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Abstract

Adult rainbow trout were pre-exposed to a sublethal concentration of dietary Cd (500 mg/kg dry wt.) for 30 days to induce
acclimation. A gastrointestinal dose of radiolabeled Cd (2gfkg wet wt.) was infused into the stomach of non-acclimated
and Cd-acclimated trout through a stomach catheter. Repetitive blood samples over 24 h and terminal tissue samples were taken
to investigate the gastrointestinal uptake, plasma clearance kinetics, and tissue distribution of Cd. Only a small fraction of the
infused dose (non-acclimated: 2.4%; Cd-acclimated: 6.6%) was internalized across the gut wall, while most was bound in the
gut tissues (10-24%) or remained in the lumen (16—-33%) or lost from the~¥586%) over 24 h. Cadmium loading during
pre-exposure produced a profound increase of total Cd in the blood plast8&dld) and red blood cells (RBG;20-fold). The
plasma Cd-time profiles consisted of an apparent rising (uptake) phase and a declining (clearance) phase with a maximum value
of uptake in 4 h, suggesting that uptake of gastrointestinally infused Cd was very rapid. Acclimation to dietary Cd did not affect
plasma Cd clearance-Q.5 ml/min), but enhanced new Cd levels in the plasma (but not in the RBC), and resulted in a longer
half-life for plasma Cd. Tissue total and new Cd levels varied in different regions of the gastrointestinal tract, and overall levels
in gut tissues were much greater than in non-gut tissues, reflecting the Cd exposure route. Dietary Cd, but not the infused Cd,
greatly increased total Cd levels of all gut tissues in the order posterior-intestine (640-fold) > cecae (180-fold) > mid-intestine
(94-fold) > stomach (53-fold) in Cd-acclimated fish relative tivedish. Among non-gut tissues in the Cd-acclimated fish, the
great increases of total Cd levels were observed in the liver (73-fold), kidney (39-fold), carcass (35-fold), and gills (30-fold).
The results provide some clear conclusions that may be useful for environmental risk assessment of dietary Cd exposure in fish.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Cadmium (Cd) is a ubiquitous metal that can be
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than 1pg/L at low hardnessYSEPA, 2001; CCME, fish acclimated to waterborne Cd. Furthermore, these
2002. “dietary acclimated” fish exhibited altered uptake dy-

Freshwater fish can take up waterborne Cd via the namics for waterborne Cd at the gills, and increased
gills and dietary Cd via the gut. The mechanism of tolerance (expressed as 96 h LC50) to waterborne Cd.
uptake for both routes is considered to be the nonse- To date, nothing is known in fish about the influence
lective uptake of Cd through calcium uptake systems of dietary Cd acclimation on the subsequent handling,
(Handy, 1996; Wood, 20Q1After uptake across gill  uptake, and tissue-specific disposition of metal dosed
or gut epithelia, Cd is probably bound to transport into the gastrointestinal tract. Therefore, the primary
proteins in the blood plasma as in higher vertebrates goal of the present study was to compare the responses
(Scott and Bradwell, 1984; Zalups and Ahmad, 2003 of rainbow trout to a gastrointestinal dose of radiola-
and distributed via the circulatory system to various belled Cd after 30 days pre-exposure to either a sub-
internal organs where toxicological responses may be lethal level of “cold” Cd in the diet (500 mg/kg diet, Cd
elicited (Roesijadi and Robinson, 19p4£admium ac- acclimated group) or to a control, nominally Cd-free
cumulates in organs such as the gills, liver, kidney, and diet (non-acclimated group). The study allowed an
gastrointestinal tract of fish in an unregulated manner analysis of the kinetics of gastrointestinal uptake and
(Harrison and Klaverkamp, 1989; McGeer et al., 2000; plasma clearance in the two groups, as well as a quan-
Chowdhury et al., 2003 In mammals, accumulated titative analysis of tissue-specific Cd disposition. This
Cd is excreted in the bile, urine, and faeces with the served as a follow-up of our previous investigation on
loss of adsorbed Cd due to sloughing of mucosal cells the effects of waterborne Cd acclimation on plasma
(Andersen, 1989; Zalups and Ahmad, 203 fish, clearance and tissue uptake of intra-arterially injected
a large proportion of dietary Cd excretion occurs as a “new” Cd (Chowdhury et al., 2003
result of intestinal sloughing and a small quantity is
probably excreted via the bile and gilldéndy, 1998.

