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ABSTRACT

.

Uptake of inorganic arsenic from water and food and

its retention by rainbow trout, Salmo gairdneri, were determined

using radicactive tracer methods. Arsenic taken up from bdth

vectors was accumulated into tyo compartments which were
distinguishable by differences in their fractional clearance

rates. The uptake rates of arsenic from water, though low were
directly related to the conceptrations of arsenic in water. However,
arsenic accumulation from food was more efficient, with a minimum

assimilation of 50% of ingested dose.

Ciearance of arsenic was in two phases following uptake
from both water and food. The fast compartment, which comprised
from 19-30% of the dose had a half-1ife of less than day. The
siow—c]earing compartment had a half-1ife of 4.3-5.0 and 6.4 days
following uptake from water and food respective]y; The}e Was no
effect of route of exposure on the relative size of the fast and

slow-clearing compartments.

The results on the routes of arsenic elimination by
rainbow trout demonstrate that fecal and gill routes can be of
ecual magnitude and could écgount for 80% of total arsenic loss,
urinary excretion accounting for 20% or less. Urine, unlike in
mamma1s, séems to play a minor role in the elimination of arsenic

b~y
by rainbow trout.

Chemical speciation of arsenic was examined by radiotracer
and chromatographic techniques applied to muscle, liver, gili,

kidney, blood, bile and urine of trout following an oral dose of
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7455 as arsenic acid. The ratic of total organic to inorganic
arsenic increased rapidly with time in all tissues, with fhe
organic fraction,accounting for about 50% at 6 h postdose aﬁa
over.80% at 24 h. An organocarsenic metabolite was shown by

thin layer chromatography (TLC) to have the same Rf value as
éthylarsenobetaine and, this compound accounted for the major
portion of the total arsenic in 2ll tissues as well as urine and

bile sampled 24-96 h postdose.

The effect of acclimation to sublethal doses of arsenic
on whole body clearance rates, tissue distribution and binding of
2 subsequent dose of 74As.was examined. Whole body clearance of
74As was twice as fast in preexposed fish. The liver and bile
o% preexposed fish contained higher concentratﬁons of arsenic
than thaose for the control. Gel chromatography of liver cytosol
proteins revealed no differences in arsenic-protein binding
pattern in control and preexposed fish. Arsenic elution was in
two peaks, the first peak bduna to proteins of molecular size

19,000 daitons and the other cﬁ;;gsponding to molecular size

3,000 daltons.

Trout exposed to arsenic Tevels of 20 mg As kg_] diet
L ]
for a duration of 2 to 8 weeks showed reduced growth compared to
the contrel. The liver contained-the highest level of arsenic

among the tissues analysed.
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RESUME

L'absorption d'arsenic inorganique & partir de 1'eau et
de la\ ourriture et sa rétention par la truite arc-en-ciel, Salmo
gairdneri\_ont &té estimées par dépistage radiocactif. L'arsenic
absorbé d partir des deux vecteurs fut accumulé dans deux comparl{;j>
ments que 1'on peut distinguer par les différences dans leurs taux
d'élimination fractionnelle. Les taux d'absorptions d'arsenic &
partir de 1'eau, quoigue faibles, furent directement proportionelles
aux concentrations d'arsenic dans 1'eau. Néanmoins, 1'accumulation

d'arsenic & partir de 1a nourriture fut trés efficace avec un

minimum d'assimilation de 30% de la dose ingérée.

L'élimination de 1'arsenic s'éffectue en deux phases
suivant son absorption & partir de 1'edu et de Ta nourriture. Le
cdmpartiment rapide, qui comprend de 19-30% de la dose, avait une
demie-vie de moins d'un jour. Le compartiment & élimination lente
avait une demie-vie de 4.3-5.0 et 6.4 jours suivant son absorption
d partir de 1'eau et de la nourriture respectivement. 1I1 n'y eut
aucun effet de route d'exposition sur la grandeur relative des

compartiments d'éliminmaticn rapide et lent.

Les résultats sur les routes d'élimination d'arsenic par
la truite arc-en-ciel démontrent que les routes fécale et branchiale
peuvent Etre de grandeur égale et responsable de 80% de 1'arsenic
&1iminé, 1‘excrét§;n urinaire n'étant responsable que de 20% ou moins.
L'urine, & 1'opposé de chez les mammiféres, semble jouer un role de
second importance dans 1'élimination d'arsenic par la truite arc-en-

ciel.



-vii-

La spéciation chimique de 1'arsenic fut examinée-par des
techniques de dépistage radioactif et chromagraphique auxquelles
furent soumis les muscleé, le foie, les reins, le sang, la bile et
1'urine de truit; suivant une dose orale d‘74As sous forme d'acide
arsénieux. Le rapport d'arsenic organique total a arsenic inorganigue
total augmente rapidement avec le temps dans tous les tissus, la
fraction organique &tant responsable pour approximativement 50% 6 h
suivant la dose et au-dessus de 80% & 24 h. Un métabolite organo-
arsénique fut démontré par chromatographie sur couches minces (CCM)
comme ayant un Rf semblable & 1'ethylarsenobetaine et, ce composé
fut responsable pour la plus grande fraction de 1'arsenic tota} dans
tous les tissus de méme gue dans 1'urine et l1a bile &chantillonnées |

24-96 h apreés la dose.

L'effet d'acclimation 3 des doses sous-létha]es d'arsenic
sur les taux d'élimination & la grandeur du corps, sur la distribution
d'arsenic dans les tissus et sur 1'attachement d'une dose subsééuente
d'74As fut examiné. L‘é]imina?ion d‘74As d la grandeur du corps fut
deux fois pius rapide dans les poissens pré-exposés contenajent de
plus hautes concentrations d'arsenic que ceux du témoin. La
chromatographie sur gel des protéines du cytosol du foie n'a révélée
aucune différences dans le type d'attachement arsenic-protéine dans
les témoins et les poissons pré-exposés. L'éluat d'arsenic donna
deux sommets, le premier sommet attaché & des protéines de 19,000

daltons de grosseur moléculaire et 1'autre' correspondant & 3,000

daTtons de grosseur molécuiaire.

Les truites exposées & des niveaux d'arsenic de 20 et 30mg
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As Kg'] dans ‘Teur didte pour une période de 2 & 8 semaines

démontrarent une croissance réduite comparé au témoin. ‘Le foie

contenant le plus haut niveau d'arseniG parmi les tissus analysés.

Y
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GENERAL INTRODUCTION

Arsenic occurs natural]} in minerals-and ores f}om-which
it may be ;e1eased during dissolution, weathering and erosion. As
much as 10-15 percent arsenic_ma} be associated with certain gold
ore and coal, while up to 1 percent may be present in galena (PbS)
ores used principally in lead smelting. "Ferguson and Gavié (1972)
estimated that 41 x 109 g arsenic are released annually from rocks

through geochemical processes.

Other than the natural sources, large quantities:of
arsenicals are released into the environment as a result of indus-
trial and especially agricultural activities. The mining, refining
and smelting of ores of gold, lead and copper, with which arsenic
is usually associated, result in release of arsenic, chiefly as
arsenic trioxide. The use of pesticides containing arsenic also
contributes to the environmental load of arsenic. Paris green
(copper acetoarsenite) was the first pesticide widely used in
modern agriculture (Carriker et al. 1976) and several arsenic
compounds continue to be used today. A1l these sources of arsenic

may result in high concentrations of arsenic in the atmosphere, soil

and the aquatic environment.

Arsenic levels in natural waters vary widely, ranging from
0 to 400 ppb (NRCC Me. 15391, 1§78). Waldbott (1973) suggested that
the arsenic content of uncontaminated surfgce waters averages less
than 10 ppm in general. However, groundwaters are higher in
arsenic than surface fresh and marine waters. Hot and cold spring

waters containmuch higher levels of arsenic when they percolate
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through volcanic ash and rocks, which may contain up to 7.7 percent

-._ arsenic (NRCC No 15391, 1978).

T~

~ Arsenic occurs in the aquatic environment in several forms.
.Inorganic_formS‘of arsenic prevail in most waters. Arsenate has
been reported to be the mest_stabie form of {norganic arsenic in

freshwater and is most common undE?‘eQEiliEzi:? conditions. The

chemicai forms of arsenic present in the aqudtic_media depend on

the physicochemical characteristics of the wate} such as~pH. Eh

and dissolved oxygen content. At low pH, the lower oxidation state
of arsenic ( 3,0,-3) are prevalent. More basic conditions result
in an increase‘in the percentage of-arsenic present in the pentava-
Tent state (Gulledge and Q'Connor, 1973). Arsenic in the O form is
quite rare and the -3 forms exist only-at exfreme]y Iow Eh values.

The two most common forms are the +3 and +5 forms of which the +3

is the more toxic (Ferguson and Gavis, 1972).

The accumulation of arsenic by aquatic organisms is well
;documented{ ~In seawater containing arsenic ievels ranging between
0.05 and & ng 1_], marine plants are reported to have arsenic
concentrations ranging between 1 and 12 mg kg;1, while marine
animals have concentrations usually between 0.1 and 50 mg kg_I
(Cox, 1925; Wedepohl, 1969) Chapman (1926} found arsenic levels
as high as 200 mg kg'] in shrimps and lebsters.. Concentrations in
freshwater organisms are genera]Ty much lower than in marine species.
Woolson (1975), in a recent review, reported a bioaccumulation ratio in

the order of 3-30 for freshwater fish and 500-5400 for marine species.

The difference between freshwater and marine systems may be a function

/
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of the arsenic concentration to which the organisms are continuously
exposed as well as its chemical form. Differences in osmoregulatory

systems may also be involved.

The chemical nature of arsenicals in the medium, and in
the organism, affects the retention, and extent of arsenic toxiéity.
Arsenate (As -+5) usually elicits fewer signs of toxicity than
arsenite (As + 3) (Ferguson and Gavis, 1972). Naturally. cccuring
organic fgfﬁ% are known to be 1e§§ toxic than the inorganic, and
as such, biotransformetion into the organic forms is considered 2

detoxification mechanism.

Since fish may take up arsenic from the environment

the water via the gills, or by ingesting sediment -

—_—
—_—

and other food items contaminated with arsenic (Penrose, }975),

it may be assumed that the exposure vector will influence
accumulation and subsequent kinetics of arsenic in both freshwater
and marine organisms. Direct uptake of arsenic from freshwater by
fish ﬁas been shown to be relatively inefficient compared to

methyl mercuric chloride {CH3HgC1), for example (defreitas and Hart,
1975), whereas uptake from food is very efficient with assimilation
efficiency of more than 50% (Lunde 1972; Penrose 1975). In the

decapod crustacean, Lysmata seticaudata, an assimilation efficiency

of ingested inorganic arsenic of 88% was observed and elimination kinetics
differed from those followina uptake directly from water (Fowler

and Unlu, 1978).

One important factor, besides physicochemical paramaters

such as temperature, pH and alkalinity, that may influence the
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‘uptake and subsequent handling of a toxicant by an organism is the

i recent environmental history of the orcanism in terms of exposure
to arsenic. Previous contacf with toxic agents must be taken into
account'Before tolerance experiments are performed since previous
encounters in some cases may render an animal more sensitive (Warren,
1571). However, the tolerance of an animal to a toxicant is usually
increased by a recent exposure to sublethal levels of the toxicant.
The stress resulting f;om sublethal levels elicits Qome adaptive

~ responses within the organism which renders it more tolerant to
1ow‘stres§ condition and even to subsequent, more critical ones.
The organism is said to have adapted and become acclimated to the
conditions. Fish have been shown to acclimate to a variety of
environmental pollutants, including zinc (Lloyd,1960; Edwards and
Brown, 1967; Siniey et al. 1974) and cadmium (Spehar, 1976; Pascoe
and Beattie, 1978). It was suggested by Pascoe and Beattie (1978)
that synthesis of metallothionein, a metal protein complex l
produced in response to the ions of cadmium, zinc and mercury,
could have been responsible for the increased resistance to
cadmium observed in rainbow trout. Acclimation to arsenic has
also been reported for mammals (Schwartze, 1922; Kuhs et al. 1939)
and fish (Dixon, 1979). The extent of acclimation of rainbow
trout  fingerlings to arsenic was shown to be a function of Tevel
'?g::kﬂi\as the duration of exposure (Dixon, 1979). There is no
evidence yet that arsenic induces the production of
metallothionein, but it is possible that one of the processes

involved in the acclimation of rainbow trout to arsenic could be

generally similar to that for cadmium and related metals. Increased
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tolerance could be duertd an induction of the mechanism 1nvo]véd in
the clearance o% arsenic or the removal of arsenic from circulation
by a metallothionein-type arsenic binding protein. If the former
is the case, the clearance of'a subsequent dose of arsenic after the
fish have been conditioned to sublethal doses should be faster.

In the latter case however, specific tissues involved in the
binding and immobilisation of arsenic would be expected to contain
relatively higher levels of arsenic. The mechanisms of acclimation
is not yef understood. Acclimation has an ecelogical

significance not only to the organismsf but to the entire community.
A lack of information on acclimation of fish to chemicals could be
2 major obstacle preventing accurate application of laboratory

toxicology results to field situations.

A

The common practices‘whe}eby mining effluents are
accumulated during winter months and reieased in eg;&y May (Falk
et al, 1973) and spraying of pesticides at regular time intervals
raises the guestion of acciimation. If previous exposure 1o
sublethal levels of arsenic released from the sediments over a long
period increased the tolerance of the fish to arsenic, accumulation

and hence the toxicity of subsequent discharges containing relatively

high levels of arsenic could be affected.
!

1

Altholigh considerable information has been published on
the toxicity of arsenic most of the data has been related to
Jethality, not sublethal physiq&pgica] stress. Therefore, the
long term effects of arsenic on growth and other physiological

functions were also examined in this study as the stress from
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sublethal concentrations of arsenic have been réported to havé

serious biochemical, behavioural and physiological effeéts (Gilderhus,
1966; Weir and Hine, 1970; Speyer, 1975; Sorensen, et al., 1979). The
mechanism whereby ph}sio]ogical stresses are brought about have

been shown to vary with the form of arsenic. Trivalent arsenic

forms covalent bonds with carbon and sulphur. The covalent

bonding of arsenic+3 to sulfhydryl (SH) groups of cysteine in
enzymes, causing its.inactivation is the primary mode of toxicity
(Fergussn and Gavis, 1972). Arsenate (As + 5) does no; bind to

sulfhydryl groups, but it can be reduced to trivalent arsenic in -

T
v

organisms (Schroeder and Balassa 1966). Arsenate uncouples
oxidat}ve bhosphory]atipn in the triose oxidaticon step of g]ycoTysis
(Lehninger, 1972), during which the enzyme can utilize -
arsenate instead of phosphate. However, no high energy phosphate
group 1is generated although the overall oxidoreduction takes
ﬁ]ace. The presence of arsenate therefore creates a shortage

of energy required for physiological processes. Finally, both
arsenite and arsenate ions ccagulate proteins by causina the shape

er configuration of proteins to change.

In spite of the extensive Titerature on Tevels of arsenic
in aquatic organisms, one major problem remains yet unsclved; the’
understanding of the kinetics of arsenic accumulation. Most -
reported values for levels of arsenic in aquatic organisms in the
literature were obtained from organisms killed aftér laboratory
exposure or caught in arsenic-contaminated environments. To date
there is insufficient information on whicH to estimate the

bicaccumulation potential of arsenic in terms of the uptake
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efficiency from food and water, metabolic fate, action and elimination
of arsenic in aquatic o;ganisms, the understanding of which is
essentig] to reach aﬁ evaluation of the associated.risks to aquatic
organisms and other parts of the ecosystem. To this end, this
study was undertaken to examine*the bioaccumulation potential of
arsenic within the following fr;mework: 1) efficiency of uptake
from water and food; 2) reteﬁticn-ﬁhdex or fractional clearance
from whole body with special éﬁphasis on foutes of clearance;

-3) metabolic products of arsenic and their influence on the
‘clearance pattern; 4) adaptation of rainbow trout to'arsenic as
refiected by the elimination of arsenic from wheole body, tissue
distribution and binding of arsenic to liver proteins; 5) the
accumulation of arsenic under Tong-term equilibrium conditions

and 6) physiclogical effects.



Chapter 1 il
Bioaccumulation kinetics of arsenic in rainbow trout,Salmo

gairdneri..
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INTRODUCTION

The presence of arsenic in Eoth mar%ne gﬁa freshwater
organisms is well documented. Chapman (1926) reported 8.0, 7.0 and
3.5 ppm arsenic in plaice, sole and dab (wet weight of fish)
Fespective1y caught from salt water containing 0.28 ppm of arsenic.
E11is et al. (1941) listed arsenic content in whéle fish of 0.28 to
1.30 ppm for 15 freshwater fish species in Southern Unitéd States.
The authors reported tissue distribution pattern for only large
mouth bass which contained 0.66 ppm in whole body (wet weight),u
0.50 ppm in eviscerated fish and 6.06 ppm in liver. More recently,
Falk et al. (1973} and Wallace and Hardin (1975) reperted
arsenic levels in f;éﬁ muscles from Grace, Like]y and Kea Lakes
(North West Territories, Canada) as 0:28 ppm in lake whitefish aqd’a\\\
3.22 ppm in northern pike. A recent laboratory study by Sorensen (\5
et al. (1979) indicated a time-dependent increase in arsenic ' . ~
concentrations in the liver, spleen and kidney of green sunfish K\;;
following a 6-day exposure to water containing 60 ppm arsenic at
20°C. The reported arsenic levels of 42.3 ppm for liver and 23.4 ppm
«\H\fgr spleen of fish sampled after 4 days of exposure weré significantly
highér than those sampled after 2 days. The arsenic concentrations
in these tissues after 6 days did'not differ from those reported after

4 days.

The amount of a chemical toxicant an organism accumulates
from the environment is controlled by a number of factors, which
may be classified as "b1010g1¢a1“ or "physical" (deFreitas, 1877).

