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Abstract

This review details the known health effects of arsine as well as the existing theories on the mechanism by which arsine exerts
its toxic effect and conditions of occupational exposure to this gas. Exposure to arsine in occupational settings occurs mostly
in the chemical and metallurgical industries when nascent hydrogen reacts with metallic arsenic or arsenic compounds. The
available data indicate that in these branches of industry arsine is often a cause of unexpected serious poisoning. The gas
affects primarily blood and kidneys. Acute arsine poisoning is known to result in massive damage to red blood cells through
the oxidative mechanism, probably by the formation of hydrogen peroxide and adducts with oxyhemoglobin. According to
another hypothesis, arsine acts on sodium-potassium pomp mechanism, producing subsequent red blood cell swelling and
hemolysis. Rapid hemolysis may lead to oliguric renal failure and death. Symptoms of chronic poisoning are similar to those
observed in acute poisoning. The main difference is a longer latency period. Late effects of chronic exposure to low levels

of arsine have not yet been precisely identified.
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INTRODUCTION

Arsine (AsH,) (CAS No 7784-42-1) does not occur in the
natural environment. It is produced by man (intentionally
or accidentally) or by microorganisms.

Arsine was first obtained by Scheele in 1775. It is now pro-
duced commercially either by the reaction between alu-
minum arsenide and water or hydrochloric acid, or by the
electrochemical reduction of arsenic compounds in acid
solution [1]. AsH, is highly poisonous, nonirritating, and
colorless with a mild garlic-like odor, which is not specific as
it is characteristic of the majority of arsenical compounds.
The absolute threshold for detection of arsine odor by smell
is 3 mg/m* [2]. Since arsine exhibits toxicity at concentra-
tions far below those at which its smell is detectable, there
is no odor warning if toxic concentrations occur.

This gas is extensively used in the semiconductor industry
and manufacture of light emitting diodes. During World
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War I1, arsine was studied as a chemical warfare agent, but
never used on the battlefield.

Little attention has been given to arsine despite its exten-
sive use and the risk of its unintended formation during
many chemical and metallurgical processes, and there is
no specific study of its mutagenicity and carcinogenicity.

SOURCES OF EXPOSURE

The presence of arsine in workplaces occurs mostly due to
its accidental formation as a by-product during industrial
processes, particularly in the chemical and metallurgical
industries, and arsine itself is used to a lesser extent mainly
in the semiconductor industry as a doping agent.

In nature, exposure to arsine can occur as a result of the
fungi-induced biotransformation of arsenic compounds,
such as arsenites and arsenates.
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It is reported that arsine poisoning occurs most frequently
during smelting and refining of metals, but also during gal-
vanization and burnishing, blackening of zinc/aluminum,
etching, plating, and other operations.

Arsine gas is emitted whenever nascent (freshly formed)
hydrogen is generated in the presence of arsenic, or when
water reacts with a metallic arsenide. Most cases of indus-
trial poisoning with arsine have been associated with the

use of acids and crude metals, which contained arsenic
in a form of impurity. The action of water, air moisture
and rain water on hot metallic dross contaminated with
arsenic may lead to arsine formation. The gas can also
be produced by the hydrolysis of arsenides with acid or
water. Arsenic impurities contained in coal may be trans-
formed to arsine during the processes of coal conversion
to gas.

Table 1. Examples derived from the literature showing possible scenarios of human exposure to arsine [3]

Place of exposure

Scenarios of exposure

References

Chemical plant, where
herbicide was produced

by reaction of methyl chloride
with sodium arsenite

An aluminum ladder was by mistake substituted for the usually used wooden ladder to place into [4]
the tank containing aqueous sodium arsenite. The aluminum ladder caused evolution of nascent

hydrogen. The three ingredients necessary for the evolution of arsine gas were present in the tank:

arsenic, nascent hydrogen, and aluminum.

The workers saw “bubbling” at the foot of the ladder.

Copper smelting and

A galvanized bucket was accidentally used instead of a plastic one to transfer a sulphuric acid solution 5]

refinery containing both arsenic and antimony. Arsine was released when sulfuric acid solution got in touch
with galvanized pail.
Bronzing process During the technological process of bronze plating, the alloy containing zinc was by mistake placed [6]

into the bronzing solution (instead of brass), which contained arsenic and ferric chlorides in the

concentrated hydrochloric acid.

