured using an Agilent 7500a ICP-
MS (Agilent Technologies). The instrument conditions
for ICP-MS were as follows: RF power, 1400 W; plas-
ma argon gas flow rate, 15 I/min; carrier argon gas flow
rate, 0.9 1/min; make-up argon gas flow rate, 0.2 I/min.
A coaxial-type nebulizer, copper sampling cone, and nick-
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el skimmer cone were used. ICP-MS detection mass was
set as m/z 75 ("PAs*), m/z 57 (FFe*), m/z 35 (33Cl%), and
m/z 72 (2Ge*).

Histopathological examination

Livers, spleens, kidneys, and lungs of mice were fixed
in 10% neutral-buffered formalin and then paraffin-em-
bedded. Paraffin sections were stained using hematoxylin
and eosin (HE) for histological examination. Kidney sec-
tions were also stained with Berlin Blue for hemosider-
in. For immunohistochemical examination, the lung, liv-
er, kidney, and spleen sections were examined with rabbit
anti-mouse Hb antibody (MP Biomedicals Cappel, Solon,
OH, USA). Autoclave pretreatment was performed before
reactions with primary antibodies. Endogenous perox-
idase was inactivated using 1% H,O,, and non-specific
proteins were blocked with skim milk. Sections were then
incubated with the primary antibody overnight at 4°C at
a dilution of 1/100. Immunolocalization was performed
using the Histofine® Simple Stain (mouse MAX-PO [Rab-
bit]; Nichirei Biosciences, Inc., Tokyo, Japan) with 3,3'-
diaminobenzidine as the chromogen, and the sample was
counterstained with hematoxylin.

RESULTS

Hematological changes

Changes in Ht values after a single exposure to arsine
are described in Table 1. Ht values from mice that under-
went whole-body exposure to ca. 300 ppm arsine signifi-
cantly decreased to 15.8% and 8.3% after 3 hr and 6 hr,
respectively, and all blood was hemolyzed. Six hours after
a single transdermal exposure, on the other hand, neither
Ht value decrease nor blood hemolysis was observed.

Total arsenic concentrations in whole blood

The accuracy of the analytical procedure was tested
by analyzing Seronorm™ Trace Elements Whole Blood
L-3, which is certified as a reference for total arsenic. The
total arsenic concentration of the reference material was
24.95 + 0.45 pgf/l (n = 5) and the certified value was 25.0
pgf/l (95% confidence interval: 23.7-26.3 pg/l). Thus, the
arsenic concentration determined by the present ICP-MS
method was within the allowable range for certified val-
ues. :

The total arsenic concentration in the blood 6 hr after
the end of the exposure period is presented in Table 1.
Blood was not sampled from 2 mice that underwent
whole-body inhalation because they were near death at
the sampling time. The mean concentration of arsenic
in the blood after transdermal exposure was significant-
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Table 1. Changes in hematocrit (Ht) value and total arsenic concentration in the blood of hairless mice after single
exposure to arsine via whole-body inhalation or percutaneous-only route

Exposure Ht value (%) Total arsenic
Route of exposure Mouse No. Body(c\:\)'eight conc?xiration of after exposure coneentration i?ll‘;lood
° arsine (ppm) 0 hr 3hr 6 hr (mg/1y*

1 23 53 13 8 9.0
Whole-bod 2 22 320 50 13 7 ND
inhalation ’ 3 2 32 19 8 142
4 21 53 16 10 ND
Mean 22.0 52.0 15.8 8.3 11.6
5 23 320 55 51 49 0.9
6 23 300 49 50 50 0.9
Percutaneous-only 7 23 320 46 50 48 0.9
8 23 300 50 49 47 1.1
Mean 23.0 50.0 50.0 48.5 1.0
Control 9 19 56 49 52 2.0
10 22 50 54 34 1.0

ND: Not Determined

*The total arsenic concentration was analyzed in a blood sample taken 6 hr after the end of the exposure period.

ly lower than that after whole-body inhalation exposure,
similar to control values.

Detection of As-Hb adduct in blood

The combination HPLC-ICP-MS chromatogram
with absorbance at 540 nm is shown in Fig. 2. The
peak absorbance at 540 nm (found between 43 and 75
kDa) showed high abundance of Fe (m/z 57), consist-
ent with the 64.5 kDa mass of the Hb tetramer. In addi-
tion, the peak between 29 and 43 kDa is considered
to be the Hb dimer. Two arsenic peaks were detect-
ed in the elution position of Hb shown in the blood after
whole-body inhalation (Fig. 2B), but no arsenic peaks
were detected after transdermal exposure (Fig. 2C)
or for the control (Fig. 2A). The two arsenic peaks in the
samples obtained after whole-body inhalation disappeared
following filtration with a cut-off level of 10 kDa (data
not shown). These results showed that the arsenic coex-
isted with Hb.

Autopsy findings

Hematuria was evident in the bladders of mice exposed
to a single whole-body inhalation, but was not observed
in the mice with transdermal exposure. All mice in the
whole-body inhalation group had dark spleens. No gross
lesions were observed in the control mice or in any of the

mice exposed percutaneously.