Currently most of our knowledge on the bioavail- 2. Materials and methods
ability and toxicity of Cd to fish is based on waterborne
exposure experiments and as a result, the guidelines2.1. Experimental animals
and criteria for Cd in aquatic systems are primarily
based on the sameSdgrensen, 1991; Wood, 2001; Rainbow trout Oncorhynchus mykiss range
USEPA, 2001; CCME, 2002 Similarly, most of the 190-280 g) were obtained from Humber Springs Trout
studies on the effects of pre-exposure or acclimation Hatchery (Mono Mills, Ont., Canada) and held under
focused only on waterborne metatédlis et al., 1999, laboratory conditions for at least two weeks before
2001; Stubblefield et al., 1999; McGeer et al., 2000; experimental use. Fish were held in 500-L tanks, each
Grosell etal., 200IWWu and Hwang, 2003; Chowdhury  supplied with a minimum of 2.5 L/min flow-through
et al., 2003. In contrast, the effects of dietary metals of moderately hard dechlorinated Hamilton City tap-
in fish are not well knownHandy, 1999, and as are-  water (0.5nM Cd; 47 nM Cu; 270nM Zn; 1 mM Ca;
sult regulatory guidelines do not directly consider the 0.6 mM Na; 0.7mM CI). The temperature and pH
potential toxic effects of chronic dietary loading. How- of water were kept at 12 1°C and 8.0+ 0.2, re-
ever, the transfer of Cd through food chains can be high spectively, throughout the experiment. The fish were
enough to bring about toxic levels of Cd accumulation fed commercial, floating trout chow (Martin’s Feed
in fish tissues Dallinger and Kautzky, 1985; Farag Mills, Ont., Canada) at a ration of 1.5% of their body
etal., 1994. Indeed, Cd-contaminated live food or pre- weight three times per week.
pared diet has been found to contribute greatly to metal
accumulation in trout Harrison and Klaverkamp, 2.2. Acclimation to dietary cadmium
1989; Harrison and Curtis, 1992; Woodward et al.,
1995; Farag et al., 199%nd in carp Kraal et al., For acclimation to dietary Cd, 40 fish in one hold-
1995. Szebedinszky et al. (2008howed that fish ac-  ing tank (Cd-acclimation group) were fed a 1.5% daily
climated to dietary Cd via chronic exposure accumu- ration (dry feed/wet body wt.) of a prepared Cd-diet
lated a much greater overall Cd body burden relative to containing nominally 500 mg Cd/kg dry feed for 30
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days (actual measured concentration: 419.8.3 mg 2.4. Cannulation

Cd/kg food or 6.29 mg Cd/kg fish/day). Another hold-

ing tank was used simultaneously as a control tank  While under MS-222 anesthesia (0.1g/L) on an
in which 40 fish (non-acclimation group) were fed a operating table, fish (non-acclimated: 344 17 g;
prepared control diet with no added Cd (actual mea- Cd-acclimated: 324- 10g) were cannulated by sur-
sured concentration: 0.161# 0.0035mg Cd/kg) at  gically implanting two catheters (PE-50 polyethylene
the same ration. Water samples from both tanks were tubing, Intramedic, Becton Dickinson, Sparks, MD,
taken every second day, acidified with HRIQL%), USA; internal diameter 0.58 mm, external diameter
and analyzed for Cd by graphite atomic absorption 0.97 mm, 30cm long). One was inserted down the
spectroscopy (graphite-AAS; SpectrAA-220, Varian, oesophagus for dosing of radiolabelled Cd solution

Mississauga, Ont., Canada). The measured Cd con-into the stomach (stomach cathet@learwater et al.,

centrations in water filtered through a 0 filter
were 0.14+ 0.01pg/L (1.21+ 0.07 nmol/L) and 0.22
+ 0.01pg/L (1.96+ 0.11 nmol/L) in non-acclimation
and Cd-acclimation tanks, respectively. The fish were
not fed for 48 h prior to surgery.

