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SUMMARY

The human metabolism and biotransformation of
arsenic were studied by the analytical speciation of
urinary arsenic excreted by volunteers in a series of
laboratory-controlled experiments, the general
population and several groups subject to enhanced
environmental or occupational exposure to 1inorganic
arsenic. In addition, the post-depositional
remobilisation of arsenic in the aquatic environment
was investigated by the establishment of the chemical
forms of arsenic in the sediment porewaters of Loch
Lomond and the Dubh Lochan and in the sediments of
nearby Scottish sealochs.

Total arsenic concentrations were measured by
hydride generation-atomic absorption spectrometry
(HGAAS) following acid digestion of human urine and

biological material and dry ashing of sediment

samples. Urine samples were rapidly directly
screened for the approximate sum of the
hydride-forming species arsenate (As(V)), arsenite
(As(II1)), monomethylarsonic acid (MMAA) and

dimethylarsinic acid (DMAA), which were subsequently
separated and accurately determined by 1ion-exchange
chromatography/HGAAS, a procedure uninfluenced by the
presence of the common dietary organoarsenicals from

seafood.
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In two experiments, the 1ingestion of several
hundred micrograms of arsenic as the stable
organoarsenical in seafood and as inorganic As(V) in
mineral water resulted in the rapid gastrointestinal
absorption and major urinary excretion of arsenic in
under a week. A two-component model showed that
urinary arsenic excretion was faster in the former, as
reflected in first and second component half lives of
6.9 - 1llhr and 3 days compared with 17 - 24hr and 7.1
- 8.6 days for the 1latter. However, while the
seafood organoarsenical was excreted unchanged 1in
urine, 1inorganic As(V) was rapidly reduced to As(IIlI)
and further biotransformed into the less toxic
methylated metabolites MMAA and DMAA. After only
12hrs, DMAA became the predominant species to such an
extent that over 7 days As(V) constituted only 9 - 10%
of the total eliminated arsenic, As(III) 12 - 15%,
MMAA 9 - 18% and DMAA 57 - 69%. In a subsequent
experiment involving regulatr ‘oral 1intake of As(V), an
equilibrium was established in which 40 - 60% of the
daily dose of 60 - 70ug As(V) was excreted in urine.
As(V), As(I1I), MMAA and DMAA were eliminated in a
steady speciation pattern with mean proportions of
5.8/15.2/14.3/64.7% respectively. Some possible
longer-term tissue retention of As(1Il1) was indicated.

For the general population, the concentration

of the sum of the hydride-forming species As(V),
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As(111), MMAA and DMAA rarely exceeds 10ug/g
creatinine, of which DMAA 1s the dominant species

( > 80%). With calculated intakes derived from
urinary arsenic data comparable to M.A.F.F. dietary
estimates and well below recommended limits, there is
a negligible risk to the health of the general
population from typical exposure to inorganic
arsenic. In the mineralised south west of England,
where it has been suggested that the highly enriched
soll arsenic concentrations may at least be a cofactor
in the 1increased incidence of skin cancer, urinary
arsenic levels were only slightly elevated. The
potential for increased uptake by the local population
was, however, reflected in the more frequent
occurrence of As(II1) and MMAA 1in wurine and, of
especial significance, in two comparatively highly
elevated sum of species concentrations of 48.7 and
20.8ugAs/g creatinine recorded for 2 pre-school
children. Elsewhere, for workers occupationally
exposed to 1inorganic arsenic, mean urinary arsenic
excretion varied from < 10ug/g creatinine for those
in the electronics industry to 67.4ug/g creatinine for
timber treatment workers applying arsenical wood
preservatives, to 79.4ug/g creatinine for a group of
glassworkers using arsenic trioxide and 244.8ug/g
creatinine for chemical workers 1involved 1in the
manufacture of arsenical compounds. The maximum

urinary arsenic (As(V)+As(I11)+MMAA+DMAA)



concentration recorded was 956.4ug/g creatinine. For

the most exposed groups, the average species
proportions ranged from 1 - 6% As(V), 11 - 17%
As(I11), 15 - 18% MMAA, 60 - 70% DMAA. The highly

elevated urinary arsenic concentrations for the
chemical workers and glassworkers correspond to
possible atmospheric arsenic concentrations in the
workplace and 1intakes 1in excess of, or close to,
recommended and statutory limits and those associated
with 1increased 1incidence of 1lung cancer and other
inorganic arsenic-related diseases reported
elsewhere. Overall the 1importance of distinguishing
between occupational and typical dietary exposure to
the different forms of arsenic by appropriate
application of analytical speciation techniques 1is
endorsed by the results of this study.