The biological factors are those intrinsic to the fish itself such
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as metabolic rate and the inherent biochemical and physiological
systems involved in-the uptake, detoxification and'élearancé of

the toxicant. .The dose of arsenic and the resulting tissue levels
should be directly related to arsenic concentration in food, food
consumption, assimflation efficiency of ingested arsenic, assimilation
efficiency for uptake from water and clearancé rates. The "physical$
factors such as the concentration of the poilutant in water, the
water temperature and also the chemical nature of the toxicant are

external to the organism.

Arsenic found in tissues of fish and other organisms must
have entered the body by direct uptake from water and assimilation
of arsenic from arsenic-contaminated food. Whether or not
biomagnification of arsenic from prey to predator occurs depends
on the efficiency of uptake through the intestinal epithelium and
clearancé of tissue arsenic. Bioaccumulation from water Tikewise
depends on- the assimilation efficiency for uptake via gill tissue
and in some cases, the general body surfaces. Arsenic has been
reported in aquatit organisms that make up fish food such as algae,
coelenterates, molluscs and crustaceans (Bowen; 1966 a;a Isensee
et al.1973). Another potential source of arsenic found in
benthophagous fish is sediment which may be ingested with food,
particularly since sediments in several iakes have peen shown to
contain high levels to arsenic (Seydel, 1972; Foley et al. 1978;

Hagemann

t al. 1978). The arsenic levels reported by these authors
suggest that biomagnification of ‘arsenic between trophic levels does

not appear to take place in freshwater organisms though certain

studies {LeBlanc and Jackson, 1973; Kennedy, 1976) that examined total
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arsenic in marine crustaceans and théir food suggest biomagnification
in the food chain from zooplankton to their predaior, the shrimp.
However, there was a decrease in concentration up the food chain

from shrimp to their predators, fish. In order to understand the
reason for this apparent lack of food chain biomagnification, it is
necessary to have information on the pharmacokinetics of arsenic

in these organisms.

There is not much literature on the effect of the route of
exposure on the kinetics of arsenic uptake in aquatic organisms,
particularly fish. However, it has been demonstrated (Fowler and

Unlu, 1978) that the marine shrimp, Lysmata seticaudata acquired

most of its body burden of arsenic from the food.

Also, the route of uptake has been shown-to modify the
Subsequent time course of tissue distribution and met;boiism of
arsenic. .Four hours after an intramuscular injection of 20 uCi.
74As-arsem‘c acid, elevated arsenic residues (up to 7.5% of totai
arsenic in muscle tissue present in organic form) appedred in tlood,
‘muscle and liver of rainbow trout (Penrose, 1975). Oral ingestion
of a similar dose produced a glower increase in tissue levels and

an increase in the organic form of the arsenic accumulated in Tiver

tissue (up to 93%).

Ubon entering the circulation of an organism and being
bound to the tissues, the clearance of a toxicant frem the whole
organism should be directly related to the turnover of chemical
components of the tissue, which in turn depends on the metabolic

rate. For eiample, sensitivity to a toxicant may vary due to



-11-

individual differences in whole body retention and elimination rates,
which probably reflects the capacity of specific tiséue§ to detoxify f
or transform the toxic substance. Ffor instance, if has been established
that fish contain an adaptive protein which can bind large amoﬁnts

of mercury, cadmium and zinc (Spehar, 1976; Brown and Parson, 1978;
Prueil, 1977). The fish is therefore more tolerant of the metal as
the binding removes it from the pool of metabolic constituents.

Brown et al.(1977) and Brown and Parsons (1978) agree with Leber's
(1974) hypothesis that tolerance to metals may result from the synthesis
in the liver or kidney and possibly gut wall of metallothionein (MT)
which binds the metals. These authors believed that detoxification

by metallothionein is brought about, in part, by the displacement

of the less toxic metal component (zinc) of MT by the more toxic
metals. A “spillover" of toxic metals from meta11othﬁonein occurs
when there is insufficient zinc-containing binding sites on
metallothionein to immobilize the metals ai may occur when rate

of toxicant influx is greater than the rate of metallothionein
synthesis (Brown and Parsons, 1978). There is no evidence that
arsenic induces synthesis of metallothionein. However, if arsenic

is “immobilized by an arsenic-induced system similar to retallothionein
one wouid expect the induction to produce a decreased whole body
clearance and an increase in concentrétion of arsenic at the

specific tissues involved in the immobilization.

In spite of the vast literature on arsenic in biclogical
systems, there are no conclusive reports on the pharmacokinetics
arsenic in fish on which to base uptake efficiency from water or

food and rates of total elimination from whole fish, as well as by
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specific excretory pathways. Excretion of drugs via the gi{ls has
been discussed with interest by pharmacologists and comparative
zoologists over the years (Brodie and taickel, 1962) but there are
few quantitative reporis on the subject. The routes of

excretion of arsenic from fish have not been guantitatively defined
in the literature. 1In & recent publication® from our laboratory
however, (Oladimeji _En*l, 1979), it was reported that urinary
andlbi1iary excretion could account for only a minor portion of the
jngested arsenic and the suggestion was made that the gill may

play an important role in the excretion of this element. A demonstra-
sion that the gill tissue functions as an excretory route for arsenic
could have important iﬁpiiqatﬁons to the toxicity of other metalloids
such as selenium and the interactions between, for example copper

and arsenic could be important, since copper and other heavy metals
exert their tox{c—action on gill tissue (Baker, 1969 and Skidmore,
1670) by causing-histologica1 damage which may disturb

its respiratory gas  exchange function. In this case, synergism
between arsenic and copper might be caused by copper preventing

the excretion of arsenic by the gills. The present

study was undertaken to define the bioaccumulation kinetics of
arsenic by the rainbow trout. The following aspects of bioaccymu-

lation kinetics were examined.

(a) The uptake of arsenic From food and water and
jts subsequent elimination
(1)1the magnitude of the food and water vectors

for arsenic uptake
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.(11) whether the food vettor can resy]t in
*  biomagnification of arsenic from prey
to predator
(i91) the role of gill as an excretory route for
arsenic and the proportion of total
excretion which takes place via the gills
and other routes. .
tb} Induction of the synthesis of metallothionein-type
| proteins as detected by protein isolation chroma-

tography and changes in arsenic retention and

tissue distribution. .
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MATERIALS AND METHODS
General Procedures

Maintenance of the fish

Rainbow trout, Salmo gairdneri, {30-100 g wet weight), were

obtained from Goosen's Fish Hatchery, RRZ2, Otterville, Ontario and
Thistle Springs Trout Farm, Ashton, Ontario. On arrival at the
laboratory, fish were held at 10 = 1°¢ in refrigerated fibreglass
tanks (Frigid Unit, Toledo, Ohio), at a density of approximateiy 1 g
of fish tissue pef 150 m1 of water. These tanks were aerated, and
supplied with a continous fiow of 24 iitres/h dechlorinated

filtered water. Water quality par;meter values are presented in
Table 1. The values for those parameters which were not determined
weekly are quite c1o§e to those carried out be the City of Ottawa
Water Works. During experimentation fish were fed Purina Trout Chow

once daily-at the rate of 2% of their body weight (dry weight of

food and wet weight of fish) or as specified for eaéh experiment.

Measuremeét of radiactivity

The radioisctope of arsenic (74As) used for this study was
i the form of carrier-free arsenic acid (specific activity 0.5-1.0
ug/mCi) in 0.04 N HC3 and was purchased from Amersham Searie,
Arlington Heights, IT1.

é? The radioactivity present in whole fish, fish tissﬁe and
water was measured with gamma-counting spectrophotometers. Two
counters were used in this study. A Nuclear Chicago instrument
was used as well as an Ortec manual deep well counter, consisting

of 3 X 3- in Nal detector crystal in a lead-shielded well. The

4
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Table 1. Characteristicsa of the water used for the study

Constituent Concentration
(mg/litre)

ortﬁBpQgsphate 0.52
metaphogbﬁetg . ) 0.04
total phospﬁate | 0.56
silica ‘ 6.50

Fe 0.10
As® ‘ 0.002
N—NO3 . 8.00
NO,, \ 36.20

0, (temp. 10%)¢ 10-11.00
hardness (total)® | 41-48.00
pHC 7.2-7.4
ATkalinity® , 18-20.00

2peterminations made according to standard methods as
described by’t%ag](1974)
bObtained from thetresults of the analysis of water

samples taken during 1978 and 1979 at the City of
Ottawa purification plants

CRange of values obtained from determinations carried
out once every week during the tests are presented

for these parameters, while those for others are

means of measurements made twice during the experiments.



-16-

Ortec counter was used mainly for estéplishing the amount of
radioactive '°As in Tive fish. The crystal was connected to a o

single channel energy spectrum analyser.
Handling and measurement of whole body content of 7%s in 1ive fish

One to 2 weeks prior to dosing fish were tagged1 through
the musculature anterior to the dorsal fin for subsequent
identification. wﬁo1e body retention of the input dose of arsenic
was determined for each fish by measuring its content of 74As at
various times postdose. For whole body retention, 5-8 fish dosed
with arsenic in diet or water were separated into 120 Titre glass
aquaria supplied with flow through dechlorinated water (24 litres/h)
maintained at 10 + 1°C. Prior to being separated into the 120L glass
aquaria for clearance studies, each fish was rinsed for 10 minutes in
uncontaminated water and counted live. Two different methods were
used for measuring radioactivity %n the different sizes of fish.
Following the rinsing, Targer fish (31-100g) were placed in
polyethylene bags containing 100 ml of dechlorinated water for
whole body counting. Each of the smaller fish (20-30 ¢ wet weight)
was placed in a crystallization dish (Pyrex 100 x 50) containing
100 mi of water. The crystallization dish was partitioned to keep
the fish directly above the well (Fig. 1). The crystallisation
dish or polyethylene bag containing the fish was placed on top of
the 3-in sodium iodide detector crystal. When the polyethylene
bag was used, it was placed in a circular cardboard box partitioned
to constrain the fish directly above the detector crystal. To

facilitate the conversion of the measurements of radibactivity in
] Fingerliing fish tags, 5 mm X 3 mm. Floy Tag Manufacturing, Ltd.,
4616 Union Bay Place N.E.' Seattle, Washington 98105
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Figure 1. Whole body radioactivity counter for live fish
Sy .

A - Additional Tead shield cover

B - Additidnal Tead shield on tdp of detector-cut
away to reveal the dish containing the fish

C - Plastic 1id for pyrex dish- partitioned to
keep fish directly above F. ‘

D - Pyrex glass dish containing 100 m1 of water

E - Original lead shield for the detector

F - Doughnut hole in Nal detector for counting vial
when the system is used as manual deep well

counter
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- TT——wtiole fish made on top of the well to deep well counting efficiency,

some fish were exposed to arsenic, counted live "in polyethylene
bags or crystaliisation dishes and then sacrificed. The fish wé}e
then homogenized to liquid form with their‘weighf,of water using a
Polytron homogenizer and one-gram subsamples of the homogenates

counted.

1

Standardization of radicactivity measurements

The counting efficiencies of the gamma counters were
determined by the use of standards consisting of accurately measured

tities of '*As-labelled arsenic acid in standard counting vials

Orfec) or gamma tubes (Nuclear Chicago). The standard was used to
tne the day to day variations in the counting efficiencies
observed during the periods of measurements. For any given sets of
measurements, observed counts were corrected for physical decay and
variation in counting efficiency at the time of measurement as

determined from the value of the standard.
Data analysis

The corrected whole body counts were averaged for each

group of fish, at each time point during clearance experiments.
L

Assuming first O;EES kinetics, the averaged data and those for

individual fish were fitted to the exponential equation

-bt

¥t = ae where

Yt = body burden of arsenic resulting from
exposure

a = a constant representing compartment size
(or Y intercept of the fast or slow-
clearing compartment)

ot
[ ]

time in days
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b = fractional ‘clearance rate d-!

The fractional clearance rate was obtained by regression
analysis and the biological half-life (ti) was derived from the

relationship

Tty o= 1n2 .
b b

where b = slope of the regression line

Values fqr biological half-lives or fractional clearance
for fish expoéed to the different concentrations of arsenic in water
and diet were compared by mea;s of Studeﬁt's t test. The effect of
preexposure and route of exposure on tissue distribution in the
different groups was determined by an analysis of variance (ANOVA)

between exposure groups.
Specific Procedures
Uptake of arsenic from water and its subsequent clearance

Studies on direct uptake of arsenic from water by fish were
carried out in 15 1itres of dechlorinated water contained in glass
jars with a capacity of 25 Titres. Fifteen tagged fish {ranging in
body weight from 40 to 55 g) were divided into three groups of 5
. fish each. Each group of 5 fish was exposed to one of three
different initial concentrations of arsenic, 6, 12, and 25 pg 74A5
m]'1 for 12 h during which the temperature was mainta%ned at .

10 = 1°C. Measurement of 74As in the exposure water was made at

6 and 12 h.

In order to determine the effect of duration of exposure

on ﬁptake and subsequent clearance of arsenic, three groups of 5

-
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fish each were. 51m11ar1y exposed to a so]ut1on conta1n1ng an 1nnt1a1

concentration of 12 pg 74As ml -1 for 6, 12 and 24 h as-described

above.

After the exposure period, fish wére removed from the
jars and rinsed for 10 minutes in uncontaminated water. Immediately

following r1nswqg the amount of arsenic taken up be each fish was

' est1mated by measur1ng ‘the radioactivity assoc1ated with the 74As

tracer in each whole live fish using the Ortec gamma counter

Subseguent ¢clearance of arsenic from each fish was estimated by a

series of postdose measurements.
Whole body retention of arsenic following uptake from food

Fish used for uptake and clearance of arsenic following
uptake from food were starved for 24 h and then fed ‘a single dose

of arsenic-contaminated diet of 10 uCi Zqu {~10ng ﬂs)]TOOg

‘?n!fish wet weight. For preparation of the contaminated diet, a

measured amount of 74As-‘labeﬂed arsenic acid was added dropwise to

the daily ration of Purina Trout Chow. After the addition of the

_ arsenic, the food was allowed to stand for 10 minutes before it was

fed to the fish. The amount of arsenic ingested by.eacﬁ fish, its
assimilation efficiency from the gastroinpestina]'tract and its
subsequent clearance were estimated by a series of postdose
measurements‘of the radiocactivity retained by each fish using the
Ortec ganma counter. Measurements were made at 2 h postdose ané
subseguently at.1, 2, 4, 7, 14 and 21 days postdese. Fish werejf%d
daily at 2% of their body weight (dry weight of food/we't_ wefight_'{;)f_

fish) during clearance.
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Excretion of arsenic via the gills .
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Routes of arsenic excretion

Urinary excretion i -

‘ Fish us;d for ;his stﬁdy had aﬁlavekage weight of 57:5 = 0.5
Each fish was anaesthetized lightly (50 ppm MS-222) and force-fed
one #4 ge{atiﬁ capsuie containiﬁg 500 mg of pulverized trout chow

to which 25 ug of arsenic was added. The 25 ug of arsenic

74

consisted of a mixture of 0.01 ug “"As (~10 uCi) and 24.99 ug stable

arsenic, as arsenic acid, used as carrier.

Urine collection was carried out by insertion of a

‘polyethyiene tube (PE9D) through the urinary papilla of lightly

anaesthetized fish as described by Fenwick (1974). The tube was

fixed in p]ace by suturing it with a thread to the skin and

‘musculature surrounding the vent. Urine collection. began 24 h

after catheterization. At the beginning cf'each‘peridd of urine
collection, each fish was anaesthetized and the finger cot whichh
has'Eeen previously washed with'ﬁéter was deflated and tied over
the end of the catﬁeter. At the end of each period, the urine
volume was measured. The amount of arsenic excreted in the urine
was determined by radioassayihg 0.5 ml portions of urine and the
amount .of residual arsenic ?qu in the emptied cot was also

estimated.

The measurement of?arsenic excreted via the gill was

achieved by the use of the two compartment respirometer of Boddington

et al. 1975. Modifications in design and operation; as indicated in

Fig. 2 were incorporated to achieve this function.
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-

Diagram of the respirometer used for measuring the

excretion of dietary arsenic via the gill of

rainbow trout, Salmo gairdneri.

Orientation of the restrainer and fish,

See text for description and operation of the apparatus
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Eight fish were fed'arsénic-contaminated diet in group of.
2 or 3 as previously described for whole pody clearance. :The
amount of arsénic (74As) ingeéted by each fish ranged from 1.5 ng -
3.5 ng (3-7 uCi). Since preliminary runs made with fish in the
respirometer 8 h postdose resulted in regurgitation of food in the
Eead chamber of the respirometer the runs were therefor commenced
at 20 h postdose. No reguF@itation was observed during the runs.
This is not.qnexpected since according to Windell et al. (1969)

gastric evacuation would have been or almost compieted by 20 h

postdose under the conditions of this experiment.

Duration of experiment varied from 1.5-4 h and a number of
repetitions were carried out on each fish at various tﬁmes between
20-288 h postdose. Measurements of arsenic in the head compartment
was made every 20 minutes of each experiment. No anaesthetics was
used since the most common anaesthetic, MS-222,-has been shown by

various studies including that of Houston et al. (1871) to reduce

blood flow and movement of water across the gills.
Operation of the modified respirometer (Fig. 2).

The respirometer with the diaphragm instralled as described
by Boddington et al. (1970) was placed in a bath of running water at
12 * 1°C. The fish was placed in the restrainer and located horizon-
tally with its head through the hole in the diaghragm and projecting
into the head chamber until the opercula just cleared the diaphragm.
Note that in this application, the fish was not at an angle of 30°
to the horizontal as-descriﬁed by Boddington et al. (1979), in which

the differéntia] concentration of 0, and mercury in the inhalant
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and exhalant water.ﬁnd the ventilatidn'VOIUme were being measured
and in which the opercula did not have to clear the diaphragm into
: . _ . |
the front compartment. Movement of jaw muscles did not seem to be
restrictéd.in our application of‘therapparqgg§. Accdfding to
exhalant water was ﬁecessary. There was no leakage across the

diaphragm with the fish ir situ when tested with methylene blue

as described by Boddington et ai. 1979.