Specific growth rates of fish (SGRs in % per day)
during the 30 days acclimation were determined from
the natural log (In) of fish weights:

SGR= [3—10(|n w30 — In wo)] x 100 1)

wherewyg is the average initial weight (g) determined
at day 0 from the bulk weight of 20 fish selected ran-
domly from both tanks andsg is the individual final
weight (g) of each fish determined at day 30 before
cannulation.

2.3. Diet preparation

Cadmium diet was prepared by mixing a concen-
trated stock of Cd(Ng)2 4H,O (6.86 g/L; Fisher Sci-
entific, Ont., Canada) into the trout chow (Martin’'s
Feed Mills) containing 42% crude protein, 16% crude
fat, 40% crude carbohydrate, 0.35% sodium, 1% cal-
cium, and 0.65% phosphorus. Trout chow500 g)
was ground in a blender and mixed with an appro-
priate amount of the Cd(N£), solution (~100 ml) in

a commercial pastamaker (Popiel Ronco, Compton,

CA, USA) for at least 30 min. Subsequently, 200 ml
of deionized water was added while mixing for an-

other 30 min and the paste was extruded from the pas-

tamaker into long strings. The hydrated feed strings
were dried at 60C for 10 h and then broken into small
pellets (~6-10 mm in length and-6 mm in diame-
ter). The control diet was prepared following the same
method but without the addition of Cd.

2000 and the other into the dorsal aorta for sampling
blood (arterial catheterSoivio et al.,, 197p After
cannulation each fish was placed in an aerated exper-
imental chamber (2.5L) supplied with flowing water
(250 ml/min).

2.5. Experimental procedures

After 36 h recovery from surgery, an initial control
blood sample (20QL) was obtained via the arterial
catheter and replaced with Cortland salin&/off,
1963. Immediately after this sampling, fish were
given a single dose (246g/kg or 2455.3 nmol/kg)
of radioactive Cd ¥°°Cd) in glucose solution into
the stomach via stomach catheter. The solution was
prepared by adding®Cd stock {99CdCh; specific
activity: 102.2 kBghg; NEN Life Science Products,
Boston, MA, USA) to 0.1 M glucose solution con-
taining an appropriate concentration of stable Cd
to obtain a final radioactivity of 1081 kBg/ml and
a total Cd concentration of 16548/ml (1472.3
nmol/ml).