The presence of zinc in this solution caused formation of arsine.

Transmission repair Aluminum transmission casings of trucks used for arsenical herbicide application were cleaned in a 7
shop hot acidic detergent bath. Since some remains of the pesticides were deposited on the casings, their

contact with the acidic detergent caused rapid evolution of arsine gas.
Artist workshop Artists working on the restoration of a famous painting were arsine poisoned. Arsine was generated (8]

as a result of the reaction between nascent hydrogen and small amount of arsenic contained in surface

material of painting.

Ferrous metal foundry

Arsine was released when hot dross, containing arsenical impurity, was coated with water. [9]

Small zinc-tin alloy components were treated with solution containing hydrochloric acid and arsenous ~ [10]

Burnishing of metals anhydride. Arsenic was reduced to arsine in the presence of nascent hydrogen in an acid environment.
Blackening of zinc/alumi . . . . - . 11
ackening of zinc/aluminum Arsine was generated during treatment of zinc/aluminum alloy with acid solution. (1]

alloy parts
Soil contained Arsine was generated from arsenic compounds present in soil as a result of its biotransformation [12]
arsenic compounds induced by fungi or bacteria (Alcaligenes and Pseudomonas). The authors concluded that the reduction

of arsenic compounds to arsine is the primary mechanism for gaseous loss of arsenicals from solid.
Transistor industry Arsine leaking during its delivery to a semiconductor division. [13]

i i . L . . 14

?ﬁécj;:}l/emomc Arsine may be released during its manufacture of semiconductor and its storage. [14]
Microelectronic Arsine is formed during reaction of gallium arsenide with concentrated acid. [15,16,17]
industry
Lead acid battery industry Arsine may be generated by the reaction of battery acid with lead-arsenic alloy. [18]

When wallpapers decorated with green arsenical pigments are used in damp houses, moulds growing [19]
Damp houses . . L . . e

on the paper cause the formation of compounds including trimethylarsine, and possibly arsine itself.

. Arsine was generated from polyvinyl chloride covered cot mattresses. It was suggested that fungus [20,21]

Home circumstances, cot o o . s . .
mattresses Scopulariopsis brevicauli caused conversion of 10, 10’xybisphenoxyarsine (used as a preservative) to

arsine gas.

At least 50% of all cot deaths in New Zealand occur when babies are sleeping on sheepskins. [22]

Home circumstances, cot
mattresses

Trimethylarsine and possibly arsine itself are generated by fungal action on arsenic compounds

contained in sheepskins and other cot mattresses.

[JOMEH 2006;19(1)
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Gas intoxications are frequently unexpected since very
small amounts of arsenic impurity can result in a danger-
ous emission of arsine (Table 1).

HEALTH EFFECTS

The first case of arsine poisoning was reported in 1815,
when Scheele, a German chemist, inhaled a small amount
of arsine gas in his laboratory. He died 9 days later [3].

Acute poisoning

Arsine is the most toxic form of arsenic. Inhalation of 800
mg/m* (250 ppm) of arsine causes instant death; exposure
to 80-160 mg/m? (25-50 ppm) is lethal after 30 min; and
to 32 mg/m® (10 ppm) is lethal after a longer period of
time [14]. Symptoms of arsine poisoning may occur within
1 to 24 h after exposure, depending on the concentration
and time of exposure [23]. Exposure to 9.72-32.4 mg/m’
(3to 10 ppm) may induce symptoms within a few hours,
the concentration of 32.4 to 194.4 mg/m’® (10 to 60 ppm)
may exert a hazardous effect within 30 to 60 min, and of
810 mg/m* (250 ppm) is immediately fatal [24].

Since arsine does not cause irritation, the affected person
may fail to experience discomfort at the time of exposure
[23]. First symptoms, which may appear after the latency
period include: headache, balance disorders, chills, dys-
pnea, nausea, vomiting, diarrhea, and pain in the chest,
lumbar area and upper abdomen. Physical examination
often reveals fever, tachycardia and increased breath rate.
Moreover, enlargement and tenderness of the liver and
spleen as well as tenderness of the costovertebral angle
occur. Within a few hours after exposure, discoloration of
urine up to a port wine hue [25] and unusual slate-bronze
skin color may be observed [26]. Jaundice is seen within
2448 h after exposure. Vertical white lines on the nails
(Mee’s lines) can be observed 2-3 weeks following the ex-
posure.