Histopathological findings

Histopathological findings from the livers, kidneys,
spleens, and lungs of mice exposed to arsine gas by whole-
body inhalation and percutaneous-only route are shown in
Table 2. Exposure-related histopathological changes were
observed in the kidneys, livers, and spleens of the mice
exposed to arsine gas by the whole-body route. In the kid-
neys, marked depositions of eosinophilic globules were
noted in the proximal convoluted tubules of all mice in
the whole-body inhalation group (Fig. 3A-1). Numerous
eosinophilic globules appeared in the cytoplasm of tubu-
lar epithelium cells, and the cytoplasm of almost all prox-
imal convoluted tubules was filled with the eosinophilic
globules. The eosinophilic globules were stained strong-
ly with eosin and were round in shape. Their size var-
ied from smaller than erythrocytes to moderately bigger
than erythrocytes. In addition to the eosinophilic glob-
ules, eosinophilic casts were occasionally observed in the
lumen of the distal tubules and Henle’s loops in sever-
al mice that were exposed by the whole-body route, but
glomeruli appeared normal.

The eosinophilic globules were also observed in
the livers and spleens. In the livers, the eosinophilic
globules appeared in the cytoplasm of Kupffer cells

Vol. 39 No. 2
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(Fig. 3B-1). The eosinophilic globules were located with-
in the red pulp in the spleens (Fig. 3C-1). The eosinophilic
globules observed in the livers and spleens were stained
strongly with eosin, similar to those in the kidneys, and
were about 2-3 times larger than erythrocytes.
Immunohistochemically, the eosinophilic globules of
the kidneys, livers, and spleens showed a positive reac-
tion to the Hb antibody, indicating that Hb existed in the
eosinophilic globules (Fig. 4A). The eosinophilic casts

Vol. 39 No. 2

in the distal tubules and Henle’s loops were also positive
for Hb. However, the eosinophilic globules did not show
a positive reaction to Berlin Blue staining, revealing no
evidence of hemosiderin formation (data not shown).
Necrotic lesions were not observed in the kidneys, livers,
or spleens. Intravascular erythrocytic stain affinity was
weak, and the numbers of erythrocytes decreased in all
organs examined in the whole-body exposure group. In
the lungs of the whole-body exposure group, there were
no significant changes except for the erythrocyte change
in the blood vessels.

Neither exposure-related histopathological changes
nor eosinophilic globules were found in the organs of any
mice that were exposed percutaneously as well as control
mice.

DISCUSSION

These findings suggest for the first time that ars-
ine is not absorbed through the skin of mice. These
exposure levels are almost equal to human lethal
dose which is reported to be from 70 ppm to 300 ppm
(ACGIH, 2007). Dutkiewicz (1977) reported that arse-
nate was absorbed from rat skin and the rate was
1.14-33.1 pgrem2-hr'. In an in vitro study using human
skin, arsenite and dimethylarsinic acid were taken up
percutaneously at rates greater than a factor of 29 and
59 higher than that of arsenate (Ouypornkochagorn and
Feldmann, 2010). From these results, we speculated that
arsine gas could penetrate human skin. Since there was
no data whether arsine gas could be absorbed through
human skin, we examined the uptake of arsine through
human skin by using hairless mouse as a model, because
in this model, arsine gas is in direct contact with the skin
and permeability of mouse skin is higher than that of
human skin (Hinz et al., 1989). However, the result from
the present study did not show a toxic effect from ca.
300 ppm for a 5 min transdermal exposure to hair-
less mice, whereas whole-body inhalation caused severe
hemolysis even 3 hr after the end of exposure period, as
shown in Table 1.

The critical target system for arsine exposure is report-
ed to be the hematopoietic system, and the impairment of
renal function is correlated with the degree of intravascu-
lar hemolysis and death rate that the subjects experience
(ACGIH, 2007; IPCS, 2001). Our animal experiments
clearly expressed the severe typical effect on Ht values
from acute arsine exposure in mice after whole-body
inhalation at ca. 300 ppm for 5 min. We also observed
histopathological changes in organs, including the kid-
neys, spleens, and livers, caused by inhalation of ars-
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Fig. 3. Histopathological findings. Hematoxylin and eosin (HE) stain. A-1: Kidney of a mouse exposed to arsine gas by whole-
body inhalation. Eosinophilic globules in the cytoplasm of proximal convoluted tubules (arrows), and eosinophilic cast in
the lumen of the distal tubules (arrowheads). A-2: Kidney of a control mouse. B-1: Liver of a mouse exposed to arsine gas
by whole-body inhalation. Eosinophilic globules in the cytoplasm of Kupffer cells (arrows). B-2: Liver of a control mouse.
C-1: Spleen of a mouse exposed to arsine gas by whole-body inhalation. Eosinophilic globules in the red pulp (arrows).
C-2: Spleen of a control mouse. Bars indicate 50 pm.

Table 2. Histopathological findings in hairless mice exposed to arsine gas by whole-body or percutaneous-only route

Route of exposure Whole-body Percutaneous-only
No. of animals examined 4 4
Kidney NS
4
Eosinophilic globules: proximal convoluted tubules G4)
J
Eosinophilic casts: distal tubules )
(+~2+4)
; - 2
Eosinophilic casts: Henle’s loops )
Liver NS
Eosinophilic globules: Kupffer cell 4
» osinophilic globules: Kupffer cells (+~29)
Spleen NS
4
Eosinophilic globules: red pulp .
) (E€2)
Lung NS NS

Each value indicates the number of lesion-bearing mice.
The number in parentheses represents a grade of histopathological findings (+: slight; 2+: moderate; 3+: severe).
NS: No significant change in all animals.
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