After infusion of radiolabelled Cd into the stom-
ach, blood samples were taken following the method
used previously for measuring intra-arterially injected
Cu and Cd in trout plasmaGfosell et al., 2001,
Chowdhury et al., 2003 Approximately 30Qul of
blood was removed via the catheter at 0.5, 1, 1.5, 2,
4,6,9, 12, 14, 21, and 24 h after gastrointestinal infu-
sion and replaced with an equal volume of Cortland
saline Wolf, 1963. A preliminary experiment indi-
cated that an apparent uptake phase and a clearance
(distribution) phase of internalized plasma Cd existed
over this time course. All blood samples were cen-
trifuged (3 min at 14,00 g) to separate plasma from
blood cells and analyzed for radioactivity and total
Cd concentration in both compartments of the blood.
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After the final blood sampling (24h), the fish at 60°C for 48 h. Concentrations of total Cd were
were killed immediately by an overdose of MS-222 measured by atomic absorption spectrophotometry
(0.6 g/L) and dissected to obtain tissue samples. The (SpectrAA-220, Varian, Mississauga, Ont., Canada)
liver, gall bladder including bile, gill filaments, kid-  with graphite furnace atomization. Absorbance of the
ney, and brain were obtained as whole organs. For appropriately diluted unknown samples (duplicate or
muscle, the skin was removed from one side of the triplicate) was related to the absorbance of a series of
fish and a sample of white muscle (6—10g) was col- known standards made from a certified stock solution
lected. For gut tissues, the whole gastrointestinal of Cd (Fisher Scientific) to obtain Cd concentrations
tract was removed from the body cavity and cut into expressed on the basis of per-gram wet tissue and
four pieces: whole stomach, anterior intestine includ- RBC, per-milliliter plasma, or per-liter water.
ing pyloric cecae (hereafter referred to as cecae), Concentrations of radioactivé®®Cd in samples
mid-intestine, and posterior intestine. The gut tissues were converted to absolute values (ng Cd per unit wet
were rinsed with distilled water to clear mucus, food weight or volume) to obtain newly accumulated Cd
fragments, and non-absorbed Cd from the lumen, and (ng/g or ng/ml):
analyzed individually. The rinsing wash was saved in R
plastic vials and measured for radioactivity to deter- New Cd= M % SA
mine the amount of the radiolabelled Cd dose still
remaining in the gut cavity (lumen). The proportion whereR is thel%°Cd radioactivity in the sample after
of Cd dose that might be bound too strongly to the correction for background and radiodecay (cpi),
mucosal surface of the gut to be recovered by rins- the tissue wet mass (g) or plasma volume (ml), and
ing (cecae= 5.6%, mid-intestine= 3.6%, posterior  SA is the measured specific activity of radioactive Cd
intestine= 0.9%, whole gut= 3%; Ojo and Wood, in the infusion solution (cpm/ng total Cd).
unpublished data), was not quantified in the analysis  To calculate the relative distribution of the infused
and thus was assigned to the gut tissue (not in the radiolabelled Cd, the total burdens of new Cd (ng) in
gut lumen). In order to determine background con- the plasma, RBC, sampled tissues, and carcass were
centrations of “cold” Cd in the tissues before dosing, converted into the percentage of infused dose. To cal-
six non-acclimated and six Cd-acclimated fish were culate the total burden in blood compartments, the rel-
sampled directly from the holding tanks, and tissue ative mass of blood in rainbow trout was assumed to
samples were obtained as above. All radioactive tis- be 6.0% Bushnell et al., 1998 and the RBCs were
sue samples were counted for gamma radioactivity, assumed to represent 30% of the mass of whole blood,
and all tissue samples were thereafter digested for thethe rest being plasma&@llaugher and Farrell, 1998
determination of total Cd concentrations. Muscle mass was assumed to be 60% of body mass

After removal of the above tissue samples, the fish (Giblin and Massaro, 1933Internalized Cd (%) was
carcass was homogenized in a blender with 500 ml of the proportion of radiolabelled Cd dose internalized
1N HNGO;s (trace metal grade, Fisher Scientific). Three beyond the gut wall and calculated by adding the per-
aliquots of approximately 15 ml of the suspension for centages of new Cd found in non-gut internal tissues,
each fish were collected in plastic vials and counted carcass, plasma, and RBCs. Cadmium lost from the
for gamma radioactivity. Subsequently, the suspension fish (%) was calculated by subtracting the percentage
was digested by placing the vials in an oven at@0 of internalized Cd plus that found in gut tissue and gut
for 48 h to determine total Cd in the carcass. lumen, from the infused dose (100%).

)

2.6. Measurements and calculations 2.7. Modeling and determination of plasma
clearance rate
All radioactive samples were counted in a Minaxi-
Auto-gamma 5530 counter (Canberra Packard, Missis- The plasma clearance of new Cd was deter-
sauga, Ont., Canada) to determifieCd radioactivity. mined by fitting the plasma concentration data
After counting, RBC and tissue samples were digested to a three-compartment pharmacokinetic model
in approximately three to five volumes of 1IN HNO  (Barron et al., 1990 This is an extension of the
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two-compartment model used to analyze the plasma The clearance rate of new Cd (gL interpreted as
clearance of a Cd bolus injected in the artery of trout the volume of plasma cleared of the metal per unit
(Chowdhury et al., 2003 in which it was assumed time per unit body weight (ml/min/kg) and distributed
that Cd was injected into a central compartment to different tissues, was calculated using the equation:
(compartment-1) from which the metal is exchanged