Total arsenic concentrations (maximum 283mg/kg)
were substantially enhanced, in association with peaks
in the iron and manganese profiles, in the
near-surface sediments of a southern Loch Lomond
core. Porewater arsenic concentrations peaked (76.1
- 103.4ug/l) in the reduction =zone of the sediment
column, consistent with the solubilisation of 1iron
compounds at depth and release of arsenic, followed by
upward migration, oxidation, and re-adsorption in the
near-surface aerobic layers. Porewater arsenic

speciation showed that As(III) was the dominant
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species throughout, even in the surface oxic layers,
where preferential adsorption of oxidised As (V)
species onto oxides and hydroxides of 1iron 1in the
sediments depletes the overall porewater arsenic
concentrations and prevents release, under current
conditions, to the overlying water column. Although
trends in the sedimentary arsenic, iron and manganese
profiles were less well defined for the much smaller
Dubh Lochan, speciation of the porewaters from an
oxygenated site showed As(II1II) to be the dominant
species at depth, <consistent with the diagenetic
remobilisation hypothesis. During anoxic conditions
at a deeper site, As(11I1) predominated throughout the
porewaters until reoxygenation of the bottom waters
and the appearance of As(V) in the near-surface
sections. The = similarity in the trends of
near-surface sedimentary enrichment profiles for
arsenic, iron and manganese in the sealoch, Loch Goil,
with those of Loch Lomond, in which diagenetic
remobilisation of arsenic was unambiguously confirmed
by porewater speciation data, suggests that similar
redistributional mechanisms for arsenic prevail 1in the

adjacent coastal marine environment.
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PREFACE

Arsenic occurs as a trace constituent 1in the
atmosphere, hydrosphere, 1lithosphere and biosphere.
Its distribution, behaviour and transport within and
between each of these systems are influenced
significantly by transformations between its different
chemical forms.

The research described here can be divided 1into
three main subject categories, all dependent on the
development and application of appropriate analytical
speciation techniques for arsenic:

1) examination of the human metabolism and excretion
of various chemical forms of arsenic.

2) determination of the extent to which adults and
children, under diverse environmental and working
conditions, are exposed to this potentially toxic
element.

3) investigation of processes controlling the
mobility of arsenic in the sediments of aquatic
environments.

Chapter 1 1introduces these three subject areas
and outlines the objectives of the work while the
analytical methods employed are described 1in Chapter
2. Chapter 3 reports on the results of a number of

laboratory-controlled experiments on the human



metabolism of different forms of arsenic. Chapter 4
considers the extent of arsenic intake and excretion
by several populations exposed to different levels of
inorganic arsenic. Finally, Chapter S 1is concerned
with the cycling of arsenic in the freshwater bodies
of Loch Lomond and neighbouring Dubh Lochan, and in

the marine environment along the west <coast of

Scotland.



CHAPTER 1

INTRODUCTION

1.1 HISTORY

The poisonous nature of arsenic has been known
for <centuries. As 1long ago as 2000 B.C. arsenic
trioxide obtained from copper smelting was used both
as a drug and as a poison. It was known to the
ancient Greeks and Romans and the word arsenic appears
to have been derived from the Greek word ‘'arsenikon’',
meaning potent (Winship, 1984). Its use by Nero and
the Borgias for homicidal purposes is well known, it
being a popular poison because of its tasteless and
odourless nature, ease of admiﬁistration and the fact
that the symptoms are readily confused with other
illnesses (Emsley, 1985%5). The release of arsenical
vapours from wallpaper dyed with Scheeles Green,
containing copper arsenite, is thought by some (Jones,
1982) to have contributed to the 111 health of
Napoleon and perhaps even to have led to his death 1in
1821, although others have attributed the elevated
levels of arsenic found in samples of his hair to
either intentional or unknowing oral intake of arsenic
(smith et al., 1962; Forshufvud et al., 1964).
Scheeles Green was also used for colouring ornamental

th

confectionery 1in the 19 century. After a banquet

in London 1in 1848, several of the guests took such



decorations home for their families, many of whom died
4s a result (Emsley, 1985).

Despite its toxicity, arsenic has been used in
medicine since the time of Hippocrates (circa 400
B.C.), who recommended a paste of arsenic sulphide
(realgar) for the treatment of wulcers. In 1786,
Thomas Fowler 1introduced his solution Liquor of
Arsenicals, which contained 1% potassium arsenite and
was used during the lsth and 19th centuries for
"the cure of agues, remitting fevers and periodic
headaches" (Winship, 1984). Since the synthesis of
salvarsan by Ehrlich in 1905, many organic arsenicals
have been synthesised for use 1in medicine for the
treatment of spirochaetal infections, blood dyscrasias
and dermatitis (Merck 1Index, 9th edition 1982).
Since the advent of antibiotics, most of these
medicinal products have been rendered obsolete.

Today, arsenic and arsenicals have many
diversified 1industrial, agricultural and medicinal
uses, such as the hardening of copper and lead alloys,
pigmentation in paints, the active ingredient of wood
preservatives, pesticides, herbicides and dessicants,
a doping agent 1in the semiconductor 1industry, as a
decolourising agent in glass manufacture, as arsanilic
acid in feed additives to 1improve the nutritional

status of poultry, cattle and pigs and limited use in

drugs (Table 1.1).