Arsine acts predominantly as a hemolytic agent. Labora-
tory diagnostics show hemolytic anemia with intensity de-
pending on the concentration and time of exposure. Blood
testing indicates the increased white blood cells count, el-
evated iron and free hemoglobin, increased erythrocytes
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count with basophilic and Heinz bodies, basophilic stip-
pling, anisocytosis, poikilocytosis, red blood cell fragments
and ghost cells, which demonstrates the ongoing damage
to erythrocytes [23]. Toxic granules may be observed in leu-
kocytes. Methemoglobin may also be present in blood, but
its concentration is usually not high [27]. Urinalysis shows
free hemoglobin, hemosiderin, erythrocytes, proteins and
casts, indicating hemoglobinuria and proteinuria. Methe-
moglobin can also be present in urine. Urine arsenic con-
centration higher than 200 pg/l reveals the absorption of
a toxic dose. The renal blood flow is usually reduced. The
impairment of renal function is correlated with the degree
of intravascular hemolysis. Urine production decreases as
hemolysis progresses [23]. Renal tubules obturation, oli-
guria or even anuria may also occur. Persistent morpho-
logical and functional changes in the renal tissue of arsine-
poisoned workers most often leads to death [28].

No antidotes to arsine are available. In acute renal failure
only exchange transfusions may remove arsine and pre-
vent continuing failure [28].

The levels of bilirubin and lactate dehydrogenase in serum
are elevated, however, severe damage to the liver is rarely
found [29,30]. Acute jaundice and tenderness of the liver
may appear after 24 h since the acute arsine poisoning.
Toxic pulmonary edema or acute circulatory failure has
also been reported as the cause of death in patients with
arsine poisoning [30].

Electrocardiographic (ECG) abnormalities, T wave eleva-
tion tachycardia, have also been noted. ECG may indicate
hyperkaliemia traits. The ECG changes may last for sev-
eral months. Acute myocardial failure may also occur.
Abnormalities in the nervous system (both central and pe-
ripheral) may frequently occur [23]. Similarities between
the nervous system symptoms in arsine and arsenic poi-
soning indicate that arsine polyneuropathy may be due to
the arsenic activity. There are reports on disorientation,
hallucination [26] and mild psycho-organic syndromes in
arsine-poisoned individuals. Gosselin et al. [26] described
polyneural inflammation of the upper and lower extremi-
ties 3 months after the end of exposure. Toxic polyneu-
ropathy and mild psycho-organic syndromes were related
to the exposure time. Encephalopathy reported in occu-
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pational poisoning with arsine was manifested by anxiety,
excitement and disorientation several days after the expo-
sure. The cardiac, pulmonary, hepatic and neurological
changes are considered to be secondary to the severe he-
molytic anemia and renal failure. Changes in many body
organs are most probably due to the deposition of eryth-
rocyte debris in capillaries.

The effects of acute arsine poisoning observed in ani-
mals are consistent with those observed in humans and
attributed chiefly to the hemolytic effect of the chemical.
The symptoms of acute arsine poisoning include sleepi-
ness, weak breath, lack of appetite, vomiting, diarrhea,
hemoglobinuria, jaundice, paralysis, and death after sev-
eral days since exposure. Histopathological examinations
of animals under acute exposure to 16.2 mg/m® (5 ppm)
showed the increased hemosiderosis and extramedullary
hemopoietic activity in the spleen as well as cholestasis in
the liver [31,32].

Chronic poisoning

Arsine in very small concentrations may cause cumulative,
damaging effects. The symptoms of chronic poisoning in
humans are similar to those observed in acute poisoning.
The main difference between chronic and acute poisoning
is a longer period of latency. The symptoms of chronic ar-
sine poisoning in humans comprise intense focal headache,
nausea, low-grade fever, paresthesia, hemolysis, anemia,
hepatic and renal impairments, and characteristic finger-
nail changes (Mee’s lines) [7]. A decrease in hemoglobin
concentration and the presence of basophilic granulocytes
in red blood cells are observed. Bulmar et al. [33] found
that the degree of anemia was proportional to the dura-
tion of arsine exposure.