Oxygen in siight excess to maintain saturation wa§
continucusiy bubbled throhgh the water in the head region through
A] (Fig. 2.1) vented at A2 through @ bulb containing activated
charcoal to absorb any volatile arsenic in the effluent gas. The
tulb was'c0unted for radiocactivity associated with adsorbed arsenic
at the end of each run. The opening, C?’ in the head region was
fitted with a probe for monitoring oxygen concentration which was
maintained near saturation at all times during measurements. A
vertical tygon tubin@\attached to AZ served as a manometer for the

¥
)

tail end. ) \

Duplicate 5 mi water samples were removed from the head
and tail compartments thréugh‘B1 and 82 respectively at 39 minute
intervals. The raaioéctivity associated with the arsenic in the
water was measured in the gamma counter and the samples returned

into the respective chambers.

Whole body retention and tissue distribution of 74As in rainbog

trout preexposed to ingested arsenic

Determination of the effect of preexposure on retention

of arsenic in whole fish was carried out using three groups of fish.
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These consisted of control (maintained under identical conditioﬁ; in
the absence of the toxicant) and two gr;ups preexposed to 5.70 and
22.80 mg hs/kg (as sodium arsenite} of diet respective]j for 14 dayé
during which they were fed at-a-daily rate of 2% body weight.
Following the-preexﬁogure, the~fjsh ﬁere-starveq for one day and

fed a pu]se-dose of 10 uCi 7%As (71bng;/1oo g fish wet welght. To
obtain this dosé a measu;ed amount of the 74As—1a5eﬂed‘arsenic': édi@
was added dropwise to the regular dajly ration (contafnjng 0,5.70 and
22.80 mg As/kg diet respectively). The amount of arsenic ingested,
assimilation efficiency and subsegquent c]earénce were determined as

previously described.

In order to follow the condition of the Fish without
enhancing clearance of arsenic as a result of handling, duplicates
of the above exposure groups were run concurrently. These duplicates
consisted of 20 fish each and the treatment groups were éiposed to
5.70 and 22.80 mg As/kg die; for 4 weeks. Fish in each group were
weighed at the beginning, at two weeks and at the end of the
experiment. In all cases fish were not fed for 24 hours prior to
weighing. A pooled sample of 4 fish from each of thé treatment
groups (including those used for hemoglobin determination) were .

killed at weekly intervals over a 4-week period. - The arsenic content

was determined2 on freeze-dried tissue homogenates.

Blood hemoglobin content was measured at the beginning of
the experiment on 5 fish ‘before they were allocated to their treatment
groups and on 4 fish from each group after two weeks of exposure and
at the end of the experiment. The method used was that of Wintrobe

2 Bondar-Clegg & Co., Ltd., 764 Belfast Road, Qttawa
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Table 2. Tissue and organ weights exp}essed as percenta of total wet ﬁeight

- of rainbow trout.

Body Component ' Percent of total‘het weight
8100d" ' 32 -
Brain 0.72 |
Antefior gut . 2.81
Posterior gut & py1oric caeca 4.70
Gil1 o 3.60
Liver | .0 T 120
Kidney®© ' 0.82
Bile & Gall bladder 0.26
Skeletal muscle . 45.51
Skin 8.02
Spleen 0.15
Heart ' 0.15 o\
Remaining carcass ' . 27.94

aComputed by Qeighing the organs of 30 fish (10 fish for muscle and skin)
having an average weight of 26.5 g.

bBTood value from Holmes and Donaldson {1969)

“Kidney value from Giblin and Masaro (1973)
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(1961), using 2 cyanomethemoglobin standard. Blood samples were
obtained by severing the caudal peduncle of anagsthetized fish and

collecting blood in heparinized capillary tubes.
Tissue distribution of arsenic following uptake of arsenic from food

- Thirty-five fish were separated into each of three aguaria.
One group served as the contrel, wﬁi1e the other t@o were preexposed
"to 5.70 and 22.8 mg As/ké.diet for 14 days as described fﬁr'who1e
body c1eérance. Following the preexposure, the fish were starved

for 24 h and given a pulse dose of 74

As-labeiled arsenic acid to

give the same dose of 10 nCi/100 ¢ fish as used for the whele body
¢learance. Groups of 4-5 fish each_were killed with MS$-222 at 2, 24,
48, 96, 168, 336 and 504 h postdose anq;tissue distribution of _
arsenic was determined on eéch fish. The caudal peduncle was severed
and blood collected in heparinized capillary tubes which were in turn
placed in counting vials for subsequent -assay. Fifteen other tissues
or organs were isolated, weighed in counting vials and counted. The
amount of radicactivity in weighed portions of the homogenized
muscle, blood, skin, gills and remaining carcass (homogenized) was

- determined in the manual deep well-type gamma detector. The brain,
heart, anterior gut (stomach, portion of midgut to which pyloric qut
(remaining midgut and hindgut), posterior gut, posterior gut content, sp1een
and gall bladder {ligatured) were excised in toto. Radioactivity

in whole organ or tissue was expressed as the relative ﬁoncentration
distribution in tissues, which is defined as cpm per g tissue/cpm

per g fish. This expression normalizes the variation due to

differences in the amount of arsenic ingested initially by each

\
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fish since they were fed in groups which resuited‘in each fish
ingesting different amounts of arsenic. The distribution of
radioactivity in tHe tissues was also expresse& as a percentage

of the amount of arsenic (74As) rema%ning in the whole fish at

the time of sacrifice. Counts were corrected for differences in
counting efficiency resulting from diffgrences in tissue size by
using a set of-standarﬂ weights of homogenized fish tissue con-
taining a known ahqunt of arsenic. Where direct weighing of the
entire organ or tissue was not possible, table of weights expressed

as percent of total fish wet weight was used (Table 2).

Effect of preexposure to dietary arsenic on binding of arsenic to

liver proteins

Four controi fish and 4 fish which have been preexposed
to 22.80 mg As/kg diet for 14 days were each fed a single pulse dose.
of 5 uCi [ °As-Tabelled arsenic acid/fish inglo. 4 gelatin capsules.
Two fish from each group wére sacrificed ag\é4 h and 48 h postdose
respectively. The livers were excised, weighed and homogenized with
chiiled isotonic saline. The homogenate was centrifuged at 35,000 g
for 30 minutes in a sorval refrigerated centrifuge to separate the
residue. The supernatant was withdrawn, recentrifuged at 35,@00 g
for an additional 15 minutes with fresh saline and the final '
supernatant retained for chromatography. The final supernatant
was applied directly to a 2.6 x 100 cm column of Sephacryl 5-200
superfine {Pharmacia Fine Chemicals, Dorval, Quebec) and eluted at
10 m h™' with 0.1 M Tris-HC1 buffer, pH 8 containing NaCl (0.5M).

- One hundred 2 m1 fractions of the eluate were collected. Optical
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absorbance of the eiuate fract{ons was monitored with a spectiro-
photometer (Pye Unicam PS68-100) at 280 nm. Quantitative protein
determination was not carried out, but therpreﬁence or absence of
protein was detérmined.by‘precipitation usfng 5% trichloroacetic
acid (TCA). Précipitation on the addition of drops of TCA
indicated presence of protein. ETuate fractions were subﬁequéntly
' assayed for arsenic (74As) using the gamma counfer. |

[ 3
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RESULTS

.

Uptake of arsenic from water and jts subsequent clearance

THe concentration of arsenic remained relatively constant
during the exposure per%od‘ dropping gradually to about 90% of the
initial value ovér the 12 h exposuré period. Fish appeared 'normal®
duriﬁg the 12 h exposure to concentrations of 6.2, 12.1 and 25.3 pg

As m1f1. - :

The body burden of arsenic in fish exposed to 6.2, 12.1
and 25.§ pg As ml_'j for 12 h increased significantly with a rise in
the concentration of arsenic in wateé (Table 3}: The observed net
uptake rates of 2.2, 6.4 and 15.7 pg As per fish h! were directly
related to concentration of arsenic in water. As a result, uptgke rates
expressed as transfer coefficients were relatively constant with values
of 7.8, 11.1 and 12.0x 10 5gh™! for fish exposed to 6, 12 and 25 pg
As m1_] respectively, were independent of concentrations. The transfer
coefficient is the gmount of water, in ml or g, that is completely cleared
of its arsenic by 1 g of fish, in one hour. Its units are g h'T. A
‘transfer coefficient value of 5.0 h'], for example, means that 5.0 g
of water was cleared of its arsenic content by 1 g fish in 1 h.
Use of the transfer coefficient facilitates comparisons of
experimental results between experiments, since it normalizes the

differences in fish biomass and concentrations of arsenic in water. -

The transfer coefficient, Tc, is defined by the relationship:

where Yt is the arsenic content of the whole body, or fast or slow-
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clearing compartment of rainbow trout’ of wet weight W grams after
t hours of exposure to water containing arsenic at concentration(C.)

The transfér coefficﬁentlas used in TabIés 3 and 4 represents

only. a net uptake rate rather than a true uptake rate since

,the expression contains no. term for release of arsenic from fish:

: The results in Table 4 show that as duration of exposure
increased from 6-12h, the arsenic content of fish increased. The
body burden remained the same following an additional 12h exposure.
The proportion of the bedy burden that was contained in the slow
compariment, én the other hand, was siﬁilar in fish exposed for 24h
(Tab1e_6). The transfer coefficient decreased from a value of
19.3 x_10'3 h™! §n fish exposed to arsenic for 6h t0i6.3 h! for
tHose exposed for Zdh, reflecting the effect of rapid arsenic 1955
frém the fast compartment. The explanation for this involves thé

biphasic clearance of arsenic as will be shown more clearly by the

results on clearance (Fig. 3).

When trout that had been exposed to 74As in water were
placed in uncontaminated water, the arsenic loss was always in two
phases (Fig. 3 and 4). lThe rate of arsehic loss was iﬁitia11y
very fast but after agout 2 days the loﬁs rate declined marked]&.

This is an indication that some of the arsenic that had been

accumulated must.have been only loosely associated with the

organism and was quickly lost while the remaining arsenic was more

firmly bound. The fractional clearance rates for the slow and
fast-clearing comparfments in the three groups of fish exposed to

the different concentrations of arsenic are presented in Table 5.
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Fig. 3., Whole body clearance of arsenkc by rainbow trout

following a 12 h exposure to varying concentrations

74

of "Pas-labelled arsenic acid in water at 10°C. The

74

specific activity of ""As arsenic was 0.12 mCi ﬁg

As~!.
O 6.2 pg As ml”! water
{312.1 pg As w17 vater

@ 25.3 pg As ml7! water

The 1ines of 'best fit' for the slow-clearing compartment are
defined by the equations shown on them. Each point represents

the mean + S.E. of 5 fish.



g

' Body burden of arsenic (dpm "As x 1%/ fish )

.

Clearance fime (days,postdose )
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Fig. 4. Whole body clearance of arsenic by rainbow trout, Salmo
gairdneri, after uptake from water during exposures of’

74

varying duration to ° 'As-labelled arsenic acid in water

at 10°c. The specific activity of MJf\s arsenic was

1.58 mCi ug As |

O exposed for 6 h
O expPsed for 12 h
@ cxposed for 24 h

The lines of 'best fit' for the slow-ciearing compartment are
defined by the equations shown on them. Each point represents

the mean = S.E. of 5 fish.



Body burden of arsenic (dpr "As x 1077 fish)

03]
|

| ! | -
5 IO 15
Clearance time (days)
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There was no significant difference (P<0.0S) between the fractional
clearance rate of the s]ow-clearing compartment of trout that were
exposed to arsenic in water for 6 and 12 hours and Bétween those
exposed’tc arsenic for 12 and 24 hours. The fractional clearance of
the slow-clearing coqpartment for fish exposed to arsenic for 24
hours, however, was signﬁficant1y Tower than in fish expdsed for 6 hours
(Table 6).The rate of excretion from the slow-clearing comparﬁment
was similar for grsepic taken up from water and from food, with
biological half-lives of the sIow-cIea%ing compartment of 4.3-5.4.
days and 6:4 days respectively as shown in Table 5.
Due to the biphasic nature of the ciearance curve shown in Fig.

3 and 44 total uptake rate of arsenic from water can be usefully divided
into tyo compartments, the slow and the Tast, for purposes of
calculating body burdens that approach a steady state with respect
to uptake and elimination ;nder long term exposure conditidns. Transfer-
coefficient for uptake into siow and fast-élearing-compartment ang
the corresponding values for clearance coefficients from these two
compartments are shown in Tables 5 and 6.Using these values,ﬂ
equilibrium (steady state) concentration factors are reported
(Table 7).. The equilibrium concentratioh factors reported in Table
7 'show that shortly after 2 days of continuous exposbre, fast
compartment equilibrium has been essentially échieved. Slow
_ compartment equilibrium is achieved by 18-24 days of exposure
and at this time, uptake into the fast compartment represents
app}oximate1y 20% of the body burden.

" The equilibrium bioconcentration ratio of 0.3-0.7 between water
(Table 7) and fish for arsenic are low. This means that fish in water

containing an arsenic concentration of 10 ug m]'l, for instance, will not be
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éxpectéd to cpntain more than 7 ppm arsenic at steady state.
Uptake of arsenic from food and its subsequent clearance

Uptaké of arsenic from.fdbd was rapid and efficient. Tissue _
distribution data (presented later in this result section) indicated
the presenc; of arsenic in most tissues as early as 2 hours after
ingestion. Aﬁ estimate of the assimiiation efficiency from the
gastrointestinal (GI) tract can be obtaimed by caiculating the ratio,

total arsenic in tissues/total ingestéd arsenic. Themmaximum value
of this ratio should occur prior to the voidance time of unassim{]ated
£00d. According to ;he observation made by Windell et al. (1969), gastric
evacuation in rainbow trout-maintained at 15°C was 865 at 20h after
ingestion. The voidance time is thgrefore_not expected to exceed
one day. A second method of estimating the assimilation efficiency
is to-use Qho]e body c]ear§nce curves by ex%raﬁo1ating the observed
clearance occurring after voidance iime Sack'to‘zero;timé. The |
extrapolated value at O-time is used as an esfimaté of the fraction
of the ingested dose that was not Tlost during Qoidance of the meal,
and therefore must ?ave been absorbed by the tissues'of the

'-organism.- However, for arsenic this results in an underestimate

since (1) arsenic is cleared very fast and (2) the fast compartment

corresponding to the voidance of unassimilated arsenic is not well-

defined.

The data for the retention of arsenic following uptake
from feod demonstrate that the bulk of arsenic was rapidly
eliminated (Fig; 5). Clearance data from Fig. 5 indicated that

2% of the ingested dose was retained 21 days postdose. Whole

body clearance resulted in a curve that has at least two slopes.
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Fig. 5. Whole body clearance of an ingested dose. (10 ng As/100 g

fish) 74As Tabelled arsenic-acid by rainbow trout at-qgfzi. -

\
~

The 1ine of 'best fit' for the sTow-clearing compartment is defined

by the equation shown. Each point répresents the mean + S.E. of 8

.. fish.
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The first set of ﬁdﬁtdose me;suréments represents the fast compart-
ment and lasts for 2-3 days. For the reason g{veh abover this
compartment does not coincide with the veidance time of about 24h
for passaée of unabsorbed arsenic from the gastrointestiné1 tract.
This fast cohpartment represented 75 * 3% of the ingested dose and
had a half-Tlife of elimination of approximately 20 hours. The
second, slow-clearing compartment rebresents the portion of the
assimiiated arsenic that remains firmly associated with the body
Lissues. As already explained above, the size of this latter compartment
relative to the ingested dose is a useful measure of the net
assimilation efficiency, in terms of caTéuTating body burden during
long term exposure. This second component accounted for 25% of the
1ngested'dose and was eliminated at a much siower rate. Arsenic '
was eliminated from tHis-§1ow pool with a biolegical half-iife of
6.4 = 0.q1;E - The fast and slow compartments may represent two

different chemical forms of arsenic in the‘tissues, each pool

‘Lcting independently. This question will be examined in the

dTscussion using information on chemical speciation and routes of

excretion.

For reasons already explained, the value for assimilation
efficiency of arsenic based on the extrapolation of the slow-
clearing compartment curve is underestimated. Therefore, for an
estimate of thé actual assimilation efficiency, the maximum value
of the ratio, total arsenic in tissues/total arsenic ingested was
determined from the tissue distribution data. To obtain this
value, 12 fish were dosed Qith arsenic (74As) as previously

explained for fish used in whole body clearance of arsenic. Three
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fish each were sacrificed at 6, 12, 18 and 24h postdose and tissue
distribution examined. A maximum value of 47 = 6% of ingested dose
was obtained at 12h postdose for the ratio. However, the data on
tissue distribution and excretion of arsenic suggest that’
elimination of arsenic v%a the vérious routes must have begun

much earlier than 12h. Therefore; for the purpose of estimating
inpp£ of arsenic from the food vector under long term equi&ibrium

conditions, a minimum of 50% assimilation eff?iiﬁhcy is assumed.
Routes of Arsenic Excretion

‘Whole body elimination data have shown that arsenic was rapidly
eliminated from whole body, elimination being a biphasic process
with tthe fast-clearing phase accounting for: the mejority of the
assimilated dose. Excretion through the gill, kidney, bile and/or

intestinal epithelium represent the most probable routes.

Fecal excretion

By 24h postdose 80% or more of the arsenic .in the
gastrointestinal (GI) tract was in the posterior gdt content. This
proportion in the GI tract remains about the same over the following j
19 days (Table 8).\ Approximately 10.8 percent of the body burden
was contained in the gut content 24h postdose. It is'possible
that the 1ining of the GI tissue which contained a high proportion
of arsenic may be shed thqs enhancing fecal elimination. Taking.
into considerAtion the high arsenic content of the bile, the liver
and the posterior qut content one can conclude thaf fecal elimination
of arsenic represents an important c{earance route and may account for

-1

4,55 d°° of the remaining body burden of arsenic during the first 5 days
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Table 8. Arsenic (74As) contained in the posterior gut content of
rainbow-trdut. Salmo gairdneri follpwing an oral dose
(10ng As 100g fish™'). Mean:S.E. for 4 fish are presented.
Time postdose % dose % of % of total G.I.
hours{h) or days (d) remaining arsenic in posterior
body burden gut Zontent
2h 4.5 5.120.6 6.8x 2.2
1d ‘ 6.4 . 10.821.5 80.0+ 7.0
2d 1.6 5.4:1.0 78.0:%.0
4d 0.7 4.50.8 ag.0= 3.5
7d 0.4 4.5:0.4 - 93.0% 2.0
14d 0.1 2.3x0.5 . 77.0£15.0
21d 0.1 2.220.7 100.0= 0.0
t
»
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of fast clearance, followed by reduced clearance rate of only about 2%
of body burden d'1 during the. subsequent two-week period (Table ¥).