TABLE 1.1

SOME COMMON ARSENIC COMPOUNDS USED IN

INDUSTRY, AGRICULTURE AND MEDICINE X

ARSENIC COMPOUND

SYNONYMS

USES

Arsenic

Arsenic pentoxide

Arsenic trioxide

Arsenic trichloride

Arsanilic acid

Arsphenamine

Arsine

Copper aceto-arsenite

Dimethylarsinic acid
(and Na salts)

Magnesium arsenate

Monomethylarsonic acid

(and salts)
Potassium arsenate
Potassium arsenite

3-nitro-4-hydroxy
phenylarsonic acid

Arsenic oxide
Boliden salt

Arsenic

Arsenolite
White arsenic
Arsenious acid

Butter of arsenic

Salvarsan

Paris green

Cacodylic acid
Agent blue

Atoxyl

Maquer's salt

Fowlers solution

Alloying additive
Electronic devices
Veterinary medicines

Chemical intermediate
Defoliant
Wood preservative

Insecticides
Rodenticides
Fungicides

Glass

Chemicals
Anti-fouling paints
Taxiderny

Timber preservation

Pharmaceuticals and
chenmicals

Poultry and pig feed
additives

Drugs

Doping agent in semi-
conductors

Larvacides

Herbicide
Defoliant

Trypanicide

Grass weed control

Taxidermy
Veterinary medicine

Poultry and pig feed
additive

x from Lederer and Fensterheim (1983)
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1.2 DISTRIBUTION, CHEMICAL FORMS AND

TRANSFORMATIONS OF ARSENIC IN THE ENVIRONMENT

Arsenic is a member of group V ih the periodic
table with an atomic number of 33 and an atomic weight
of 75. It 1is a shiny grey, brittle -element
possessing both metallic and non-metallic properties
e.qg. ductibility, low melting point and high
volatility (Fleischer, 1973).

The c¢rustal abundance of arsenic 1is 1.5 -
2.0mg/kg (Onishi and Sandel, 1955). It is therefore
considered to be relatively rare, except where
naturally concentrated in sulphide ores in which it
occurs as the most common arsenic mineral,
arsenopyrite (FeAsS), often associated with ores of
copper, tin and iron. As a result, typical
concentrations in the atmosphere, lithosphere,
hydrosphere and biosphere are relatively 1low (Table
1.2). For example, atmospheric concentrations in
unpolluted areas are generally very low, ranging from
a few ng/m3 in rural areas to an average of
20ng/m3 in urban areas (Walsh et al., 1977; Bennett,
1981). However, increased levels of arsenic may be
found in the vicinity of point emission sources, e.g.
where coal with a high arsenic content 1is used in
power plants, or 1in the vicinty of smelters, where

airborne levels can reach levels of 200ng/m3

(Woolson, 1983).



TABLE 1.2

ARSENIC IN THE ENVIRONMENT
SUMMARY OF REPRESENTATIVE VALUES X

COMPARTMENT CONCENTRATION MEAN VALUE
ATMOSPHERE

rural 0.2 - 10ng/m3 6ng/m3
urban 10 - 200ng/m3 20ng/m3
LITHOSPHERE

agricultural soil 0.1 - 40mg/kg mg/kg
HYDROSPHERE

freshwater < 10ug/1l

marine 1 - Sug/l

BIOSHPERE Fresh weight

land plants <0.4mg/kg 0.1mg/kg
aquatic plants <émg/kg

fish ) 1 - 100mg/kg

food <0.25mg/kg

Man (body content) lmg

x partly from Bennett (1981)



Arsenic concentrations in uncontaminated soils
can range from O0.1 - 40mg/kg with >an average of
7mg/kg, although soils overlying sulphide ore deposits
are naturally enriched with arsenic and can contain
several hundred mgAs/kg (Colbourn et al., 197%8)
(Section 4.3.4). Where the activities of man have
released arsenic (e.g. in the mining and smelting of
copper ores, or in the treatment of soils with
arsenical pesticides), concentrations can rise
significantly above the natural background 1levels,
e.g. after pesticide use, soils have been found to
contain up to 550mgAs/kg (Walsh and Keeney, 1975;
Wauchope, 1983).

The sorption of arsenate ions in the soil by
iron and aluminium components greatly restricts the
availability of arsenic to land plants (Walsh et al.,
1977; Wauchope, 1983). This explains the low average
concentration of < 0.4mg/kg (Table 1.2) although some
grasses growing on arsenic-contaminated soils have
been found to contain elevated levels of arsenic, e.qg.
670mg/kg in the leaves (Porter and Peterson, 1975).

In surface waters of the United Kingdom and
United States, arsenic is usually found at
concentrations of < 10ug/l in freshwater and between
1 - Sug/l, with an average of 2ug/l, in sea water
(Woolson, 1975). In areas of thermal activity,
naturally high 1levels of arsenic can be found in hot

springs, e.g. up to 276,000ug/l in the Waiotapu valley



in New Zealand (N.A.S., 1977) and, in wells from areas
of rqcks with high arsenic content, e.g. in Oregon in
the U.S.A., levels of up to 2,150ug/1l (Whanger et al.,
1977) and of 51 - 123ug/l in Nevada (Valentine et al.,
1979). Local water supplies can also become
contaminated with the washing of pesticides from
agricultural land (Woolson, 1977, Minderhoud et al.,
1985).