The symptoms of subacute and subchronic arsine poison-
ing in animals mainly concern blood and are manifested by
hemolysis, decrease in erythrocyte count and hemoglobin
concentration. Blood changes were observed in mice ex-
posed to arsine for 5, 15, 90 days at 8.1 mg/m* (2.5 ppm).
An increase in absolute reticulocyte counts (after 15 and
90 days of exposure) as well as in blood concentration of
methemoglobin (after 90 days of exposure) were observed
in animals exposed to 8.1 mg/m*(2.5 ppm) [31]. A signifi-

cant decrease in red blood cells was observed in mice ex-
posed to arsine at concentrations of 8.1 and 16.2 mg/m’
(2.5 and 5 ppm) for 14 days (6 h/day). Similar changes in
hematological parameters were observed in the group of
mice exposed to arsine for 12 weeks [34].

Carcinogenicity and mutagenicity
No reports on specific studies of carcinogenicity and muta-
genicity of arsine are available.

Reproductive toxicity

The results of animal experiments have not revealed de-
velopmental toxicity of arsine. Mice and rats were exposed
to arsine by inhalation at 0.08, 1.6 and 8.1 mg/m* (0.025,
0.5, 2.5 ppm) between the 6th and 15th day of gestation.
The number of live fetuses, mean fetal body weight as
well as the percentage of resorptions and malformations
per litter did not differ from the findings in controls.
However, significant splenomegaly was observed in ma-
ternal individuals of mice and rats exposed to 8.1 mg/m’

(2.5 ppm) [35].

Mechanism of toxicity

After being absorbed by the lungs, arsine enters red blood
cells, induces hemolysis and impairs oxygen transport by
conversion of Fe(II) to Fe(III).

Some authors postulate an oxidative mechanism of tox-
icity [31,32,36,37], while others suggest a mechanism de-
pendent on the reaction with sulthydryl groups [3§], both
of which are most probably responsible for the toxicity of
arsine.

Oxidative mechanism of toxicity

Hatlelid and Carter [37] postulated that the hemolytic ac-
tivity of arsine is related to oxidative stress, most probably
through the formation of hydrogen peroxide and arsine
adducts with oxyhemoglobin, according to the following
formulas:

H,As-H + HbO, = H,As + Hb-0O,-H,
H,As + Hb - O, - H = adduct + H,0,.

When the antioxidant system of enzymes and cofactors
in red blood cells is overwhelmed, reactive oxygen spe-

[JOMEH 2006;19(1)
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cies (ROS) generate damage to oxyhemoglobin, leading
to rapid denaturation and precipitation of proteins [37].
Aggregation of precipitated molecules and their binding
to the inner surface of red blood cells (Heinz bodies) lead
to a redistribution of membrane proteins and increased
membrane rigidity [39].

Oxidation of heme iron induces the formation of hemin,
which results in the oxidation of membrane protein sulf-
hydryl groups, dissociation of membrane skeletal protein
and perturbation of membrane ion gradients [39]. Ulti-
mately, the Heinz bodies and hemins increase the fragil-
ity of red blood cells membrane and predispose the cells
to fragmentation, so that, the degradation of hemoglobin
may lead to hemolysis.

Some studies suggest that the sulfhydryl groups of glutathi-
one prevent hemoglobin oxidation, becoming essential for
the maintenance of the intact erythrocyte structure [31].
In the in vitro studies, a decrease in reduced glutathione
concentration in human red blood cells is found to cor-
relate with the hemolytic action of arsine. Blair et al. [31]
recorded a 60% decrease in reduced glutathione level in
erythrocytes exposed to arsine in vitro. However, later in-
vestigations of Hatlelid et al. [36] contradicted these find-
ings. In these studies, the depletion of reduced glutathione
in dog red blood cells neither preceded nor coincided with
hemolysis.