This could result in as much as 33% of remaining body burden being

) Iosf by the fecal route."

. Urinary excretion of arsenic

Using urine outﬁut (ml per 100 g fish h_1) as a basis
for evaluating renal function, the dose of 25‘ug‘As/fish did not
seem to affect renal:function. The urine output for the control and
the treated.fish (Table 9) was similar. The data for the
urinary excretion of arsenic by four rainbow trout iskpresented in
Table 10. Urinary excretion during 7 days postdase accounted for
16 = 3% of the ingested dose of arsenic. Extrapolation -
of the clearance rate to post exposure times longer than 7 days
suggests that during the two.week period 8-21 days, arsenic loss
via urine accou}ted for an additional excretion of no more than 5%

of the ingested dose.

Excretion of arsenic via the gills
a

The data for the excretion of arsenic via the gilis are
presented in Tables 11 and 12. The results sho@ that.the r;te of
excretion into the head compartment of the respirometér via the gi]]g
was high during the\first half-hour of each run probably due
to excitement of the fish. During.this period, opercular movement
was m;re rapid, suagesting an increased metabolic rate. During
the second and third half-hours it sfowed down to a more steady state.
The gxcretion rates reported in Tab]é 12 were therefore based on

the 2nd and 3rd periods as detailed in Table 11. Whole body ~



—

P

\

. held at 1021°C.

-46-

by rainbow trout, Salmo qairdne[i?

Table 9. Urine.output (ml. per TOO g fﬁsh-h-1)

Time E;pfroT‘ T%eated?
P@:stdose(h) n=%" n=4

0- 26 0.63 0.3740.10

24- 48 0.55 0.4720.06

48- 72 0.50 0.5370.09

72- 96 0.43 0.43%0.07 ,

96-120" 0.35 0.25%0.06
J20-144 0.40. 0.2740.05
124-168 0.24%0.07

0}30

% Mean wet weight of‘fish = 57.5%0.5 g

-

b Fach fish was fed 0.01 ug 74As—1abe11ed
arsenic acid plus 24.99 19 non-radiocactive

acid as carrier.

-

e
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Table 11. Excretion of arsenic through the gills of rainbow trout, Salmo

gairdneri, following an oral dose of Taa.

Fish # 1  Fish # 2 Fish 3  Fish £ 4 Fish # §
(s.0x10%)®  (10.7x10%) (6.5x10%) (16.3x10%)  (16.3x10%)

Time postdose Dpm 74f-\s x 103
P .
20.0- 20.5 24.9 85.3 29.6 72.2 58.0
20.0- 21.0 21.3 78.2 27.2 58.0Q 58.0
21.0 21.5 . 201 56.8 24.9 41.5 52.1
44.0- 44.5 22.5 45.0 , 33 53.3 34.3
44.5- 45.0 20.1 28.4 21.3 49.7 19.0
45.0- 45.5- 10.7 17.8 ‘15.4 35.5 54.3
' t
90 - 90.5 14.2 16.6 12.0 36.7 10.7
90.5- 91.0 9.3 14.2 - 28.4 14.2
9l.0- 91.5 7. i13.0 7.1 19.0 1.8
164.0-164.5 3.6 2.4 2.4 % 32.0 . . 5.9
164.5-165.0 3.6 T 2.4 2.4 6.0 2.4
165.0-165.5% 3.6 3.6 2.4 4.7 2.7
2 74

specific activity of ""As - 0.5 pg As/nCi

values in parenthesis represent the dose of arsenic {dpm 74As) ingested by each

fish

<ol
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clearance of arsenic from the 4 test fish are reported in Table 12
and are in general agreement with?values reported previously in
uptake and clearance experiments (Fig. 5). Twenty hours postdose,

45% (at the-rate of 2.28% h™

-Table 12) of the ingested dose had
been cleared from thé whole fish: The mean rate of elimination
via the gills based on the measurements made during the first two
days postdose ranged/?;;;f0.77-0.46% of dose h™! with a mean of
0.62% h™'. The values decreased to 0.23% and 0.07 h™' at 90h and .
164h postdose respectively. These values for clearance from the
gill represent approximately 40-50% of the ingested dose over a
7-day périod, assuming that the clearance rates during measurements
were representative. of excretion via the gills if the fish were

_»free-swimming.

The above results on routes of excretion of arsenic
demonstrate that fecal and gill excretion migﬁt be of equal
magnitude and could account for as much as 80& of total arsenic
loss, urinary excretion accounting for between 15-20%. This present’
demonstration of gill excretion has important imp]icationgﬁen the
interaction effects of multiple toxicants such as copper which is

known to affect gill function and this aspect of the problem will

be treated more fully in the discussion.

Tissue Distribution of Arsenic Following Uptake from Food

The 'mass balance' of arsenic in the biood, gastrointestinal

)
tissue, gut content and the remaining tissue is presented in Fig. 6.

The Hﬁghest proportion of arsenic in blood was reached at 4 days

postdose when it contained 3% of total body burden of arsenic. The

———



Fig. 6.

-5]-

‘ 3

Distribution of an ingested dose (10 ng 74As/_;00 g £ish)

in tissues of rainbow trout. Values p]otte& representi
means = S.E. for 4 or 5 fish, expressed as a. % of total
body.burden of arsenic based on the amount of radicactivity

in tissues at time of sacrifice.



(SAn0OY) asopisod awl .r

- P0G o¢e 82l
SONSSl) mc_c_cE_mm O )
B T Jusjuod N9 [
T ) S9NSSI} [OUISBIUI0NSDS EA

Poold H

Ol

O¢
0)%
Ot
0%
09
0L
08
06

00l

(uspang Apoq [DJO} O ©%) JiUSSID BNSSi|



) -b2-

propdrtion of arsenic in the gut wall tissue 24h postdose was very
high, éccounting for as much as 30% of the administered dose, but
after 14 days the proportion was redyced_to 10%, which is

high considering the mass of tissues involved and the rapid
turnover of intestinal epithelium. Arsenic in gut content was, as
expected, highest at 2 hours and declined rapidly to a low value of
less than 2% at 21 days postdose. In contrast, arsenic content in
the remaining tissues increased gradually, reaching approximately
90% of the total body burden measured at 21 days postdose. The

time course change in relative concentration (cpm "

As per gram
tissue/cpm 74As per'gram fish) distribution of arsenic is presented
in Table 13. The nature o% this unit (relative concentration)
normalizes in a sense, the concentration values at various times
postdose and the values are relative i.e. a higher value for
arsenic at day 14 compared to day 2 does not mean that there is
actually more arsenic in the tissue at day 14 than at day 2, but
relative to the average concentration in the tissues at day 14, the
concentration at day 2 js higher. Uptake of arsenic by trout was
rapid. Two hours after quing, significant levels of arsenfg'were

_ measured in the od, Tiver gi]f and kidﬁey, with gill and blood
reaching their Feak values of 2.8 and 1.2 at 2 and 24h respectively.
The‘1ive} feacqu maximum concentration of 1.8 at 4 days postdose.
At one day'af }r pulse dose, the bile, Tiver and kidney
(decreasing/6Z:er) contained the highest concentrations of arsenic.
Levels of arsenic in the bile were much higher than in other tissues
examined. The concentration in most tissues except the kidney in

which it continued to increase, had decreased to less than half the

-
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peak values by 21 days (Table 13). At all times postdos&, the
concentration of arsenic in the combined muscle and skin was low

in comparison to the liver, gallbladder & bile and kidney.

The total amount of arsenic in each tissue is shown by
the data in Table 14, It is important to note that the data in
this table represent the amount of arsenic in each tissue as 2
porportion of total arsenic in whole body at time of'sacrifice and,
not a proportion of ingested dose. Muscle and skin\compr{sing 53%/

of the total weight of fish (Table 2) contained 38% of the total

arsenic as a maximum at 4 days postdose. The gallbladder and bile

which represents a relatively small perceﬁtage of the fish weight
(0.26) contained only 0.56% as a maximum o¥ thé body burden of
arsenic at 21 days postdose, although its relative tissue concen-
tration (Table 13} is three times as high as that of the combined
muscle and skin; In this particular experiment, the content of
the gastrointestinal tract (GI) was not separated into anterior
and posterior portions. However, the results in Table 8
obtained from a separate experiment, illustrate the role of feces
as one of the excretion routes for arsenic. In quaptitative terms,
as reported in Table 8, the amount of arsenic in the posterior
guf content represents a loss of arsenic that could account for

as much as 35% of the initial ingested dose over the total period

of 21 days required for essentially complete elimination.

Acclimation of Rainbow Trout to Arsenic

Whole body clearance of an ingested dose of 74A§ in rainbow trout

that were acclimated to sublethal doses of sodium arsenite for two weeks.

For all preexposure experiments, the trout were acclimated
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to sodium arsenite (oxidation ;tate +3). for two weeks. The retentgon
data is presented in Fig. 7. The fractional clearance rate and

half- ]1ves for the slow-clearing compartment for f1sh preexposed to
5.7mg‘A§ |v<g]"i diet for 14 days were not significantly di fferent from
those in .the control fish. However, fish preexpesed to 22.80 mgAskg']
diet ‘for the same period aemonstrated a significent1y higher (P<0.05)
fractional clearance rate of 0.22 d'l-c0mpared to the control rate of °

0.12 471 (Table 16).

In order to-avoid undue stress and pos§i§1e acceleration of
clearance as a result of handling (see previous result on gill

excretion - TaHTe 12)'a 5ep%§cate group of fish were used to monitor °

: growth b1ood hemoglob1n leve]s and arsenic accumuTat10n in tissues.

These groups were ma1nta1ned under 1dent1ca1 cond1t1ons to those-
used for whole body clearance. OnIy the results for the control
and 22.8 mgAskg -1 group are presented LTab]e 12) as some of the

f1sh exposef to the 10wer arsenic concentration deveTobed a fungal

disease. There was no significant effect of this Jevel of arsenic

on growth and hemoglobin of %ish measured at either 2 or 4 weeks of =
; _

exposure (Table 17). A max imum arsenic concentﬂﬂkﬁon of 1.0 ug g'1

fish was observed after 14 days of exposure to 22.80 mgAskg 1 diet &
(Table 18). However aftern 28 days of exp§;d?e to arsen1c,.concentrat10n

in. the fish was lower than that for- 14eéays by almost "50%.
5,

-
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w - Fig- 7. Whole body clearance of .a subsequent'ingested dose of
N S 785c-1abelled arsenic acid by rainbow trout pre- -

» : exposed to sublethal diétary Tevels of arsenic

(as sodium arsenite) for two weeks.

£ control (nonpreexposed)
O fish preexposed to 5.7 mg As kg'I diet for 2 weeks
Q"k\ \ +@ fish preexposed to 22.8 mg As kg'] diet for two

weeks. . s

T e
The lines of 'best fit' for the slow-clearing compartment are

defined by the equations shown. Each point represents the

mean = S.E. of 8 fish.
4
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Table 17. Wet weight changes {g) and blood hemoglobin concentration

in control and fish that were exposed to -22.8 mg As/kg

diet for 4 weeks.

Duration Mean wet weight of fish'(g)  Mean hemoglobin® concn
of in blood (g/100 m1)
exposure (wks) Control Preexposed Control Preexposed
0(initial) 23.30€0.62  23.12 %0.50  9.630.22.3 ° ___
2 28.00%0.66 27.12*%0.59 9.74%9.22 9.22*%3.32
4 . 29.04%0.85 29.40%0.85  9.87:0.45  10.13%:].58

\»

T Mean  S.E. of 9 fish measured throughout the duration of the experiment
* Mean + S.E. of values obtained from 5 fish in each case

* Determined on blood of 5 fish sampled at the beginning of the experiment.

* Not significantly different from controls at P < 0.05 (Students t-test)
\ ' .

»0



Table 18. Arsenic retention by rainbow trout, Salmo gairdneri exposed
to 22.8 mg As kg'l-diet for 4 weeks at 10 = 1°C. Fish were

fed at a daily rate of 2% body weight.

Duration of Total arsenic Total arsenic Percent reteﬁtion
exposure ingested as NaAsO2 . retained? .
(days) ugAs g_1 wet wt. ug As g_I wet wt.
0 0.00 Not det;actab]eb -
7 2.74 . 0.40 14.6
14 " 5.48 1.00 18.3
21 8.22 0.50 ' 6.1 B
28 s " T10.96 0.63 5.7

3 Eagh value represents determination carried out on pooTled samples of

5 fisy at each time peint.

b Detectable level - 0.1 ppm: Assays carried out by Bondar-Clegg & Co.

. Ltd., Ottawa.
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‘

Tissue distribution of a pulse dose of 7#4As in rainbow trout that

were acclimated to sublethal doses of sodium arsenite for two weeks

In obtaining the results of adaptation to arsenic in the
diet, based on tissue distribution patterns, fish were exposed to
dietary arsenic for 14 days and then given a tracer-labelled dose

of 74As with their regular daily dietary arsenic. At various times

7

postdose, the distribution of 4As in various tissues was measured.

The results reported in Fig. 8A show that uptake’ of

74As¢1abe]1ed

arsenic was rapitd after inéestion of a ‘pulse dose' of
arsenic. The datg ianig. 8-11-are reported’as relative concentra-
tion units, being the ratio of two values for conﬁentration of
radioactivity, one for the specific tissues and .the other for whole
body as previously exp]a{ned. As such, changes iﬁ this number with
time indicates the time course of distribution and redistribution
of arsenic after it§ ingestion and assimilation. Tissue distribution
of arsenic in specific tissues is aiso gxpressed as a propertion (%)
of the total in whole fish tissue at time. of sacrifice. Generally,
preexposure did not seem to affect the pattérn of distribution or
the time at which peak concentrations were reached in any tissues.
\The data on tissue distribution {Fig. 8-11) suggest that certain
tissues of preexposed fish accumulated higher Tevels of the
element than those for the non-preexposed. However, an analysfs
\\Xf_variance (ANOVA) on the data indicated that only the concentra-
tions«wf arsenic inlliver and bile of preexposed fish were

significantly higher (P<0.05) than those for the control.

The pattern of tissue distribution is also interesting

-

R
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‘Fig. 8. A&B. Time course change* in relative concentration (cpm per
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- - o

g tissue/cpm per g fish) of a subsequent ingested
dose (10 ng As/100 o fish) of ‘*As in gut-free

carcass and gut.with its content of contro?/j%inbow’trout and those

sreexposed to sublethal dietary levets-of-arsenic ;'
~ _ _
(sodium arsenite) for 2 weeks. Each point

-

represents the mean = S.E. for A-F fich,

'@—@ control (nonpreexposed) : o - /

- B A T
O--0.fish preexposed to 5.7 mg As kg ! diet for 2 weeks //// )

-

‘_ o—0 fish preexposed to 22.8 mg :ﬂ\s.kg_-J diet for 2 weeks

% - [

-

—_

™

s -
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. when looked at in detail. In all three groups, the biood and liveg

had their peak arsenié concentrafion‘at between 1-3 déys and at

2 days respectively after the ﬁulse.dose-of tracer Arsehic (Fig. 9
andQIO); Kidney and liver concentrations of tracer arsenic did no£
seem to show any decline up until 14‘days when the k%dney dropped a
little in the control (Fig. 11). On the whole, tissue of fish that
were preexposed to the higheg;_;nggggﬁzg}ioé of arsenic (22.8 mg.i\skg'-T
diet) before pulse dogé of tracer s ;0nsi§tent1y exhibited highest
Tevels of radiolabelled arﬁenic while the cﬁntro]s were lowest. The

exteption to this were the blood and muscle in which the nreexposed

contained Tess arsenic than the control (Fig. 9).

The total amount of arsenic in each tis§ue of control and
preexposed fish is presented in Table 19. Like the non-preexposed
fish mentioned previously {Table 13), the muscle and the “skin (in
that decreasing order)_coﬁtained the highest proportion of arsenic.
The skin accumuiated arsenic continuously and did not—seem to show
any regression by the time the experiment was tehminateét Similarly,
the gastrointestinal tract tissue contained very high proportions

) ranging from 2-31% of the body burden (Table 19). ArsenicT&eveTs
in the gills also accounted for fe]ative]y high proportions of

the body burden of arsenic up to 9% in spite of it compriéﬁng only

3.6% of the body weight.
Binding of arsenic to liver protein -

Data was obtained on arsenic binding to proteins of liver
cytosol of control (non preexposed) fish given only a single dose
of tracer-labelled 74

¥ 4

As in the diet and sacrificed 24 and 48 hours
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Fig. 9. Time course change in relative concentration (cpm per

g tissue/cpm per g fish) of a subsequent ingested dose

74

(10 ng As/100 g fish} of “"As in bicod and muscle of

rainbow trout preexposed to sublethal dietary Tevels
of arsenic (sodium ar&epife) for 2 weeks. Each point

represen%a,%he mean + S.E. for 4 or 5 fish.

- @—@ control (nonpreexposed)

1

(3“'(insh_preexposed to 5.7 mg As kg = diet for 2 weeks

1

O—O fish preexposed to 22.8 mg As kg ' diet for 2 weeks

F g
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(o

Time course change in relative concentrafion (cpm pér
‘g tissue/cpm per g fish) of a subsequent ingested
dose (10 ng As/100 g fish).of 74As in é;fer and

bile andhga11b1adder of rainbow Frout preexposed

to sublethal dietary levels ;% arsenic (sodium
arsenité) for 2 weeks. Each point repreéent

mean S.E. for 4-5 fish.

s
.