Freshwater aquatic plants accumulate arsenic
to a much lesser extent than do marine plants, e.gq.
freshwater algae 2 - 12mg/kg (Woolson, 1975),
freshwater watercress and duckweed 0.5 - 2.1 and 1 -
3mg/kg (dry weights) respectively (Woolson, 1975;
Wauchope, 1983), compared with marine algae 0.1 -
95mg/kg (Woolson, 1975) and marine seaweed 60 -
142mg/kg (Lunde, 1973), 91.7 - 14l.4mg/kg (Klump and
Peterson, 1979) and marine brown algae 40 - 90mg/kg
(Whyte and Englar, 1983). It is only when
freshwaters become contaminated or contain naturally
elevated 1levels of arsenic, that freshwater plants
accumulate significant amounts of 'argenic e.g. 20 -
971mg/kg in submerged weed of the Waikato River New
Zealand, with 1its waters from a geothermal origin
(Woolson, 1975). Marine organisms generally
accumulate much higher levels than freshwater
organisms, e.g. 10 - 100mg/kg in marine algae from the
Norwegan coast (Lunde, 1977) and 8.0 - 38.2mg/kg (wet

weight) in Crab from the Firth of Forth, Scotland



(Falconer et al., 1983) compared with 0.02 - 2.04mg/kg
in freshwater fish (Foley et al., 1978).

Arsenic occurs naturally in the valence states
-3, 0, +3 and +5 and has the ability to form bonds
with carbon, hydrogen and oxygen. As a result, it
can exist in a variety of different inorganic and
organic chemical forms. The environmental chemistry
of arsenic 1is essentially that of 1inorganic arsenic
and 1its simpler methylated forms. Table 1.3 shows
some of the common 1inorganic and organic arsenic
compounds in the envirocnment and Table 1.4 the
chemical structures of the undissociated forms of the
main inorganic and methylated acids of arsenic and
their respective acid dissociation constants (pKa).
The exact nature of the species present is influenced
by the redox potential, especially for As(V)/As(III)
oxidation/reduction reactions, and the pH. The
latter governs the dissociation of the acids, e.g. at
an environmental pH of 4 - 8, arsenous acid (pKa 9.23)
is relatively uhdissociated when compared with arsenic
acid, with pKa values of 2.25, 6.7 and 11.3 (Lemmo et
al., 1983).

The occurrence of biological methylation
reactions can also affect arsenic speciation via
production of the organic forms. In an investigation
of gseveral poisoning incidents, Challenger and
Higginbottom (1935) demonstrated that bread mould

scropulariopsis brevicaulis supplied the methyl groups

~-10-



TABLE 1.3

SOME COMMON INORGANIC AND ORGANIC ARSENIC COMPOUNDS

AND SPECIES OCCURRING IN THE ENVIRONMENT X

NAME

SYNONYMS

FORMULA

INORGANIC ARSENIC

TRIVALENT
arsenic (III) oxide

arsenous acid
arsenenous acid
arsenites (salts of
arsenous acid

PENTAVALENT

arsenic (V) oxide
arsenic acid
arsenenic acid
arsenates (salts of
arsenic acid)

ORGANIC ARSENIC

monomethylarsonic acid

dimethylarsinic acid
methylarsine
dimethylarsine
trimethylarsine
arsenobetaine
arsenocholine

arsenic trioxide
arsenous oxide
white arsenic

arsenious acid

arsenic pentoxide
orthoarsenic acid
metaarsenic acid

methanearsonic acid
cacodylic acid

As2013

H3As03

HAsO?2
H,As03,HASO4~
Asog‘

As20s5
H3As04
HAsO3
H,As07 ,HASOZ~
AsO3~

CH3AsO(OH) 2
(CH3) 2AsO(0H)
CH4AsH,

(CH3) pAsH
(CH3)34As
(CH3)3As+CH,COOH
(CH3)3AS+CH2CH20H_

x from Table 1 in WHO (1981)
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TABLE 1.4

CHEMICAL STRUCTURES AND NOMINAL OXIDATION STATES
OF SEVERAL ARSENIC SPECIES

STRUCTURE . SPECIES CXIDATION PKa

. STATE
OH

|
O:As—OH Arsenic acid As (V) 2.25, 6.7, 11.3
J

OH

OH

] ,
As-OH  Arsenous acid As (III) 9.23
|

OH

OH

I .
_ _ Monomethylarsonic
O—/?\S OH acid As (III) 4.26, 8.25
CHj
(;H3 Dirqg;by%arsinic_
O:/I\S_.OH acid As (I) 6.25

CHs

-12-



for the methylation of the inorganic arsenic salts
used as the arsenical pigment Scheele's Green (copper
arsenite) and Paris Green (copper aceto-arsenite) of
wallpaper, wultimately 1leading to the synthesis and
release of volatile trimethylarsine with a
characteristic garlic-like odour. Since then
laboratory studies 'have shown that methanobacterium
can reduce and methylate arsenate under
aerobic/anaerobic and biotic/abiotic conditions to
dimethylarsine (McBride and Wolfe, 1971: Cox and
Alexander, 1973). A sequence of reduction/
methylation was later proposed by McBride et al.
(1978) and is shown in Figure 1l.1. Arsenate (As(V))
is first reduced to arsenite (As(III)) which is then
methylated to form MMAA. This, in turn, is reduced
and methylated to form DMAA (As(Il)), which on further
reduction, yvields dimethylarsine under anaerobic
conditions and trimethylarsine under aerobic
conditions.