Mechanism dependent on the reaction with sulfhydryl groups
According to the hypothesis of sulfhydryl-dependent
mechanism of arsine toxicity [40], arsine reacts with the
sulfhydryl group of Na*K*-ATPase causing impairment
in the sodium-potassium pump mechanism with subse-
quent red blood cell swelling and hemolysis. The affinity
of trivalent arsenic (As(II)) for the sulthydryl group is
well known. Winski et al. [38] observed immediate pro-
found abnormalities in membrane ultrastructure and in
red blood cells volume, which were manifested by potas-
sium leakage, sodium influx and increases in hematocrit
in red blood cells exposed to arsine. At the same time,
ATP levels did not significantly decrease and ATP-ase was
not inhibited by arsine. However, dog erythrocytes with-
out Na*K*-ATP-ase, hemolysed when exposed to arsine,

[JOMEH 2006;19(1)

which may suggest that Na*K*-ATP-ase is only partially
responsible for red blood cell damage [36,38]. Levinsky
et al. [40] suggested that hemolysis in arsine-exposed red
blood cells depended on membrane disruption caused by
arsine-hemoglobin metabolites, which are the ultimate
toxic species.

Although it is generally held that the kidney and other or-
gans failure is due to the effects of red blood cell debris
slugging within the microcirculation, arsine has also been
demonstrated to have a direct toxic effect on kidney glom-
eruli and tubules [41].

Toxicokinetics

In humans and animals, arsine is easily absorbed via the
lungs and mucous surface of the respiratory tract and dis-
solved in body fluids. It is degraded metabolically to tri-
valent arsenic (As(III)) as well as to pentavalent arsenic
(As(V)). As(III) is methylated to monomethylarsonate(V)
and dimethylarsinate(V) [3]. It is plausible that the con-
version of As(III) to As(V) and As methylation is a de-
toxification process since the arsenic species have a lower
affinity for tissues than As(III) [1].

After exposure, blood concentration of arsine increases
rapidly, whereas its distribution to the liver, kidneys and
other organs is much slower. After two weeks, arsenic is
stored in the hair, skin and bones.

Organ analyses for arsenic in arsine poisoned people in-
dicate that the highest arsenic concentrations occur in the
liver, but its high amounts are also found in lungs and kid-
neys. No arsenic was detected in the gastric contents.
Rats (both males and females) exposed to arsine at con-
centrations of 0.08, 1.62, and 8.1 mg/m? for 90 days dis-
played an increased level of arsenic in the liver, which was
correlated with the increased arsine concentration in the
air. Arsenic concentration in the liver of rats exposed to
arsine at 8.1 mg/m?® was approximately five times higher
than in controls [32].

Arsine is mainly excreted with urine. The highest urinary
excretion occurs within the first 5 days after exposure
to arsine. The clearance of urinary excretion equals to
7.8 ml/h/kg and the rate of removal through other routes
is 5.27 ml/h/kg [42].
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In a driver exposed to arsine for 1-2 min, the level of total
arsenic in urine amounted to 720 pg/l on the day of poi-
soning and decreased to 10 ug/l on the fourth day after
exposure [13].

Arsenic concentration in urine of two employees exposed
to arsine during drain cleaning was 0.85 and 0.97 mg/kg,
whereas in persons working near the drain, urine concen-
tration of arsenic was found to be 0.30 and 0.12 mg/kg [43].
The arsenic concentration in acute-poisoned people
amounted to 3940 pg/l[10].

BIOLOGICAL MONITORING

Arsenic concentration in urine, blood, hair, and nails can
be used for biological monitoring of arsenic exposure. The
measures, however, are not specific for arsine [44].

Urine is the preferred specimen, as renal excretion is the
major route of elimination of inorganic arsenic and its me-
tabolites from the human body. Apostoli et al. [42] found
the following arsenous compounds in urine of acutely
arsine-poisoned  subjects:  monomethylarsonate(V),
dimethylarsinate(V), As(III), markedly lower excretion of
arsenobetaine, and As(V).

The normal level of arsenic in urine is less than 0.01 mg/l
(10 pg/l) [45]. Landrigan et al. [46] observed strong rela-
tionship between urinary arsenic concentration and arsine
exposure level among workers of a lead-acid battery
manufacturing factory. It was estimated that total arsenic
concentrations in urine in excess of 50 ug/l (0.67 umol/l)
corresponded with arsine concentrations in the air above
15.6 ug/m’.