.—.contr‘o'l (nonpreexposed) L

. VA -
c}"C)fish_preexposed to 5.7 g As kg ! diet for 2 weeks
O—0O'fish preexposed to 22.8 mg As kg_'I diet for 2 weeks

o
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Fig. 11. Time course change in the relative concentration
(cpm per g tissue/cpm per g fish) of a subsequent
ingested dose (10 ng As/100 g fish} of 74As in
gil1 and kidney of réihbaw trout preexposed to

sublethal dietary 1eve1rs of arseni:(sodium

drsenite) for 2 weeks. ! 'Each point represents

ths mean = S.E. fqr 4-5 fish.

@——@ control (nonpreexposed)
O-~-Ofish preexpgsed to 5.7 ng As kg™! diet for 2 weeks

Q—O fish preexposed to 22.8 wg. As kg'] diet for 2 weeks

-
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the d1$tr1butinﬁb

aof a

subsequent dose {10 ng T'As 1009'] £15h} tn tissues of rainbow Trout, Salmo gairdneri held 3t 10%21%.

Tissue® Preexposure Time postdose, hours (h ) or days (d)
Lavals .
. mg As Kg™! dtet " 14 2 34 7 144 214
2 0.420.1 2.1£0.3 - 2.0=0.2 2.620.2 2.0:0.0 1.2:0.6 1.3:0.2
Bloocd 5.7 0.620.1 1.820.3 2.3:0.1 1.820.2 1.120.2 0.020.0 2.320.5
22.8 0.5=0.1 0.9=0.1 2.1:0.2 1.9:0.2 2.3:1.1 0.9+0.5 0.5:0.3
] 0.0=0.0 0.420.0 0.5=0.1 9.920.1 0.820.3 9.2:0.1 0.0:3.0
Srain 5.70 0.1:20.0 0.4=0.1 2.4:0.0 0.5=0.1 0.7=0.2 0.0=0.0¢ 0.3:0.3
22.8 0.1=0.0 0.120.0 0.420.0 0.420.0 0.3:0.1 12100 2.720.7
Gi 3 35.6:4.4‘ 50.7=3.0 33.2:4.0 24.8:3.5. 17.5%3.2 13.5:0.7 10.2=1.8
Tissue 5.7 30.1£3.0 15.0:4.0 27.=2.5 22.Qe1.2 27.0:2.% 14.0:3.0 17.0=2.0
22.8 31.0=%.0 37.524.5 29.525.5 25.0:4.2 22.2:1.8 21.0=2.9 17.0+2.5
Gi 0 - - - - - - -
Content g7 . 55.2=4.0 i7.0=2.0 §.521.2 5.0:1.2 4.827.0 3.821.0 2.1=0.8
22.8 §2.2=5.3 33.325.0 13.2:2.5 11.2:2.5 8.0:1.3 3.0:7.0 8.0=1.3
0- 3.422.8 2.2=0.2 2.820.2 3.8=0.6 3+d20.2 8.521.% §.123.0
Gt 5.7 1.520.43 3.2=0.2 3.4:0.3 4.4=0.3 5.8=0.1 6.5=2.1 8.2=1.4
2.8 2.8=0.7 1.80.3 2.5:0.3 3.720.§ 6.9:1.2 7.1 7.821.8
0 ) 0.3:0.1 1.1:0.0 1.3207 1.7:0.2 1.2:0.2 1.620.2 0.2=0-1
Liver Y5 1.4:0.7 2.2:0.4 2.020.2 2.1:0.1 1.520.2 2.7+0.4 0.4=0.1
2.8 0.8:0.1 2.8=0.7 2.48=0.4 2.9:0.5 2.4:0.2 2.741.2 1.3-0.5
0 0.1=0.0 0.7:0.1 1.0=0.1 1.2=0.6 1.2:0.2 1.820.2 1.5=0.6
Kidney 5.7 0.220.3 1.320.2 1.320.1 1.420.0 1.720.7 342703 4.a:1.1
2.8 0.2:0.2 0.720.1 0.620.1 1.020.1 1.920.2 4.6=1.8 2.621.0
0 3.1:1.2d 24.2:0.6 35.3=3.4 37.5=2.1 34.7=24.4 28.7=2.2 271221
Muscle 5.7 3.4=0.7 31.521.8 33.2=2.0 29.3:0.3 20.0=1.3 10.9=0.8 9,2+1.7
22.8 2.0:0.7 11.220.7 27.523.6 28.7:3.1 19.7=2.6 §.2:3.7 12.225.0
) - - - - - - .
Skin 5.7 1.8:20.5 6.820.3 §.0=1.2 7.7:0.6 §.820.5 21.2:21.2 19.9:23.5
22.8 3.8:0.4 4,020.5 5.7:0.3 5.2=1.4 7.72%. i8.7z1.5 18.824.5
Gali 3ladder 3 J.020.0 0.520.3 0.58z0.1 0.320.2 0:9:0.4 0.120.1 J.6=0.2
L 3ile 5.7 0.1=0.0 0.2:0.1 0.120.0 0.3:0.2 9.2:0.1 0.3=0.0 0.820.5
22.8 0.4=0.2 ° 0.820.3 0.7+2.3 0.3=0.1 £.220.0 3.0=0.0 2.6=0.7



Tabie 19 [Comt'd)

Tissue Preexposure Time postdose, houry (h ) or days (d)
Levels h ’
ng As Kg™! diet % P 2d ad 7d 144 214

o] ¢.00.0 3.10.C 0.2:0.0 9.1:0.0 0.3=0.2 0.020.0 0.0:0.0

Spieen 5.7 ' 0.0=0.0 0.220.0 . 1.0=0.0 9.120.0 0.120.1 0.0=0.0 1.0=¢.5

2.8 0.1:0.0 0.2=0.17 0.220.0. 0.1:0.0 0.020.0 0.1=0.0 0.5=0.5

Remaining 9 $.421.8 18.322.0 23.421.9 27.122.3 .7t1.8 42.9=2.1 57.220.5

Carcass 5.7 S 1100 20.221.0 17.221.58 24.6=1.7 27.522.1 36.6=2.6 15.44.9

22.3 6.521.4 8.723.0 14.821.9 16;9:2.1 28.822.3 30.5%4.5 24.8:5.5

+

a

T

Fish were preexposed o socium arsenite for 2 weeks.

Expressed 35 mean percentige =5.E. of toal body burden of arsenic based on the amount of radfoactivity in
tissuss of 4 rainbow %rous.

Ceor astimate of biomass in these tissues, see Table 2.

¢ Values are for skin and muscie combined.

Values fcr gastrointestinal (GI) tract and content.

Pt}
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postdose. Test groups were similarly treated with a single dose

74As after being fed a diet containing 5.7 and 22.8 mg

of dietary
As kg'] for two weeks. The proteins in liver cytosol of the contro?

and treated éroups were fractionated by gel chrométography using -
Sepahcryl $-200 superfine. The sephacryl 5-200 was calibrated with
horseheart cytochrome ¢(12,500 daltons), bovine pancreas chymotrip-
sinogen a(25,000 daltons), hen egg albumin (45,000 daltons) and
bovine serum albumin (67,000 daltons) és iTlustrated in Fig. 12.
Proteins from ljver cytosd] were partially resolved into two peaks
(based on 0D at 280 nm) as illustrated in Fig. 13-16. A third
sméT] peak was eTuted after the firsf two main peaks.

The elusion of 74As was Tollowed. The elusion pattern

of 74As showeq 2 peaks of arsenic, the first (Peak I) of which coincided
with the tailof the protein peak eluted in fractions 40-70 as shown
in Fig. 13-16. On testing the fractions corresponding to the
peaks for the preseﬁce of protein using trichloroacetic acid,

74As (efﬁtion fractioﬁs

J . r
40-50) formed precipitates. The second peak of arsenic eluted in

only peak I, the fraction associated with

fractions 75-95.

Mo1ecﬁ1ar weight estimates based on the calibration shown
in Fig. 12 indicated that the peak I protein-arsenic complex
{eluate fractions 40-50) correéponded to molecular size of 19000
daitons; and péak [T to molecular size 3,000 daltons containing
a bigger proportion (75-85%; of arsenic applied to the column

could have been elemental arsenic and arsenic bound to peptides.
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Fig. 12. Determination of molecular weights of arsenic-protein
complex by sephacryl $-200 gel chrﬁmatography:
reiationship between the elution volume V/V,, and

molecular weight of standard proteinsT.

! Combitek calibration proteins (Boehringer Mannheim, W. Germany)
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-

Determination of arsenic (74

As) concentration in sephacryl
$-200 column eluant of liver cytosol of control (nen-

preexposed) rainbow trout sacrificed 24 hours after

£ 74

ingestion o As-labelied arsenic acid.
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Fig. 14. Determination of arsenic (74As) concentration in

sephacryi S-200 column eluant of liver cytosol
of preexposed {22.8 mg nonradicactive As kg“]
diet for 2 weeks) rainbow trout sacrfficed 24
hours afterlingestion of "*As-1abelled arsenic

acid.



()

(o—o) ANsusp |0o1dO

! | | | ] 1 ]
o o o 9 9 o O
K ¢ w ¢ ©® o -
(e—9) JON|3 JO|W Z/00I X SY, wdo .

Fraction number



Fig.

15.

-74-

Determination of arsenic (74

As) concentration in
sephacryl S5-200 column eluant of liver cytosol of
control (nonpreexposed) rainbow trout sacrificed
48 hours after ingestion of 78ps-1abelled arsenic

acid.
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Fig.

16.

of preexposed (22.8 mg nonradiocactive As kg

-75-

Determination of arsenic (74As) concentration in
sephaEryT $-200 column eluant of liver cytosol
1
diet for 2 weeks) rainbow trout sacrificed 48
hours after ingestion of a2 subsequent dose 74AS-

labelled arsenic acid.
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DISCUSSION
Uptake of arsenic from water and its subsequent clearance

The data on uptake of arsenic from this study show that
the accumulation kinetics of arsenic in rainbow trout can be
described adequately by a two-compartment model. Both fast and
slow coﬁpartménts contribute to the total arsenic body burden, the
fast making,up to 70-83% of the total arsenic uptake with the
510w-c1éaF;ig compartment accounting for the remainder (Table 3).
However, the.turnover rate of arsenic in the fast compartment is so
mufh faster than én the slow-clearing compartment, that the steady
state arsenic content of the fast compartment is small and achieved
quickly relative to that of the slow compartment. After a long time
of exposure to arsenic in water, the fast-clearing compartment makes
up a relatively smaller proportion (<20%) of the body burden of
arsenic. For short term exposures, both compartments are important

in contribeting to the body burden.

The body burden of arsenic in fish was shown to increase
with increasé in the concentration of water-borne arsenic. Similarly,
Sorensen (1976) found arsenic accumulation by green sunfish (Lepomis
cyanellus) to be proportional to water arsenate-concentrétion. Mean
arsenic accumulation was 33.4, 541.2 and 581.6 ppm arsenic for fish

exposed to levels of 100, 500 and 1000 ppm arsenic respectively.
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—

The bioconcentration ratio (calculated at steady state)
of 0.3 - 0.7 (Table 7) obtained for rainbow trout in the present
study appears low when compared to values of 3-30 reported for fish
species from various fresh-waters (Woolson, 1975). However, our
values agree with those obtained in model ecosystem stﬁdies (Isensee
et ai. 1973; Schuth and Isensee (1974) in which arsenic as cacodylic
acid (dimethylarsinic écfd) had Tow concentration ratios of d-130

a

in fish.

3 -1

The total transfer coefficients of 7-19 x 107> ml g_qh
reported in this study. for uptake of arsenic from water are low whén
compared to 2.03 h ! reported by defreitas and Hart {1975) for
methyimercury in fish of similar size. Calculations made from the
results of Schuth and Isensee, 1§74, yielded a transfer coefficient
of 1.6 x 1073 m] g'I hl from a static ecosystem for catfish (size
not indicated) exposed to arsenic compounds for 2 days. The low
transfer coefficents corroborate previous reports (Lunde, 1972:
Woolson, 1875; Sephar et al. 1980) which indicated that
bioaccumu1at§on of arsenic in freshwater fish is generally poor and
lower than that of other elements. Fish havé been know to accumulate
significantly higher amounts of cadmium (Spehar, 1976: Benoit et al.

1976) and Tead (Holcombe et al. 1976) than arsenic.

-
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Uptake of arsenic from food and its Subsequent clearance

Uptake of arsenic from-food as compared to water was more
e%ficient. Tissue distribution data indicated that as high as 36%
of the dose was already in the various tissues two hours postdose
(Fig. 6). Curve analysis was difficult since the fast cémpartment
corresponding to the voidance of unassimiltated arsenic and the slow
compartment are not well defined(Fig. 5). The net assimilation of
25% obtained for arsenic by extrapolation of the curve for the slow
compartment back to zero time in this study must therefore represent an
underestimate resulting from the fast excretion of aréenic. A more
realistic assimilation efficiency was calculated by examining the
tissue distribution. As has been calculated in the results section,
the gross assimﬁ1ation'efficiency can be assigned a minimal value of
50% of the ingested dose, on the basis of the tissue distfibﬁtion
data. The results for whole body clearance (Fig. 5), however,.
indicate th;t 25% of the ingested arsenic had been eliminated from
the ;ish by 12 hours postdose. Since.voidance time of ingested
materié] in rainbow trout exceeds 12 h, (Windell, 1969) the 25% of
the ingested dose cleared by 12h postdose must have been assimilated.

The gross assimilation efficiency was therefore approximately 75%.

The assimilation efficiency of 75% for ingested arsenic
observed in this study is low wheﬁ‘compared to 88% obtained for
marine shrimp following uptake of inorganic 74As from food at 13°C
(Fowler and Unlu, 1978). Arsenic was introduced into Purina Trout
Chow in the present study, whereas the shrimps were fed radiolabelled
natural live food, Artemia, which probably metabolised the inorganic

arsenic to the organic
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form. The disparity might have beea'due to the chemical form of
the arsenic ingested as more than 90% of the total arsenic in the
shrimp Pandalus borealis was found to be p}esent in the organic
form (Lunde, 1973). Moreover, Unlu (1979) indicated that the
assimilation efficiency of organic‘arsenjc ingestea with the mussel

Mytilus galloprovincialis by the crab Carcinus maenas was 65% whereas

that for inorganic arsenic injected into the soft tissue was 14%.

The déta for the retention of arsenic by the rainbow
trout showed that the bulk of the arsenic was rapidly eliminated
with less than 2% of the ingested or accumulated dose retained
21 days postdose% The half-life for whole body burden of arsenic
was approximately 1 day, while the slow compartment which comprised
from 17-25% of the body burden had a half-life in the order of
4.5 - 6 days. Similar rapid excretion of arsenic by mammals has
been documented. Mealey et al. {1959) reported that following

74

intravenoué injection of " “As in humans, ‘the haif-1ife of its

elimination was 7 h. Hollins et al. (1979} indicated that the
half-1ife of elimination of ' ‘As administered orally and intra-
venously in aduit Beagle dog ranged from 2-10 h. This may be an

indication that'mamma1s excrete arsenic faster than the rainbow

trout.

The retention and elimination of other metals by fish
havé been studied using radioisotopes. ETlimination rates have
been shown to vary with the route of exposure, species and & number of
environmental factors. Ruohtula and Miettinen (1875) reported

half-lives for methylmercury ranging from 202 - 516 days in rainbow
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trout, while Jarvenpaa et al, 1970 demonstrated half-life of 1020
days in eels for the same compound. If was also demonstrated that
orally administered cadmium.(Cd]Og)'was rapidly eliminated by
rainbow trout. After 42 days, about 1% of the administered dose
was retained in the whole body (Jaakkola et al. 1972). Compared

to these metals, it appears that arsenic is eliminated much faster.

The routg of adminfstration, whether through the diet or
directly from the water via the gills seemed to have oh1y a minor
effect on the elimination of arsenic from the slow-clearing compart-
ment. The fractional clearance rates and corresponding biological
half-Tives for the siow phase in the rainbow trout following uptake
from both water and food (Tables 5 and 6) are not significantly
different (P<0.05). On the contrary, deFreitas et-al. (1974)

reported that clearance times of mercuric chloride HgCT2 from yellow

perch, Perca flavescens, at 15-16°¢C following uptake from water were

longer than those established following uptake from food.

From the result of this study, we estimated a value of
75% as the gross assimilation efficiency of arsenic from the
gastrointestinal tract of trout. On the basis of this assimi?ation
efficiency from food and the trénsfer coefficient for uptake of
arsenic from water, the magnitude of the water an; food vector in
contributing to the body burden of arsenic of fish under long-term
exposure ‘to equilibrium conditions can be calculated using values from
field data. Table 20 shows thé aréenic content in water, invertebrates

and fish from freshwater lakes. The locations presented in this

table represent three classes of arsenic-polluted bodies of
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fresﬁwater; Lake Superior, Léke Michigan, Lakes in the viciqé;y of
Yellowknife (NWT, Canada) contain low, moderately high and very high
levels of arsenic respectively (Table 20). For the purpose of this
study we shall take Lake Michigan into consideration. Lake Michigan
water and plankton were reported to conta%n 0.50-2.40 (mean 1.60)
ppb and 4.10 - 7.90 (mean 6.00) ppm arsenic-respectively (Seyde],‘
1972). At an ingestion rate of 5% body weight per day and an
assiﬁi1ation efficienéy from the.gastrointestina1 tfact of 75%,
uptake of arsenic via the food vector for a 50 g fish from Lake
Michigan will be approximately 11.3 ug/fish/day. A continuous
uptake at a constant rate of 11.3 pg/fish/day will equal loss rate
(steady state) from the fish when its body burden of arsenic is

94 ng/fish or 1.9 ug/g-T based on a fractional clearance of 12% per

day obtained in this study (Fig. 5).