The biomethylation of arsenic 1in soils was
demonstrated by Braman (1975), with the detection of
trimethylarsine in air trapped under glass jars that
had been ©placed over soils treated with sodium
arsenite. In water, the presence of both inorganic
and organic forms of arsenic has been detected, but
typically at much lower levels for MMAA and DMAA than
for either As(V) or As(III), e.qg. 1.29/0.62/

0.08/0.29ug/l1 for As(V), As(III), MMAA and DMAA 1in

~-13-



ARSENIC CYCLE

PP LA R seseses ey, ,
.

(CH,) As-—--~ -¥(CH,), AO(OH)

..." K-‘ ' E_‘
Aso(0H5,=', As(OH);— CH  AsO(OH),=>(CH ) As O{OH)——(CH,) AsH

!

- (CH,), As-S—X

- e an vy = o
.
.
.

Figure 1.1 Biological arsenic cycle. ( ) aerobic or anaerobic; (----. )
aerobic biotic or abiotic; ( ) anaerobic; (-~ — -) aerobic:; (—{——) these
reactions are probably abiotic. (From McBride et al., 1978). '




Tampa Bay, Florida, (Braman and Foreback, 1973) and
1.95/0.114/0.063/0.051ug/1 in the Colorado River,
Colorado, (Andreae, 1977). In oxygenated surface
waters, arsenic 1is wusually found as the arsenate
(As(V)). Under reducing conditions, e.g. as found in
deep well waters, it can exist in the lower oxidation
state, arsenite (As(II1)). Where the methylated
forms of arsenic, MMAA and DMAA have been detected in
marine and freshwaters, they are often correlated with
the phytoplankton activity (Andreae, 1979: Andreae and
Klump, 1979; Section 1.4). |

In marine organisms inorganic arsenic is
transformed to both 1lipid-soluble and water-soluble
organic arsenic compounds (Irgolic et al., 1977:
Lunde, 1977; Whyte and Englar, 1983) and algae in
waters with 1low phosphate content can metabolise
arsenate (Edmunds and Francesconi, 198la). One end
product of arsenate metabolism is a membrane
phospholipid, O-phosphatidyl- trimethylarsonium
lactate, as found in marine diatoms (Cooney et al.,
1978; Cooney and Benson, 1980) and in molluscs (Benson
and Summon, 1981). In the Australian lobster, dusky
shark, whiting, plaice, sole, 1lemon sole, flounder,
dab, crab and shrimps, the principal organoarsenical
was identified as arsenobetaine (Edmonds et al., 1977;
Cannon et al., 1981; Edmonds and Francesconi, 1981b,
1981c: Norin and Christakopoulos, 1982; Luten et

al.,1l982, 1983) (Table 1.3). It is believed that the

-15-



biota absorb arsenate from the surrounding medium
(Section 1.4) and transform it through a sequence of
intermediate foﬁms, including As(III), MMAA and DMAA,
and trophic 1levels in the food chain, ultimately to
the stable organoarsenical, arsenobetaine (Cannon et
al., 1979; Andreae, 1983:). Although the end
products are dissimilar, the overall reaction (Zingaro
and Bottino, 1983) 1is analogous to the sequence
proposed by McBride and Wolfe (1978) £or the fungal
and bacterial reduction and methylation of 1inorganic

arsenic.
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1.3 ARSENIC IN HUMANS

1.3.1 Exposure and epidemiology

Due to the widespread distribution of arsenic
in the environment and 1its ability to exist in a
number of different chemical forms (Section 1.2),
human exposure to this potentially toxic element 1is
inevitable. For the general population the most
common routes of exposure are the 1inhalation of air
and the ingestion of drinking water and food, for
which the arsenic <concentrations are usually 1low
(Section 1.2, Table 1.2). It 1is only when the
arsenic concentrations become enriched naturally or
through the activities of man that there exists the
possibility for 1increased human exposure to this
potentially toxic trace element.

Nelson (1977) found that the monthly average
level of arsenic in air reached 1.46ug/m3
(1460ng/m3) near a copper smelter in Tacoma,
Washington, and a maximum 24-hr condentration of
7.9ug/m3 (7900ng/m3) was reported by Roberts et
al. (1977). Despite finding 1increased 1levels of
arsenic in the hair and urine of children living near
the Tacoma smelter, Milham (1977) was unable to detect
any differences in the hearing abilities and school
attendence of the children when compared with an
unexposed control group. Bencko and Symon (1977)
however, reported the hearing loss in children from an

area near a power plant in Czechoslovakia burning coal
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with an arsenic content of 1500mg/kg. In the
vicinity of a plant emitting arsenic in the processing
of non-ferrous metals, Pershagen et al. (1977) found a
significant excess mortality due to lung cancer when
compared with data for a control group.