In Poland, the Intersectoral Committee for MAC and
MAI Values recommends the value of 35 pg/l as biological
exposure index (BEI) for the sum of inorganic arsenic and
its methylated metabolites in urine [45]. The same value
of 35 ug/l as the sum of arsenic metabolites in urine, most
likely observed at 0.01 mg/m?, based on the estimated risk
for lung cancer, is recommended as BEI by the Ameri-
can Conference of Governmental Industrial Hygienists
(ACGIH). However, ACGIH does not apply this value to

exposure to arsine, which is an acute toxicant [47].

Blood arsenic concentration is a less sensitive indicator of
exposure to arsine. Since the majority of arsenic compounds
in human blood disappear rapidly, blood arsenic content
reflects exposure to arsine only for a short time [10].

The trivalent form of arsenic accumulates in hair, pubes
and nails, as a result of its binding to the thiol group of
scleroprotein keratin, therefore arsenic content may be
used for monitoring of both short- and long-term expo-
sures in contrast to urine arsenic content, which reflects
short-term exposures only. Increased concentrations of
arsenic in hair, pubes, finger- and toe-nails were found in
workers exposed to arsine at the bronzing of brass prod-
ucts, where the arsine level in the breathing zone was
0.08 mg/m? for sampling time of 35-40 min [6]. Arsenic con-
tents were 10.8-76.1 mg/kg in hair, 8.6-63.1 mg/kg in pubic
hair, 15-188 mg/kg in finger-nails, and 37.1-60.9 mg/kg in
toe-nails. In individuals employed in other departments,
arsenic concentrations were lower (3.33-16 mg/kg,
5.61-38.5 mg/kg, 9.03-53.3 mg/kg, and 1.06-5.79 mg/kg,
respectively. In adults not exposed to arsenic at work,
concentrations of arsenic in hair are usually lower than
1 mg/kg, and lower than 3 mg/kg in nails [48].

The BEI Committee of ACGIH does not recommend
measurements of arsenic in hair and nails because of the
lack of suitable database, large interindividual variability,
and potential contamination of hair and nail samples.

Occupational exposure limits

Occupational exposure limits are shown in Table 2. In the
majority of countries, the values were derived taking ac-
count of only arsine-related hemolysis, which is a non-can-
cer endpoint.

In Germany, due to the inadequate database, especially
the lack of data on genotoxicity and carcinogenicity, the
compound is listed in Section IIb of the List of MAK (Max-
imum concentrations at the workplace) and BAT (Biologi-
cal tolerance values) Values that refers to substances for
which no MAK value can be established at present [49].
NIOSH has classified arsine as potential occupational car-

cinogen.

[JOMEH 2006;19(1)
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Table 2. Occupational exposure limits for arsine in different countries [49,50,51]

Concentration
Country (mg/m?)
TWA STEL
France 0.2 0.8
United Kingdom 0.16 -
Germany Substance for which no MAK value can be established at present
Poland 0.2 0.6
USA:
ACGIH 0.16; NIC: 0.01, A4 -
OSHA 0.2 -
NIOSH - 0.002/15 min; carcinogen

TWA - Time-weighted average; STEL - Short-term exposure;
ACGIH - American Conference of Governmental Industrial Hygienists;
A4 - Not classifiable as a human carcinogen: Agents which cause concern
that they could be carcinogenic for humans, but which
cannot be assessed conclusively because of lack of data.

CONCLUSIONS

Arsine is a highly toxic gas that acts predominantly as a
hemolytic agent causing hemoglobinuria, jaundice and
hemolytic anemia. In the absence of proper therapy, he-
molysis may progress to oliguric renal failure and death.
The toxicity of the gas brings about the increased osmotic
fragility of red blood cells, formation of erythrocyte debris
in capillaries and effects on hemopoietic tissue. The cur-
rent occupational exposure limits in the majority of coun-
tries prevent the hemolytic effects of the gas. The data on
health effects of long-term exposure to low levels of ar-
sine, including possible mutagenicity, carcinogenicity and
tetragenicity are yet to be established. Meantime, the gas
should be handled with proper care.
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