At the concentration of arsenic in Lake Michigan water,
(2.4 19 L‘q) and a mean transfer coefficient (Tc) of 0.25/day
(means of the three exposure groups - Table 3), rainbow trout
wouid accumulate 30 ng As/fish/day at 10°% by direct uptake from
water. At an estimated Toss rate of 12% per day calculated in
this study (slow compartment), the rate of uptake from water will
equal Toss rate of 12% per day when the %ish body burden of
arsenic is 2.5 pg/fish. Under thes; conditions the food vector
would account for over 90% of the total uptake of arsenic. It
seems that the water vector makes only a minor contribution to
the body burden of arsenic, therefore subsequent exposure to

arsenic in this study were made through the food vector. The
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benthic community which accumulates relatively high 1eve1§ of

arsenic since they are closely associated with the sediment (Seydel),
1972; Wagemann et al. (1978) may constitute an important source

of arsenic. One can therefore conclude that most of the arsenic

in the higher order of predators is host 1ikely transferred .

from the primary to the secondary consumers. However, arsenic does
not appear to biomagnify in the trophic levels, as omnivores {(fish)
in certain lakes of Yellowknife (North west Territory, Canada)
contained in most cases lower levels of arsenic than herbivores {n }
the same lake (Wagemann et al. 1978). Therefore it seems that ’
the tissue levels of arsenic in nature may depend primarily-on the
longevity of the fish as well as their growth rate rather than the

position in the food chain.
Routes of Excretion of Ingested Arsenic

The excretion of oraliy .administered inorganic arsenic
in man (Coulson et al. 1935; Hunter éz al. 1942; Mealey et 21. 1959;°
Ray Bettely and 0'Shea, 1975) and monkeys (Charbonneau et al. 1879)
has been shown to be primarily via the kidneys. In the present
study an average of TBﬁ of the ingested dose was excreted in the
urine by each fish within a 7-day period postdose. However, there
are marked individua] differences between thé fish. For instance,
fish No. 3 (Table 10) excreted 25% of the administered dose in 7 days
whereas the excretion rates in others were much lower. Similar |
differences were reported in monkeys by Charbonneau et al. (1978).
The authors attributed the variation to differences in individual's

metgbolism.
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.
Taking into consideration the proportion of arsenig in
the postérior gut content and the bile {assuming minimal reabsorption),
it appears that about. 35% of the ingested dose must have been
eliminated in the feces. From the foregoing, it {s clear-that

urinary and fecal excretion account for approximately 50-55% of the

arsenic ingested by rainbow trout or 20-30% of assimilated arsenic.

Other routes must exist, of which the gill may be important.

The excretion of arsenic from the gills was rapid,
accounting for approximateiy 40% of the administered dose over &
period of 7 days after feeding. .Ca1cu1étions based on the
measurements taken during the I1st and 2nd half hour of each run
appear to be an overestimate of the excretion rate. Measurements
made during the third half-hour during which the fish appeared to
have settled down were therefore used in the calculations.
Meﬁsurements of oxygen consumption were not made during this study
and consequently there is no guantitative measure of excitation.l

egzaﬁgver} measurements made by Boddington et al. (1979) indicated
that the metabolic rate of rainbow trout made in this respirometer
were 9.6 g 0, min . EO’Sifor the first and 8.0 ng 0, min']ao'8

for the second set of fish. These values were cqnsidered high

(Boddington et al. 1979) but within the 'scope' when compared to

the data of Kutty, 1969; Evans, 1970; Griffiths, 1978 of 2, 5 and 13

1g 02 min'I 50‘8 for standard, routine and sustained active

metabolism. Values presented here may therefore be considefed )

a reasonable approximation of the actual rate of excretion of

arsenic from the gills of free-swimming rainbow trout.
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“In summary, the results of the present study show that
approximately 15% of the ingested arsenic was excreted via the
urine. Fecal and and giil excretion might be of equal magnftude,
accounting for as much as 80% of the administered arsenic. These
values represent 11.3, 15 and 30% of the assimilated arsenic being
eliminated via urine, feces and gill respectively during the 7-day
period. The high proportion of arsenic excretion through the gill has
-ecological implications on the interaction éffects of multiple
toxicants such as copper, and arsenic which is a component of the
insecticide, Paris green (copper acetoarsenite) and mining
'eff1uents. Some of the effects of copper levels above trace amounts
on freshwater vertebrates have been documented (Sprague, 1964; Baker,

1969). Histological examination of gills of winter flounder

(Pseudopleuronectes americanus) exposed to 3.2 mg/litre Cu++ (as

" copper sulphate) for periods ranging from i-4 days showed extensive
celt damage and fusion of adjacent gill lamellae (Baker, 1969).
Although the effects on the gas and ion exchange function of the
gill was not determined it is very Tikely that damage could have
affected exchange through the epithe1iai cells. The presence of
other elements such as copper in water containing arsenic may
therefore affect arsenic elimination through the gills and its
resulting toxicity.

Tissue.distribution and whole body clearance 74As in rainbow trout

preexposed to arsenic. .

The ability of animals to adapt to stress situatﬁons is

well documented. The response of aquatic organisms to toxicants
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may vary with prior exposure to the toxicant or other environmental
factors:(Afﬂeck, 1952; Goodman, 1951; Paul, 1952; Skidmore, 1964).
Severg] authors have réported adaptive response to toxic metals in
terrestrial (Norkerg et gl.‘l?71) as we1].as aquatic species (Sinley
et al. 1974 and Beattie and.ﬁascoe, 1978). Mice were reported
(Norberg agd Lind, 1971} to adapt to sublethal levels of éadmium,
while raEPSOW trou;'adapted to zinc (Sinley et al. 1974) and

cadmium (Beattie and Pascoe, 1978). Eels exposed to sublethal
concentrations of mercuric chloride (HgC]z) exhibited increased
resistance by surviving subsequent exposure to usually lethal
concentrations (Bouquegneag et al. 1975). These data, like the

results of the present study, show that adapthtiohhhas’b?ven these

organisms some degree of protection against subsequent exposure.

Some early, ingestigators, Schwartze (1922) and Kuhs et al.
(1939) reported that rats, dogs and rabbits were unable to adapt to
the toxic effects of inorganic arsenic compounds, including sodium
arsenite, although Kuhs gi al. 1939 demonstrated adaptation of these
animals to a number of organic compounds. Kuhs et al.(1939)observed
that dogs that received an initial, near ‘lethal dose of carbasone
showed toxic symptoﬁs. The animals upon recovery, tolerated the
same or even greater doses without the symptoms. In spite of the
result of the study by Kuhs et al. (1939), Bencko and Symon (1969)
demonstrated that preexposure of hairless mice to 50 ppm of arsenic
trioxide in drinking water (8 - 10 mg As kg'I per day) for 15 weeks
increased the LD50 of a subsequent subcutaneous dose from 10.96 in

1

the control to 13.98 mg kg ' in the pretreated group. An additional
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evidence of adaptation was provided by the fact that the growth of
the experimental group was slower during the first week of
experimentation, but showed tompensation in growth thereafter, -

approaching that for-the control at the end of 15 weeks.

Similarly, the results of this study showed that trout
that were preexposed to 22,80 mg As l-:g“I diet for 14 days
demonstrated a significantly faster clearance relative to the
controi (Fig. 7). The lower, though insignificant (P<0.05),
weight gain and iower biood hemoglobin level observed in the pretreated
fish after 2 weeks of exposure and the subsequent recovery at 4 weeks
may be'regarded as an added evidencé.of some adaptive mechanism.
Until recently, adaptation to arsenic has not been clearly

demonstrated for fish. However, Dixon (1979) reported that rainbow -

trout (Salmo gairdneri) fingeriings preexﬁosed to a sublethal

Tevel of 2950 ug L'1 As in water (arsenite oxidation state +3) for
21 days demonstrated a 47% increase (relative to the control) in the
144 hour:arsenic LC50 of a subseéﬂent arsenic as arsenic trioxide,
in water. Similar to the resuits of this study, Dixon further

*»

reported that preexposed fish showed a significantly higher

increase in body burden of arsenic during.the first 7 days of i
exposure to arsenic trioxide. After 14 day;;thé body burden

had already decreased relative to the 7 day level, suggesting that
the increase tolerance observed was due to increased excretion of

the subsequent dose of arsemic. OQur observations.égree with Dixon's.
inspite of the differences in size of fish, route of administration

and the temperature, which was 10°C in this study and 15°C for

~
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Dixon's. Coincidentally, "both studies employed arsenite for
preexposure. The similarity in the -results confirms that rainbow

trouts can and did adapt to arsenic.

The mechanism of adaptation to chemical toxicants is
not yet understood . The'enhpnced elimination rate of arsenic by
oretreated fish observed in this study may have been due to
increased elimination or reduced assimilation into ‘the éut wall.
Although no histopathology of the intestinal wall was carried out,
I-the exposed fish grew as much as the control during the 4 weeks of
exposure, suggesting the assimilation of the diet; and Hence arsenic,
. was not impairéd. It is.therefore suggested that the enhanced |
elimination must have been brodght about through .other mechanisms
besides decreased absorption. AThe higher Ievelg of afsenic in the
bile, Tiver and kidney of the preexpdged_f?sh suggest these organs

must have been connected with the enhanced elimination {Fig. 7).

The tissue distributiqn data indicated that accumuiation
of arsenic fn liver, bile with gailbladder and kidngy waé influenced
by preexposure, suggesting some adaptation'mechanism similar to the
formation of metallothionein as has been <shown for some group 2B

. elements (e.qg. Cu, Ni, Zn and Cd) of the periodic table (0lafso ;

’
e

and Thompson, 1974; Coombs, 1975). The detoxification of these
metals have teen shown to be by synthesis of metallothionein. One
mechanism of metallothionein-mediated tolerance to héavy metals 1is
the synthesis of excess of this protein when fish were preexposed.
The excess metallothionein is then used to bind and detoxify metals

acquired during subsequent exposure (Brown and Parsons, 1978; Pruell
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. and Engelhardt, 1979); Since the liver and kigney have been

identified as the sites for the synthesis of metallothionein,

binding of these metals have been associated with corresponding
s “ .

incrgase in their concentration in these tissues. For'instance,

0lson et al. 1977 indicated that the liver of rainbow trout S.
— — V /_\-—-' PR

gairdnefi,-that were exposed to mercury containeQ}the major

proportion of the Hg-thionein, suggesting the detoxification of
mercury by synthesis of metallothionein. Contrary td our initial -
suggéstion, that the arsenic was bound to thionein in the liver anﬁ
the kidney, further investigation indicated that it was not. The
chromatography of the §o1ub1e liver fraction showed tﬁat none of
the peaks corresponded to the molecular weight range of 6,000 -
Té,OOO daltons as has been reported prevfously in fish (0lafson

and Thompsori, 1974, Coombs, 1975) for the group 2B elements. One

may therefore conclude that it is possible that arsenic does not TN

induce synthesis of thionein in the Tiver of rainbow trout. However, ' $‘*\\

it still remains a fact that, similar to previous studies on

marmals, the rainbow trout did show Some adaptation possibly by

—fast metaboiism of the inorganic into the organic form and

subsequent excrétion of the metabolite. ) : //,/"\\_

The two compartment clearance demonstrated for arsenic §n

this study has also been shown in the marine shrimp, Lysmata
' \

seticaudata (Fowler and Unlu,_1978). On the other hand studies

by Mealey et al. (1959) with radiocactive arsenic in man identified

three compartments, having urinary clearance of 25, 2.5 and 0.3% h'T

respectively. Lunde (1973), Woolson et al. (1974) and Penrose (1975)
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‘have shown that_arsenic is present in fish as both water-soluble
and Iipid-so]ub1é arseno-organic compouhds. Unlu (1979) demonstrated
that the flux of arsenic ingested with food by the crab, Carcinus
maenas depended to a high degree on the chemical form. The
inorganic form was cleared fast;?while the organic was eliminated
at a much slower rate. Similarly, the e]iminatioq kinetics of
arsenic observed in the rainbow tFout during this study may be
related to the turnover of the chemical forms of arsenic. One
major question about arsenic accumulation that is yét unanswered
is thé chemical nature of the metabolites after:it is ipcorporated
into the different tissues. This question is addressed in the

next section of this study.

N
~\



Chapter 2

Metabolism of inorganic arsenic to organoarsenicals

in rainbow trout, Salmo gairdneri
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INTRODUCTION

The tox%city of arsenicalz/%as been shown to vary with

* chemical form (Penrose, 1974). As early as 1945, Challenger reported
bib?ogicai methylation of arsenic by fungi, McBride and Wolfe (1971)
15ter found that laboratory bacterial cultures methylated inorganic
arsenic to dimethy1arsine. Benthic organisms, algae, zooplankton and
phytppﬂankton have been reported to convert inorganic arsenic-
accumufated from the enviromment to organic arsenic compounds (Lunde,
1969, 1973). Fish mdy acquire their bo&y burden of prganoarsenical
compounds by consuming the algae and plankton as well as by
synthesizing them in their own tissues. Lunde (1969} suggested
the existence of organocarsenic compounds in fish based on the ion
exchange behavior of extracted arsenic compounds. Rapid transforma-
tion of inorganic arsenic to organic arsenic has been reported for
freshwater and marine fish (Penrose 1875, Penrose et al. 1977).
Recently, Edmonds et al. (1877) identified an organic form of

arsenic. in Australian rock lobster (Panulirus longipes sygrus) as

arsenobetaine and Cooney et al. (1978) has shown that O-phosphatidyl
trimethylarsoniumlactic acid, found in marine algae can be chemically

degraded to arsenobetaine.

Ingestion of fish containing high levels of arsenic
represents a potentiaily impprtant vector for various forms of
arsenic to predators including man. Interest in determining the
levels of the different compounds of arsenic formed in .fish arises
from the recognition of their potential toxicity and possible

carcinogenicity (Fowler, 1977). It is obvious that méasurements



% -92-

~

of total arsenic does not provide adequate infdrmation on. toxicity
of- an ingested dose, since ‘the chemical specific dose response
relation will depend on the acquired body burden of arsenic. To
estimate body burden,pharmacokinetics information is requﬁred on
assimilation efficiency and retention or whole body clearance of
each form of arsenic present in the ingested dose. The rate of
elimination of arsenic “in animals is influenced by the physical and
chemicaT nature of the compound as well as species specific factors.

Severallstudies have demonstrated differences in retention of

jngested inorganic and organic arsenic. Coulson et al. (1935) noted

that arsenic in marine crustaceans (presumably organic) was rapidly
and comp]etg1y eliminated by human consumers, whereas inorganic
arsenic‘consumed by the same subjecfs was retained indefinitely.
However, excretion of inorganic arsehic ingested as arsenite and
arsenate by human was reported to be Taster than that for organic
arsenicals ingested with crab (Crecelius, 1877). Similarly,
Charbonneau et al. 1978 demonstrated that inorganic arsenic ingested
by monkeys as arsenic trioxide (As +3) was excreted in urine at a
faster rate than the organic arsenicals ingested with fish. it
sSeems therefcre that any meaningful assessment oi/yhe environmental
hazard Ef arsenic depends on the chemical characterization and ’

wtoxicity of arsenic metabolites.

The present study was undertaken to examine the change in
tissue distribution, chemical speciation and urinary excretion of an (/
oral dose of pentavalent inorganiE arsenic (74As) in rainbow trout.
The chemical speciation of arsenic was examined by cation exchange
column chromatography of tissue extracts and thin layer chromatography.
of the eluates from the columns.
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MATERIALS AND METHODS
Dosing of the-fish with arsenic

After three weeks of acclimation, the fish were
anaesthetized with MS222 and weighed (160-211g). Each fish was
dosed by being forcefed a No 4 gelatin capsule containing 20 uCi
74As-( 1 mCi/ug As in the form of arsenic acid, Amersham Searle,
Arlington Hts, I11.) added to approximately 500 mg pulverized trout

chow.
Whole body clearance of arsenic

At 0.5, 6, 12, 24, 96 h postdose, each fish was rinsed for
10 minutes in uncontaminated watér and put in a polyethylene bag.
Radioactivity in 1ive fish was measured with the single channel ganma
counter equiped with a 3 x 3" sodium jodide detector crystal described

earlier.
Tissue collection and treatment

Three or four fish were killed with MS222 at 6, 12, 24 and
96 h postdose and tissue samples collected for analysis. Blood was
collected from the caudal vein in heparinizgd syringe. A portion
was transferred to-capillary hematocrit tube for hematocrit
determination. The remain}ng blood was put in a centrifuge tube
weighed, assayed for 74As radioactivity and centrifuged at 3000 g
for 30 minutes to separate plasma from erythrocytes.  Weighed
poréions of the plasma and erythrocytes were also, assayed for

L
radioactivity. ‘

The gall bladder was ligatured prior to removal and bile
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was collected by puncturing the bladder. The gaﬁ] bladder tisshe
was washed with distilled water, an the' washings added to the bile
which was then made up to 1 ml witth distilled water. The total 1 ml

was radioassayed and retained for chromatography.

Muscle filets from the lateral sides between the dorsal fin
and lateral line were removed. One to two grams sub-sampTes of muscle
were counted for radiocactivity and homogenized twice at room
temperature in 4 volumes of 0.15 M ammonium acetate. The homogenate
was centrifuged at 27,000 g for 30 minutes in a Sorval centrifuge. |
The supernatant was concentrated to 1.0 mi by air evaporation ét
room temperature and ambient pressure. Losses from evaporation were
jnsignificant.(<2.5%). It was then centrifuged to remove excess
- ammonium acetate and the supernatant retained for chromatography.

This supernatant contained about 78-82% of the total arsenic in the

muscle.

The above method of extraction was not used for the ljver
and kidney since a preliminary study carried out using ammonium
acetate resulted in a Tower recovery. Therefore in the procedure
used for liver or kidney, the tissue was assayed for radicactivity
freeze-dried and extracted twice for 24 h each by Soxhlet extraction
using methanol. Approximately 80% of the tissue arsenic was
recovered in the methanol extract. The extract was evaporated
to dryness at room temperature'and ambient pressure, dissolved in
1 ml distilled water, centrifuged and the supernatant containing

65-70% of the total arsenic in the tissue retained for chromatography.