The arsenic content of most water supplies in
the ©United Kingdom and the United States rarely
exceeds the recommended and maximum limits in drinking
water of 10ug/l1 and 50ug/l respectively (M.A.F.F.,
1982; Zielhuis and Wibowo, 1984). However, in other
countries, there have been a number of reports of
isolated 1instances of chronic arsenicism caused by a
natural increase in the levels of arsenic in the 1local
water supplies. In the Antofogasta region of Chile,
a high incidence, particularly among young children,
of arsenical dermatoses, i.e. hyperkeratosis and
hyperpigmentation, was traced to a water supply
containing arsenic at a concentration of 800ug/l
(Borgono et al., 1977). In a survey of 114 well
waters in the Tainan region of the south west coast of
Taiwan, Tseng (1977) found arsenic concentrations to
range from 10 - 1820ug/l, with most in the range 400 -
600ug/1. Associated with these levels were 370 cases
of Blackfoot disease (a peripheral vascular disorder
characterised by gangrene of the extremities,

especially the feet) and 428 cases of skin cancer in

the area.
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A number of beverages have been shown to

contain appreciable amounts of arsenic. In
Manchester in 1900 - 1901, 70 people died from the
drinking of beer contaminated with 15mgAs/1
(Pershagen, 1983). Elevated arsenic levels have also

been found in some bottled mineral waters, e.g. a mean
arsenic concentration of 2lug/l in mineral waters sold
in countries within the European community (Zoetman
and Brinkmann, 1976), and 150ug/l in Vichy water
(Buchet and Lauwerys, 1983). The daily consumption
of just 636ml (equivalent to three small cupfuls) of
Vichy Celéstins of arsenic concentration 220ug/l
(Farmer and Johnson, 1985) by a 70kg man would equal
the current maximum provisional tolerable daily intake
of 1inorganic arsenic of 2ug/kg body weight set by
FAO/WHO (WHO, 1983).

From Table 1.2, it can be seen that
most foodstuffs contain an. arsenic concentration
of < 0.25mg/kg with the notable exception of
seafoods, 1in which the <concentration can exceed
10mg/kg (c¢f Table 3.1). Most of the arsenic 1in

marine organisms 1is 1in the form of the naturally

occurring organoarsenical, arsenobetaine (Section
1.2). Due to the stable and unreactive nature of
this compound, it 1is considered non-toxic. Farmers

are known to use a manufactured arsenical compound,
4-hydroxy-3-nitrophenylarsonic acid (Roxarsone), to

improve the nutritional status of pigs and poultry
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(Winship, 1984) although several days are given for
clearance from the body before slaughter. The few
cases of reported arsenic poisonings from foodstuffs
have usually been the result of accidental
contamination, e.g. in 1956, 1in Japan, soy sauce
became contaminated with calcium arsenate, while, 1in
1955, in the Morinaga milk incident, dried  milk
intended for infants was contaminated with pentavalent
arsenic. It was estimated that 1.3 - 3.6mg of
arsenic had been ingested daily by the infants and 130
deaths were reported (Pershagen, 1983).

For a small minority of the working
population, 1industry represents the major source of
arsenic exposure. Exposure is usually via inhalation
and ingestion of dusts contaminated with arsenic
trioxide (e.g. in glassworks, in smelters and in the
manufacture of arsenical <chemicals) or pentavalent
arsenic (e.g. 1in the manufacture and use of wood
preservatives as well as in the cutting and sawing of
such treated woods), but there also exists a potential
for absorption through the skin (especially of
As(III)) and the additional transfer of arsenic from
the hands to the mouth. Exposure 1is usually at the
subacute level, but often continues over considerable
periods of time. Exposure to irritant arsenic
compounds such as arsenic trioxide in air can acutely
damage the mucous membranes of the respiratory system

and exposed skin and can lead to perforation of the
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nasal septum and dermatitis after a few weeks of
intense exposure (Hine et al., 1977). A number of
human studies have 1linked occupational exposure to
arsenic with increased mortality from cancer of the
respiratory tract and skin (Section 4.4.4) although
many of the animal studies conducted provide
conflicting evidence about the identification of
arsenic exposure as the unique cause of the
malignancy (Pershagen, 1981). In the industrial
environment, neither the interaction of arsenic with
chemicals such as sulphur dioxide, nor with the
smoking habits of the employees, have been fully
investigated. Beckman et al. (1977) reported
increased chromosomal aberrations in lymphocyteé from
9 employees exposed to arsenic at a copper smelter in
northern Sweden when compared_with a control group.

Animal studies have shown that arsenic trioxide can
cross the placenta of the rat and, in mouse foetuses,
malformations 1including severe central nervous system
and skeletal defects have been produced following
intraperitoneal 1injection of sodium arsenate (WHO,

1981; Pershagen, 1983; Winship, 1984).