Urine collection wes carried out by insertion of a
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polyethylene tube (PE90) through the urinary papilla of lightly
anaesthetized fish as previously described in Chapter 1. Urine
samples were evaporated to 1.0 ml at room temperature and ambient
pressure, assayed for total radioactivity; and retained for

chromatography.
Ion exchange chromatography

‘Tissue extracts prepared as described above were
fractionated by the method of Tam gt ai. (19}8). One m1 of each
of the aqueous extracts was deed to the column (0.85 x 16.5 cm)
containing 10 m1 of cation exchange resin AG 50W-X8 100-200 mesh
(8io-Rad Laboratories}. The column was eluted successively with
(1) 10 m1 0.5 N HC1 (2) 15 ml H, 0, (3) 15 ml 5% (v/v) NH40H and
(4) 15 m1 20% (v/v) NH,OH solution. The T4 content of 2 ml
samples for each eluted portion was used to estimate the total
arsenic in the various portions. The successive efuates from the
column are designated fractions I, II, III and IV corresponding
to fractions containing.inorganic arsenic, monomethylated arsenic,
unidentified arsenic %1 and unidentified organic arsenic #2

respectively. Dimethylarsinic acid was collected in the #IV

t al. (1978).

fraction by Tam
Recovery of arsenic compounds

Arsenic standard solutions were made by dissolving
analytical reagent grade sodium arsenite, sodium arsenate, sodium
methylarsenate, sodium methylarsonate and dimethylarsinic acid in
deionised water. Each solution contained 10 mg of compound/ml. A

mixture of the above standards was prepared by mixing 10.0 ml of
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each of the above arsenic standard solutions. The final solution
contained 2 mg of each arsenié compound/ml. One ml 6f the mixture
of standard solution was applied to the top of the column and
eluted as previously described. The eluates were collected in:

2 m1 fractions and submitted to x-ray counting as described‘by

Tam et al. 1978. The recovery of these compounds ranged from 88-96%.
Thin layer chromatography (TLC)

Only eluate fractions I and IV from the cation exchange
columns were examined by TLC as radioassays of the other two eluting
fractions indicated they achunted for only a smail proportion of the
total arsenic applied to the column. These two eluates were neutra-
Tized with 0.5 N HC1,  evaporated to dryness, dissolved in 1 ml
methanol and cent;ifuged. The supernqtant was radioassayed and
spotted on TLC‘pIates (20 x 20 cellulose sheets- Kodak). The solvent
system MeQOH: 1N NH40H (80:20) was allowed to travel 17 cm from origin.
Arsenic-containing compounds were located by spraying with 1IN AgNO3
in 5% (v/v) NH4OH solution or jodine vapour. The distribution of
74As on the chromatogram was detected by radioassays of 1 cm wide

strips of the cellulose sheets.
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RESULTS

Arsenic was detected in the blood first sampled at 6 h postdose.
At 96 h the total arsenic radioactivity of the blood was about 40%
of its 24 h value (Fig. 1). The plasma to erythrocyte arsenic
concentration ratic decreased from a value of 2.2 at 6 h to 1.2 at
12 h. The decreasing value of the ratio coincided with an inc¢reasing
proportion of organib arsenic (Table 1).'!At 24 and 96 h the ratio
were quite similar to the 12 h value of 1.2 as illustrated in Fig. 1.
At 6 h postdose, about 50% of the arsenic present in the erythrocytes
and plasma was inorganic decreasing to between 8 and 5% respectively
by 96 h with a corresponding increase in the organic fraction.
Arsenic (74Asj radioactivity in both plasma and erythrocytes was
present mainly as inorganic arsenic at 6 h and primarily as the

unidentified organic compound #2 by 96 h postdose (Table 1).

The ratio of total organic to inorganic arsenic increased
with time in muscle, gill, kidney and bile with the organic arsenic
fraction accounting for 30-64% at 6 h and over 86 after 2{ hg??éble 1);
However, considerably higher concentration of organic arsenic (~75%)
was detected in ljver extract at 6 h. At 96 h postdose the organic
arsenic fraction #IV accounted for a-similar propertion of the total
arsenic content of 211 tissues. This organic arsenic fraction #IV
was shown by TLC to contain a major component with the same Rf as
ethyl arsenobetaine (Table-2). Furthermore, only a small proportion
of 74As was recovered in the #1I and #1II fraction from the ion
exchange column. No further attempt was made to characterize the

-compounds.
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Arsenic retention in whole fish and blood of rainbow trbut,

Sa1mo gairdnéri,f011owing an oral dose of 74As (arsenic

acid). Each point represents mean and standard error for
4 fish:—o— represents % of arsenic dose retained in whole fish;
-®-, --O-- and—o— represent concentration of arsenic in

whole blood, plasma and red blood cells respectively.

Hematocrit = 36.0 + 0.7%.
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Table 2. TLe? of arsenic compound;

Arsenic Compounds; .. - Rf
-Sodium arsenate . o 0.24
Sodium ars?nite . 0.58
Sodium methyl arson;te 0.36
Sodium methyl arsenate ‘ 0.36
Dimethyliarsinic acid . 0.66
Arsencbetaine X 0.74
-Ethyi arsenobetaine , 0.82
}etramethy1arsonjum iodide 0.86

Kidney (12h)

“ st f;action from ion exchange 0.24 " 0.59
4th fraction from ion exﬁhange i 0.8 |

Urine (72-80h)
st fraction from ion exchange 0.24 0.59
4th fraction from ion exchange 0.82

Liver (24h)
1st fraction from ion exchange 0.24 0.59 .

4th fraction from ion exchange 0.82 .

':§Chromatograbhed ascendingly on cellulose thin layer sheets.

Solvent’ system MEOH: 1N NH,OH 80:20 (v/v), solvent front 17.0 cm.
. 3
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Fractionation of arsenic in‘urine oﬁ the fon exchange
column showed that more than 70% of the arsenic excreted 12 h
postdose was found in fraction #I, and heﬁée was inorganic, the
rest was in fractions II, III & IV and therefore considered
organic (Table 3). However, by ?6 h essentially. all (>90%) of the
urinary arsenic was organic argenic collected in column eluate
fraction IV. Thin layer chromakpgraphic separation of this fraction
#IV in urine, liver and kidney extracts (Table 2) showed that a .
majority (60% or more) of the.arsenic was iocatéd with an Rf of

0.82 and no significant amount-was detected with an Rf of 0.66.

L
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DISCUSSION

) fhe plssma/erythrocyté arsenic-raéio of approximaté1y 1:1
observed in this study was similar to the p1asma/erythrocyte‘ratjd'
of argeﬁic observed in the dog (Charbonneau et gl..1978) and in man
(Mealey 6t al. 1959). Our data indicate that arsenic is not bound
exclusively to the red:blood‘5e1ls of rainbow trout as has been
reported in the rat. Hunter et al. (1942) showed with albino rats
that 97% of the arsenic in blood was in erythrocytes 72 h postdose,
but there was no information on its chemical form. At this time
postdose most of tﬁé arsgnic in rat blood would have been dimethy-

larsinic acid since Charbonneau et al. (1979) have demonstrated this

to be the case with dogs.

The results of the present study show that in vivo

. transformation of an oral dose of inorganic arsenic to prganic
forms occurs in rainbow trout but not as fast as reported for-the
dog (Charbonneau et al. 1979). However, similar to the results of
Charbonneau g;_gl.(]Q?Q)with dogs, and Braman and Foreback (1973),
with monkeys monomethylated arsenic present in the tissues
represented a relatively small proportion of the organic arsenic
metabolites. The relatively small amount and transient nature of
monomethylated arsenic in the 1i§er and other tissues does not
preclude this compound from being an intermediate in the synthesis
of the majbé metabolites of arsenic. In mammals, dimethylarsinic
acid was the major metabolite (Crecelius, 1977; Charbonneau et al.

1979), but this does not seem to be the case in trout and other

aquatic species (Penrose, 1975).

bl

'I,l‘
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Studies in han-(Crecelius, 1§77) and dog (Charbonneau gg:gl.
1979) have‘showﬁ that orélly ingested inorganic arsenic was excreted
mainly as dimeth}]éfsinjc_acid and to a_1esser extent-as. ﬁoﬁomethy1aied
arsenic compounds. Fo]lowing‘ora]'iﬁgesfﬁon of_iporganic py dogs, it
was_rapid]j methylated to dimethylarsinic acid which was détected in

plasma, erythrocytes and urine witﬁin 50 minutes after ingestion

. {Charbonneau et al. 1979). The authors further indicated that only

an insignificant amount of monomethylated cqmpound was detected in
either blood or urine. Results from the present study with fish,
unlike mammals, demonstrate that the major metabolite in trout was

not dimethylarsinic acid, since its Rf value (Thin layer

' Chromatography) coincided with that for-ethylarsenobetaine and ﬂ\

not dimethylarsinic acid.

The large difference in the Rf values of ethyl arseno-.
betaine {0.82) and dimethylarsinic acid (0.66) clearly separates
these two compounds, and on this basis we concluded that most of"-'

\

the arsenic in fish uriﬁé was not dimethylarsinic acid. The
coincidence in Rf value between ethyl arsencbetaine and the arsenic
in fish urine and in all other tissues examined suggests that the

major organoarsenic compound in fish may have a structure reiated

-to arsenobetaine.

The site and mechanism of arsenic methylation is not yet
defined. Transformation of an oral dose of inorganic arsenic by the
brown trout was shown to be fasterthan that for arsenic administered

intr9muscu1ar1y (Penrose, 1975). He suggested that methylation may

.occur in the gut prior to absorption inte the blood. Charbonneau

~
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et al. 1979 noted that an intravenous injection of 78s as arsenic

acid tp dogs‘appeaféd in the erythrocytes as dimethylafsinic acid ‘

as‘earTy as 10 minutes*éfter iPsing. The authors suggested that

_methylation might have taken place in the erythrocytes as well as

in the liver, but this %ay not neéessar#fy follow. . .
2 .

- The results of the présenf study have shown that the liver

—

onfained higher concentrations of a%genobetaine much eariier than
other tissues. These findings suggest that the 1iver‘hay be the
major site for tﬁe conversion of inorganic arsenic in fish. However,
the intestinal epithéliﬁm might be an important site for arsenic
metabolism, possibly leading to monomethylated arsenic production,

with the major synthesis of arsenobetaine being mediated by the Tiver.

The mechanism of arsenic methylation is not understooa
and as such requires further investigation. The elimination
kinetics of arsenic is known to be influenced by fhe physical and
chemical form of thé arsenic. Coulson et El.(]935) studying
arsenic elimination in rats reported that inorganric arsenic
ingested as arsenious trioxide was excreted at a s10wer‘rate than
arsenié ingested with shrimp. More than 98% of the arsenic fed
with shrimp was excreted within 4 days of feeding, whereas only
21% of the arsenious trioxide fed was excreted. When humans ate
shrimp containing arsenic, all of the arsenic was excreted in 4
days. Similarly, Crecelius (1977) reported biological ha1f-]ivés
of elimination of 10 and 30 h for inorganic arsenic ingested with
wine and organic arsenic ingested by human with crab respectively.

On the contrary, Charbonneau et al. (1978) noted that inorganic ’
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arsenic ingested b& monkeys as arsenic trioxide was excretéd in
the urine at a faster rate than oégénic arsenicals ingested with
fish. One day after ingestion of fish conté{ning "organitf
arsenic, mean tofal excretion by éach of the four monkeys was

40% of theiingested dose. Excretion of ingested inorganic arsenic
_given to the same monkeys after the fish arsenic was allowed to |

return to baseline level, was 60% of the ingested dose for the same

t al. (1935)

period. The variation between the resd1ts_of-Cou]son
~ and Charbonneau g;_gl,(IQ?é) could have been due to the difference
in chemical form of arsenic in fish and shrimp. However, the

" clearance data from this study and the results of other studies
(Schuartze 1922; Kuhs et al.(1939 Dikon(w?gD have indicated that
animals are able to adapt to arsenic. The enhanced excretion of
the inorganic arsenic observed by Charbonneau gg.gl.(197§)cou1d
have been partially due to a gradual induction of the metabolic
processes required to defoxify and excrete arsenic as well as to

a natural capacity to eliminate the inorganic arsenic more rapidly.

"In conclusion, the result of this study demonstrate that
arsenic is metabolized very rapidly by the rainbow trout. It
appears the elimination kinetics of arsenic observed in this fish
is a function of the turnover of the metabolites, with the fast
and slow-clearing compartments repgesenting two independent pools

r

of arsenic compounds.



Chapter 3
Long-term effects of arsenic accuqu]ation in

rainbow trout, Saimo gairdner)
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INTRODUCTION

The toxicity of arsenic and its compounds to agquatic
organisms is well documented. Acute exposure has been shown to

result in reduced growth or increased mortality in aquatic

organisms. Acute toxicity levels have been established for

several species of fish. Minnows exposed to 20 ppm As (sodium
arsenite -NaAst)'and 250 ppm atsenic, as sodium arsenate in water

survived for a maximum of 36 and 16 hours respectively (Grindley,

'1946). Gilderhus (1966) obtained a 96 h LC50 value for

sodium arsenite at 12°C as 25.6 ppm for rainbow trout,. Salmo

gairdﬁer‘, 34 ppm for bluegills (Lepomis macrechirus). A number

of studies have been carried out on the effects on fish of long-
term exposure to sublethal concentrations of various forms of

arsenical herbicides. The "safe" concentrations recommended for

~one of the earliest common aquatic herbicide, sodium arsenite, varied

from 2-10 ppm (Surber, 1931; Mackenthum, 1955). It was repo}ted_

that these levels were not toxic in fish.

The above-meniioned studies indicate that the rainbow -
trout (Gi]derhus,'1966; Hale, 1977} and other fish species
(Sorensen, 1976) had very high 96 h LC5C values, suggesting that
fish are relatively tolerant of arsenic. However, very little
has been done on the Jong-term effects or toxicity of arsenic
ingested with the diet in spite of many reports (Woolson, 1975)

that indicated a contamination of aguatic food chain by arsenic.

Among the few studies on the long-term effects of

arsenic are those of Lawrence {1958) and Gilderhus (1966) who

=
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reported that 4 ppm sodium arsenite in water reduced the survival

and growth of bluegills, Lepomis macrochirus. Spéyer (1975) and

Speyer and Leduc (1975) noted a decrease in body and fat weight in
yearling rainbow trout exposed to different concentrations of
arSenic trioxide in water for 21 days. Sublethal .concentration

‘ .

of arsenic as-low as 0.1 ppm in water resulted in the alternation

of conditioned response in goldfish, Carassius auratus (wéir and Hine,

3
1970).. These authors reported that exposure to 0.1 ppm As in water

B - N £
for 48 hours caused up to 48% impairment in the avoidance reaction

. - . T e
of goldfish to 1ight and electric shock.
The primary purpose of this study was to empirically
determine the validity of the kinetic parameter values established
for arsenic for the short-term studjes reported in Chapter 1. Growth
and other physiological parameters such as hematology and~histopathology

were examined with a view to correlating them to observed tissue

levels of arsenic
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* MATERIALS AND METHODS

Preparation of the diet

~  The diet used for this study was Purina Trout Chow.
Soaium'arsenite‘(NaAsoz) solution was added dropwise to peliets

of ‘the chow from an automafic_pipette_gs described in the materials
and methods for chapter one. _The diets consisted of the control
which contained no arsenic, and three others containing 10,20 and
30 mg\As ?g"T diet. These levels are equivalent to a daily dose of
0.2,0.4 and 0.6 mg A; kg'] fish wet weight respectively at a

feeding rate of 29 of fish body weight per day.
Experimental procedure

A]] tegt fish were fed the control diet and acclimeted
to experimental conditons for at least two weeks prior‘to the start
of the experiment. A day prior to the start of the experiment, 5
fish were randomly sé]ected and sacrificed for establishing
baseline blood hemoglobin, hematccrit and tissue arsenic residue
levels. At the beginning of the experiment, 96 réinbow trout
of 29.2 £ 0.1 g‘wet weight were selected and randomly alloted to &
groups of 24 iﬁ 120-1itre aquaria. -One group served as the control
and the other three were to be exposed to 16,20 and 30 mgAs kg-1
of diet. A flow rate of approximately 12 litres W) ovas
maintained in each aquarium. Following the allocation to the
test groups, each fish was anaesthetized inM5222 and tagged as
previously described, blotted dry and weighed. Subsequent
weighings were carried out at 2-week intervals and the fish

ration adjusted accordingly.
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After 2,4 and 6 weeks of exposure, 4 fish were sacrificed
(all the fish in each aquarium having been weighed) from each of
the four test groups for blood hemogldbin (Hb) hematocrit (PCV) and
tissue arsenic residue. = Blood hemoglobin (cyanmethemoglobinlmethod)
and hematocrit were determined separately for each fish, using
standard techniques (Blaxhall, 1972). ‘Arsenic residue analysis
was also carried out separately on muscle from each fish, and on

pooled samples of gill, skin and liver.

At the end of the experiment, all surviving fish in each
test group were weighed. Blood hemoglobin content was measured on
5 fish from the surviving fish in each test group. All the

remaining fish were frozen pending tissue arsenic residue analysis.