1.3.2 Tissue distribution and the mechanism of

arsenic toxicity

Absorbed arsenic (ingested or 1inhaled) \1is
transported by the blood to different organs in the

body. Table 1.5 shows the typical concentrations

-21-



TABLE 1.5

ARSENIC CONCENTRATIONS IN HUMAN ORGANS AND TISSUES

ARSENIC CONCENTRATION (mg/kg)

TISSUE OR ORGAN DRY WEIGHT WET WEIGHT WET WEIGHT
(median) (mean) (median)

adrenal 0.03

aorta 0.04

whole blood 0.04

brain 0.01

hair 0.46

heart 0.02

kidney 0.03 0.007 0.004

liver 0.03 0.011 0.003

lung 0.08 0.010 0.008

muscle 0.06 0.004

nail 0.28

ovary 0.05

pancreas 0.05 0.005

prostate 0.04

skin 0.08

spleen 0.02 0.003

stomach 0.02

teeth 0.05

thymus ' 0.02

thyroid 0.04

uterus 0.04

x from Table 8 in WHO (1981)
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found in persons unexposed to elevated levels of
arsenic. In the general population by far the
highest levels of arsenic are found in the skin, hair
and nails. These tissues are rich 1in keratin,
containing sﬁlphydryl groups (SH) to which inorganic
trivalent arsenic can readily bind. Smith (1964)
found the level of arsenic in hair to be < 1mg/kg in
more than 80% of 1000 persons examined, the average
level being 0.81lmg/kg and the median 0.51lmg/kg.

Liebscher and Smith (1968) reported arsenic levels
ranging from 0.02 - 8.17mg/kg dry weight in over 1200
hair samples from residents in the Glasgow area. As
arsenic accumulates in keratin rich material, hair
analyses ha#e been used to indicate possible exposure,
e.g. levels ranging from 0.6 - 10mg/kg in the hair of
boys who lived in the vicinity of a power plant which
burnt c¢oal with a high arsenic content (Bencko and
Symon, 1977). In theory, periods of exposure to
inorganic arsenic can be discerned by the sectioning
and analysis of a single hair using neutron activation
analysis. In persons occupationally exposed to
inorganic arsenic, hair arsenic 1levels can reach
gseveral hundred mg/kg (Smith, 1964; Leslie and Smith,
1978). However, as the exposure is often to elevated
airborne 1levels of 1inorganic arsenic in thei working
environment, external contamination of the hair 1is
highly 1likely. In such situations, hair is of little

value as an indicator of the extent of arsenic
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exposure and uptaké.

It is through 1its affinity for the sulphydryl
groups of enzymes and proteins that trivalent
inorganic arsenic exerts 1its toxic reactions. The
toxic nature of trivalent inorganic arsenic was first
postulated by Ehrlich (Squibb and Fowler, 1983) and
Voegtlin (1925) who concluded that the toxic action
occurred via 1interaction of arsenite with the SH
groups of glutathione in cells or with other SH groups
in proteins and enzymes'to give thioarsenites. As a
result, trivalent aréenic has the ability to inhibit
the action of many critical enzymes e.g. pyruvate
oxidase, an enzyme required to oxidise carbohydrates
prior to the synthesis of ATP in the Krebs cycle.

Inorganic arsenate is thought to exert 1its
toxicity through its chemical similarity with
phosphate. A number of in-vitro studies have
demonstrated that arsenate can substitute for
phosphate in enzyme-catalysed reactions. In
particular, As(V) 1is thought to have an inhibitory
effect on mitochondrial respiration by uncoupling
oxidative phosphorylation (Winship 1984). Inorganic
arsenic has been shown to cause impaired tissue
respiration in vivo in the liver and kidneys of mice
and rats (Fowler et al., 1977). Liver Initqchondria
from rats or mice exposed to arsenate 1in drinking

water showed mitochondrial swelling accompanied by
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changes in mitochondrial function (Fowler et al.,

1977: Fowler and Woods, 1979). Following the
adninistration of radiolabelled 74As(III) and
74 .

As(V) (0.4 - 4.0mg/kg b.w.) to mice, Vahter and

Norin (1980) reported higher levels of arsenic in most
tissues of animals receiving As(III), especially the
liver, kidney, bile and skin. The skeleton, however,
had significantly higher 1levels in the mice given
arsenate, which may be explained by the similar
chemical properties of arsenate and phosphate and the
replacement of the latter in bone.

The 1low affinity of pentavalent arsenic for
the sulphydryl groups is thought to explain its less
toxic nature when compared with As(III) (Squibb and
Fowler, 1983). The greater toxicity of As(III) has
been shown in a number of animal studies, e.q. LD50
for arsenate in rats and mice is about 100mg/kg body
weight (b.w.) while that for arsenite is about 10mg/kg
b.w. (Squibb and Fowler, 1983). Compared with the
inorganic forms of arsenic, the methylated forms of
arsenic, MMAA and DMAA, have a lower affinity for the
tissue components in animals (Vahter and Marafante,
1983) and in man (Buchet et al., 198la) and are less
reactive and therefore 1less toxic. Penrose (1974)
reported the relative toxicity of the different
chemical forms of arsenic to be arsenite >
arsenate » monomethylarsonic acid, dimethylarsinic-

acid > arsenobetaine. The unreactive and non-toxic
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nature of the chemical form of arsenic in seafoods,
arsenobetaine, is borne out by the absence of cases of
arsenic poisoning resulting from the ingeétion of
seafood. Most cases of arsenic poisoning are related
to the 1ingestion of the inorganic species, as 1in
incidents of attempted suicide or in accidental

occupational exposure.

1.3.3 Metabolism

Early work on the metabolism of arsenic by
humans centred upon experiments involving the
ingestion of high-arsenic seafood. On feeding
lobster containing approximately 70mg/kg arsenic to a
person, Chapman (1926) observed increased excretion of
arsenic in the urine within a comparatively short time
of the <consumption of the food. Using the high
arsenic content of seafood, Coulson et al. (1935) fed
a shrimp diet to rats. Only about 4% of the ingested
arsenic was recovered in the faeces during the first
two days following intake, most being excreted, via
the kidneys., in the urine. In addition to
experimenting with rats, Coulson et al. (1935) also
carried out excretion experiments on two human
subjects. Oonly 5% of the 1ingested arsenic was
recovered in the faeces, with the majority excreted in
urine. More recently, with growing 1interest 1in the
specific identification of seafood organoarsenicals, a

number of workers have demonstrated that following the
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consumption of seafood, over 70% of the dose is
excreted, unchanged, in urine (Crecelius, 1977;
Freeman et al., 1979: Luten and Rieweel-Boey, 1983).

It is only in recent years that the
development of analytical techniques capable of
separating the different chemical forms of arsenic
(Section 2.5.3) has enabled metabolic studies to be
conducted following the 1ingestion of the different
inorganic and organic forms of arsenic (Chapter 3).
The results of numerous animal experiments involving
the administration of inorganic pentavalent or
trivalent arsenic to cows (Lasko and Peoples, 1975),
dogs (Tam et al., 1978, 1979a; Charbonneau et al.,
1979) the hamster (Charbonneau et al., 1980), mice
(Vahter, 1981l; 1983) and rabbits (Marafante et al.,
1982; Vahter and Marafante, 1983), indicate that the
inorganic form of arsenic is methylated in vivo into
metabolites MMAA and DMAA and excreted in the urine.
The exceptions to this are the rat, in which arsenic
accumulates in the erythrocytes (Klaassen, 1974), and
the marmoset monkey, which does not appear to
methylate inorganic arsenic (Vahter et al., 1982).

The ©presence of the methylated forms of
arsenic in human urine was first reported by Braman
and Foreback (1973). DMAA constituted an average 66%
of the total urinary arsenic while MMAA, pentavalent
and trivalent arsenic each accounted for 8.0, 17.0 and

8.4% respectively. The 1in vivo methylation of
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inorganic arsenic in humans was later indicated by the
work of Crecelius (1977) who measured 1inorganic
arsenic, MMAA and DMAA in urine of a subject who had
ingested wine containing inorganic arsenic.

Methylated derivatives of arsenic have also been found
in urine of copper smelter wotkers occupationally
exposed to arsenic trioxide (Smith et al., 1977).

The importance of urine for the removal of inorganic
arsenic and its metabolites MMAA and DMAA from humans
has been established in a number of metabolic studies
in which human volunteers were given an oral dose of
inorganic arsenic, typically < 1mg. Yamauchi and
Yamamura (1979), following the oral intake of arsenic
trioxide by a single volunteer, showed that 70% of the
arsenic was excreted in the urine within 72 hours, the
majority of which was in the methylated forms. In
similar studies, Buchet et al. (1980) and Buchet et
al. (1981b) demonstrated the use of urinary arsenic
excretion and speciation to indicate in vivo
biotransformation and metabolism of ingested inorganic
trivalent arsenic, with the methylated derivatives,
MMAA and DMAA, becoming the ©predominant species
excreted. In the case of humans acutely intoxicated
by much higher levels of arsenic trioxide (e.g. 0.5 -
1.5gAs), initially rapidly excreted inorganic arsenic
is replaced as the predominant species by MMAA and
DMAA some 3 - S5 days after the intake (Mahieu et al.,

1981, Lovell and Farmer, 1985).
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As the methylated compounds MMAA and DMAA are known to
be less toxic than the inorganic species As(V) and
As(III) (Section 1.2), the biotransformation of
inorganic arsenic compounds to the methylated forms is
thought to act as a natural detoxification mechanism
(Vahter, 1983).

Comprehensive investigation of human exposure
to arsenic must incorporate the study of populations
subject to different types and degrees of exposure
(e.g. dietary, environmental and. occupational). It
is known that urinary - arsenic 1is an important
indicator of exposure. Traditional ~studies of
exposure, however, have relied on the non-specific
determination of total arsenic concentrations in
urine. In view of the different relative toxicities
of arsenic in seafood and 