Jetermination of residual arsenic

The fohr fish that were sacrificed from each test group
after 2,4,6, and 3 weeks of exposure were thawed out for amalysis.
Arsenic analysis was carried out on freeze-driéd muscle. An 8 to
10-gram muscle fillet was weighed out from each fish, homogenized
with its an'weight.of water, ané freeze-dried to constant weight.
Liver, gill and skin were freeze-dried and later Qround up
usiﬁg a mortar and pestle. After drying, samples were stored
in dessicators (CaClp) until used. Arsenic residue analysis was
carried out by Professor J.G. Dick, Dept. of Chemistry, Concordia
University, Montreal. The method used was the flame atomic
absorption technique involving the generatibn of arsine and itg

injection by argon gas entrainment intc a hydrogen-air flame

_digiggigg,gl, 1976). Arsine was generated from wet-ashed samples
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by treatment with hydrochloric acid and sodium borohydridel This

technique overcomes the arsenicLEB§Urban e_inhibitiefi known to

fee st

furnace methods were used (Dick et al. 1976). The general conditions

result from phosphate interfere he carbon or graphite .

maintained during the various analytical procedures were as outlined

by Dick et al.{1976).
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. ) RESULTS

. : 4
Effect of arsenic on growth

The initial mean wet weight of the test groups were

+

29.19 + 1.13 for the control and 29.58 = 1.03, 29.07 * 1.03 and

+

" 29.22 + 1.04 for the 10, 20 and 30 mg-As kg~ diet groups .
) respectively. Growth was calculated from the sum of the individual
- . wet we1gnt of the rema1n1ng fwsh at'2, 4, 6 and & weeks and expressed
as percent wet wexght gain. The results show that the Percent wet
we1ght oa1hs 1n the control group 1ncreased from 21.6% at 2 weeks
to 79.3% at 8 weeks (Fig. 1). The growth of fish that were exposed
td 10 and 20 hg As kg“1 d{et were not d1fferent frrom those for the
- c0ntro1‘ However, the we1ght gains-of fish exposed to 30 mg As kg -1
d1et were sign1f1cant1y less than those for the control- throughout

- the durat1on of exposure (P < 0.05). -

: Effects of efsenichon blood hemogiobin ]eve1s
) Hemog1ob1n and hematocrwt for the control group did not
deV1ate nuch from the base11ne ;;aues throughout the test per1od
(Tab1e 1) Blood of fish exposed to Ip mg As kg -1 diet exhibited
no loss in hemogiobin content up unt*? 8 weeks of exposure when the
Tevel dropped to a significantly low level of 9.30 g/100 ml blood
(P < 0.05).  Similarly, the 20 and 30 mg As kg_] diet exposure
group shoued slight deviatiop§ from the baseline Tevel up until

the sixth week. After 8 weeks of exposure, the hemoglobin levels
“showed 2 significant (P < 0.05) reduction of 20.5% for the 20 mg As kg-'I
diet group and 29% for the 30 mg group. '

-1

N ~ Fish exposed to 10 mg As kg = diet showed a decrease in

£
.

S o ‘ A



Fig.

Percent wet weight gain of control and rainbow trout

exposed to 10, 20, and 30 mg As kg'1 diet for 8

weeks at 10°C. Means * S.E. of 24,19, 14 and 9 -

.fish at 2, 4, 6 and 8 weeks respectively are

e

pregented.
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hematocrit after 4 and 6 weeks of exposure, followed by an increase
at 8 weeks. The 30 mg As kg-] diet group had cons%stentTy lower

‘hematocrit.

The baseline meéh corpuscular hemoglobin concentration _
(MCHC) was 29%. The control group did not show any?signif{cant
difference from the base1iné rean throughout the duration of the
experiment. However, the MCHC was significantly veduced in all
treated groups after 8 weeks_of exposure to arsenic. The values
were 25%, 25 and 22 for 10, 20 and 36 mg As kgLT diet'groups

respectively.
Arsenic residue in tissues .

In general, the levels of arsenic accumulated in tfssues
were directly related to levels of arsenic to which the fish were
exposed (Table 2). Ameng the tissues anaiysed, the liver accumulated
the highest concentration of arsenic during the 8 weeks of exposure.
The trend is not quite clear as to the relationship between the “
amount of arsenic accumulated and duration of exposure, since the
" liver for each of the test groups attained its highest concentration

-

of arsenic at.different times.

L4

The skin had the next higﬁesﬁ 1eve1'among the tissues
examined. The concentrations of arsenic in the skin of the 10 mg
kg"] diet group reached 1.05 ng r.;fT after two weeks of exposure
and showed oniy an insignificant (P < 0.05) deviation from this
" value at other time periods. The 20 mg As kg-] diet group increased
to 1.50 pg g | at 4 weeks after which it declined. The skin of-fish

exposed o030 mg kg'] diet, 1ike the liver, contained higher levels
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of arsenic than the other two gkoups._

%
The residue level in the gills of fish exposed to 10

1

and 30 mg As kg ' diet increased to a maximum at two weeks and

showed a decline thereafter. However, the 20 mg group seemed to
show a different trend. This difference could have been due to an
unusua]}y high level in one of the t{35ues that made up the pooled
sample. ’

The muscle of fish exposed to the,1bwest Tevel of -arsenic
attaiped maximum concentration of arsenic of 1.35 ug g'T after
4 weeks of exposure. The levels in the'musc1es of fish from this
group analysed at subsequent time periods were not significént]y

i

different (P < 0.05). Arsenic levels in the 20 mg As kg; diet

rs

group increased to 1.59 g g_T after 4 weeks and declined.
Similarly, muscle of fish from the highest exposure group contained

2.40  0.48 ug g

arsenic after two weeks of exposure, but
decreased to significantly Tower levels (P < 0.05) for the

remaining duration of exposure.
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DISCUSSION

# This section discusses the long-term accumulation of
arsenic in the tissues of rainbow trout, and its effects on growth

{increase in wet weight) and other physiological parameters.

Arsenic fed in the diet to rainbow trout was shown to :
impair arowth, primari?y at high concentrations. As can be seen
from Fig. 1, growth of fish exbosed to 10 mg As kg'T diet for 8 weéks

".was not impaired, but those exposed to 20 and 30 mg As kq-I die£ for

the same period showed significantly reduced growth relative to
the control, sugcesting a dose-dependent effect. A number of studies
have demonstrated a somewhat simf]ar toxic effect of arsenic on
other fish species. Lawrence (1958) reported that two applications
of 4.0 ppm sodium arsenite mgde two ﬁonths apart in expérimenta]

outdoor ponds reduced b1uegi1l (Lepomis macrochirus) production by

about 42% compared to the control. Benthic invertebrates were also
reduced by 34%. Two applications of 8.0 ppm applied one month )
apért reduced the number of fish' by an average of 6R%%. A later

. study by Gi]derhﬁs_(1966) noted a similar effect on adult and
jmmature bluegills (L. macrochirus). The marked reduction in the
proguction of bluegills i% the above studies must'have been due
to the fact that the fish accumulated arsenic from water directly
via the ¢ills as well as by consuming contaminated invertebrates.
Recently, Speyer (1975) reported d decrease in the growth of
yearling rainbdw trout that were exposed to 620 mg As/litre (as

arsenic trioxide) for 21 days. Similar to the results of the

present study, Speyer observed a growth impairment that was dose-
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~dependent, with most marked effect at the highest concentrations.

" The reduced growth observed in this study may have been
due to the shortage of energy resulting from arsenic interference with

the energy-yeilding metabolic processes.

As mentinoned'previqus1§ in the éenera1 introduction, the
mode of arsenic action {s-the uncoUp]ing-of oiidative'bhqsphorylation
{arsenate) and inhibition of certain enzymes (As + 3) (Léhninger, 1972).
Since no high energy phosphate (ATP) is generated when arsenates .
substitute for phosphate, shortage of energy may be.created in the
tiséues. In order to understand how environmental conditions,
including érSenic, influence growth we must first consider the fates
of the energy derived from the food consumed. The availability of
energy for growth is dependent on the distribution of -energy émong
other possible fates. First and foremost, the energy an organism
obtains from its food is used to sustain the activities'essen;ial
for survival and reproduction. It is after theﬁe requirement are
met that growth can take place. Warren (1971) suggested the term
"Scope for growth” for the difference between the energy of the food
consumed and the energy value of all other uées and losses of %ood

besides growth.

Data for rainbow trout have indicated that orally ingested
arsenic caused a significant decrease in hemoglobin levels that was
~inversely related to duration of exposure. The mean corpuscular
-]

hemoglobin concentration (MCHC) was also reduced after 8 weeks,

suggesting that the primary effect of the arsenic on blood was a
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decrease in the hemoglobin in the red blood cells and not hemolysis
of the cells. Similarly, Zharkova.(]Q?]) and Speyer (1975) noted
that arsenic caused a reduction in'sléod hemoglobin in rats and
rainbow trout respectively. The growth impairment observed in the
rats and trout in this study could have been due to inhibition of
enzymes as well as to a reduced oxygen-carrying capacity of blood.

This could have resulted in aﬁ inefficient utilization of

assimi]atéd_food.

In the present study arsenic éccumu]ation in rainbow trout
tissues increased with increasing levels of .arsenic in the diet.
The liyer, which has always beén identified as é target organ in
arsenic poisoning (Gilderhus, 19665 Bencko and'Symoﬁ,'LQYO),
contained the highest levels of arsenic. Gilderhus (1966), in the
previously mentioned study on b]uegiT]s?reporfed a H{gh Tevei of 11.6 '
ppr arsenic in the liver of fish e#posed.to'4 ppmharseﬁic for 16 weeks.
This level is much higher than the 6.24 ppm maximum for the present
study. The mgrked'differehce may be due to the fact that the
bfuegiT]s were exbosed to arsenic via both food and water for a 1onger-
duration whereas the trout were exposed to arsenic in the food for a
shorter duration. High levels of arsenic in the liver have been
associated with functional changes. Oxygen consumption in homogenized
liver tissue of -hairlessmice exposed to 50 mg As/litre in drinking
water for 256 days was markedly suppressed compared to the control
(Bencko and Symon, 1969). Similarly, the high levels of arsenic
observed in the 1iver of rainbow trout exposed to arsenic in this
study may have caused Histo1ogica1 changes resulting in impairment of

1iver functions.
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Residue levels 6f arsenic in the skin were next highest
"to those for the liver. The kerétin of hair and nails is rich in
dingphide, and it has been postulated that the arsenic is incorpora-
ted into the growing portion of the hair root and the nail base
(Shapiro, 1967}. Similarly, arsenic could have been bound to
su]fhydry1.grdﬁps in thé-ékin and‘ séa]é of fish, resulting in the

.

‘observed high levels.

Muscle tiésue sampTed in the present study did not accu-
mulate as much arsenic‘as the liver or skin. Gilderhus (1966)
analysed the muscle of the bluegills and also found arsenic.residues

in muscle (1.3 ug g-l) tobe relatively low compared to-the liver.

The gills did not seem to accumulate any substantial amount
of arsenic during the continuous exposure. This observation might
be due to the fast elimination of arsenic via the gill as has been

shown in the first chapter of this study.

Generally, fhere is a2 similarity between the pattern of
tissue diskr&hution of arsenic observed followino the pulse dose'of
radiclabeiled arseﬁic as described in Chapter 1 and during the long-
term e;posure. In both cases, the liver contained much higher
concentrations than other tissues, further strengthening the suggestion.

of its probable role in metabolism and excretion of arsenic.

In'summary, inorganic arsenic is accumulated by fish,
/'\.
though to a lesser extent,than the group 2B metals (Hol;ombé et al. 1978 ,

Spehar et al. 1980). High levels in tissues such as the liver

resulted in impairment in the growth of the fish.
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Summary and Conclusions

The resuits of arsenic kinetics and metabolism presented
in this thesis define the bicaccumulation potential of arsenic in °
rainbow trout in terms of‘1) efficiency of uptake from.food
2) efficiency of uptake from water; and 3) elimination or fractional
‘clearance from whole fish, with emphasis on the routes of elimina-
tion. The effect of adaptation to arsenic on whole body-eIiminatién
and. tissue distribution of arsenic was also examined. The results

and conclusions are summarised below:

+

B

1) Arsenic absorbed from water was accumulated i%to two compartments
which were distinguishab]e.by differences in their fractional

clearance rates. Uptake of arsenic from water by trout was poor,

with bicaccumulation ratio of less than 1. This is in agreement

with results of previopus studies for uptake of arsenic from water

by trout. The uptake rates of arsenic were directly related to the
concentrations in water. Clearance of arsenic was rapid with
bio]ogica1 ha]f-T{ves of 0.6 and 5 days for the fast and slow-

clearing compartments respectively. \\T%
2) Arsenic accumq]ation_from food was more efficient with an
assimilation efficiency of approximately 50% of the ingested dose, based on
tissue distribution data.. Clearance of arsenic occurred in two phases,
similar to that for water. The fast compartﬁent, which comprised about

25% of the ingested dose, had a half-life of less than one day,

while the slow clearing compartment had 2 half-1ife of 6.4 days.

The bjgh assimilation efficienéy of arsenic from food would favou;

accumulation of arsenic by trout from its diet. However, there

was no observed biomagnification through the food vector.

-~
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3) There was no effect of route of exposure on the relative size
of the fast or slow-clearing phases of arsenic.
4) The results on tissue distribution of arsgnic following a
pulse dése.of radio1age11ed arsenic showed higher levels of
- arsenic in bile, liver and kidney than in other tissues, the bile
- containing the highest concentration. The high concentrations in
these tissues may be related to their role in the egcretion of
arsenic.
5) The data.on the routesiof arsenic excretion by rainbow trout
demonstrate that fecal and gill excretion might be of equal
magnitude and could account for 80% or more of the total arsenic
loss, Qrinary excretion accounting for 20% or less. This.present
demenstration of gill excretion has important implications on the
| interactive effects of grsenic with other toxicants such.as.copper
which is known to affect gill function.

The estimate of fecal excretion in rainbow trout made from
this study is much higher than in mammais, in which fecal excretion is
minimised by reabsorption of arsénic exc%eted into the gastro-
intestinal tract, before it is voided in the feces. Urinary
gxcretion hgs been shown to be the primary route of arsenic elimination
in mammals, whereas in this study, urinary excretion has been'shéwn to
be .comparatively less important.

6) Characterization of the metabolites in the different tissues
was carried out to find out. if there is any correiation between the
phases of clearance and chemical speciation. The results of the
present study show that the initial fast-clearing phase coincided

with the postdose period when the inorganic arsenic content of.

ot

N
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the tissues were still high. Subsequently, the organic arsenic
content of the tissugq increased as mgthylation took.place. Since
at 9§ h postdose, the major'organic'metabp1ite represented over
80% of the arsenic in the‘tissues examined, one can conclude that
the elimination pattern observed for the slow-clearing compartment
was determined primarily by the major organic metabolite.
7) Thin layer chromatography (TLC) of this metabolite showéd it
had the same Rf value as ethyl arsenobetaine standard (0.82),
separating it clearly from dimethylarsinic aéid, which had an Rf
value of 0.66. On the basis of the wide difference in Rf value,
it may bg concluded that the major metabolite of inorganic arsenic
in trout is not dimethylarsinic acid, as has been shown for mammals.
8) The ability of trout to acclimate 'to arsenic was examined:
Fish th;t were acclimated to a sublethal dose of 22.8 mg\
As l~:g_T diet for two weeks, demonstrated a significantly faster
clearance of the subsequent single dose of radiolabeTTea arsenic
(74As). Fractional clearance rate of 74As was (.22 and 0.11 d']
for the acclimated and contrel fish regpectively. '
| Tissue distffbution of 7435 in the contro].and fish that
were acclimated as previousiy mentioned showed that the relative
concentrations of arsenic (74As) in Tiver and bile of fish pre-
exposed to 22.8 mg As kg'ilfof two weeks, were sign?icént1y higher
than that for the control. These results suggest that preexposure
could have affecéed the binding of arsenic to.1%ver proteins.
There was no difference in the arsenic binding pattern
1o proteins of 1iyer cytosol in control fish given only a single

dose of tracer-labelled arsenic in the diet and test groups dosed

-
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4As after’ two-week acc11matﬁon to” ‘norf-radiocactive arsenic. In

RS

with 7
both the control and treated, gel chromatography of ]1ver cytosol
protein showed that_elution of arsenic was in. two peaks. One of the
peaks correspoﬁded to molecular siie 19;000 daltons and the other

" corresponding to molecular size 3,000 daltons could have been

X

\. elemental arsenic and arsenic bound to amino acids. Since none

-

-of these peaks corresponded to molecular weight range of £,000-12,000

- L

daltons that have been reported for metallothionein in fish, it
can-be concluded that arsenic may not induce the synthesis of

thionein-type ﬁroteins in fish.

<

The speci?ic mechanism involved in the enhanced é1imination and
tolerance to arsenic is not known. Howe§er, the high concentration
of Ersenic.gn liver and bi1é suggésts the enhanced excretion might
have been mediated via the liver. The observed adaptation has an o #
- ecologigal significance not only to the organism, but to the entire
community. Due to this type of adaptation mérkéd difference in
bioassay results carried out on two populations of the same species
. may result from differerices in-their recent env%rgnmental history.
Chemically induced-adaptation of fish could Be a major obstacle
preventing accurate application of laboratory estab11shed tox1C1ty
resu]ts to f1e1d situations. Luoma (1977) proposed the use of
res1stance testing to 1nd1cate the contam1nants of primary concern
;f}hm an aguatic ecosystem. Also, Dixon (1979) indicated that .
acclimation Hose-respbnse curves and'appTication factdr'cou1d be |
deveioped for arsenic in rainbow trout. A knowledge ~of the
- biologically Q!EiliElE_EPHcentrations of contaminants at which J N

resistance develops will help in understanding toxicity of

o .
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contaminants in the environment. -Usqa1ly; estimates of aqpljcation
factor is based on the concentrapiphs of the contaminant in water.
. However, for some species, accumulation of contaminants through the
diet is of a greater magnitude th;n_direét uptake from water; this
is particu]ar]y'true for arsenic. [ therefore suggest that‘
res{stapce tésting,‘as proposeq-b} Luoma, should not be based
- only on the level of the contahinant in water, but also on the
body burden of the contaminant in the organism‘in which resistancé
is developed. .
9) Exposure of trout to aréenic in food for a long period of
eight weeks resulted in high levels of arsenic in the liver and
skin compared toiother tissues. Heavy accumulation of arsenic in“
1iver and other tissues could cause functional changes which could
reduce ;he organisms ﬁbance of survival. This could be particularly
trdg when it inhibits.gnzyme involved in the intermediary metabolic
. pathways, creating a shortage of energy required for sustaining the
biological functions of the organism. | '
Many gaps still 'exist in our understanding ofathe
kinetics and metabolism of arsenic in fish, some of whfch are
outiined below:

\__-H—’)///’“f (i) the identification of the organic metabolites formed

from inorganic arsenic.

(1) the identification of the organs where the metabolism

of arsenic is carried out.

(i1i) the exact mechanism whereby adaptation to arsenic is effected

v

~needs to be investigated.-

N
e,
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4

(iv) as alréady mentjoned in the discussion, the toxicity of
arsenic to mammals ha§ been known to be modified by the presence, of
*other-toxicants. The investigation of this aspect in fish is of
ecological significance since it is very qn]ike]y that arsenic will

occur singly {in the absence of other toxicants) in the aquatic

envrienment.
L
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