with the peripheral compartment (compartment-2). Cle = Vpkiz+ k13) (10)
The present model assumes that Cd is absorbed to the The half-life of new Cd in the plasméy(o in min) is
central compartment from the gut (compartment-3) proportional toV, and inversely proportional to clear-
and unabsorbed Cd is lost from the system via this ance Barron et al., 1990

compartment. A preliminary analysis of data sug-

(11)

gests that the delay time for absorption of Cd from 12 =1In 2&

gut lumen was negligible~10 min). Assuming that
transfer of Cd follows first-order kinetics, Cd fluxes
(ng/min/kg) between two compartments are:

Fij = kijqi (3

whereF;; is the flux of new Cd fronith to jth com-
partment with transfer rate constégf, andg; is the
amount of Cd (ng/kg) irith compartment at timé
Thus the differential equations are

dg1

% = ko1g2 — k12g1 — k1391 4)

dg>

di = ki2q1 — k2192 %)
t

dgs L

o = ez - k3193 — k3og3 + My (6)

whereMy; is the radiolabelled Cd infused into the gut
(ng/kg) andksg is the rate constant for Cd lost from

CLp

A software program for kinetic processes (SAAM
I, Washington, USA) was used to formulate the
model, and to fit it to the experimental data. A
Bayesian approach was used for the estimation of
some parameters by assigning the known values from
our previous studyGhowdhury et al., 2003

2.8. Statistical analysis

Data are expressed as meal S.E. (1) where

n is the number of fish. Parameter estimates of
the pharmacokinetic model are presented with their
95% confidence intervals obtained during model fit-
ting to experimental data. To analyze differences
between plasma and RBC concentration-time pro-
files in non-acclimated and Cd-acclimated groups, a
two-factor ANOVA, with acclimation and time as the

the system. The model fitted the plasma concentration main factors, was used. Student’s unpaitedst or

data Cp in ng/ml) using the following equation:
_a

Yo
whereV, is the apparent volume of the central com-

partment (ml/kg)V, refers to the distribution volume
of new Cd in extracellular fluid in fish and was esti-

Cp (7

Newman—Keuls test was applied to compare tissue
levels of total and newly accumulated Cd between ac-
climated and non-acclimated fish, or to compare them
with their controls. Percentages and proportions were
subjected to arcsine transformation before statistical
analysis. All statistical tests were performed using

the computer software Statistica (StatSoft, Tulsa, OK,

mated simultaneously with rate constants as unknown ysa) or InStat (GraphPad, San Diego, CA, USA). A
parameters during model fitting. Apparent volumes figycial limit of P < 0.05 was used throughout.

(ml/kg) of distribution for gut tissuesVf) and the
other peripheral compartmen¥§, which character-

ize size or storage capacity of the metal in the tissue, 3. Results

were calculated fronBarron et al. (1990)

k31
b=1(2)

k12
=N (kz)

(8)

9)

3.1. Growth and mortality

Exposure of trout to 500 mg/kg Cd in the diet re-
sulted in no mortality during the 30 days exposure for
acclimation, and there were no obvious changes in ap-
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petite or swimming activity. The specific growth rate vation for the same length of time. No grossly visible
of Cd-exposed fish (0.6& 0.08% per day) was not changes were observed in the gills of Cd-exposed fish.
significantly lower than in non-exposed fish (0.85

0.16% per day). However, the Cd-diet induced some 3.2. Distribution of the infused Cd dose

gross morphological changes in the gastrointestinal

tract such as epithelial edema, hemorrhage, and in- Only a small fraction of the radiolabelled Cd dose
creased mucus secretion. Dietary Cd stimulated gut (276u.g/kg) was absorbed across the gut tissues by
evacuation based on the observation that Cd-exposed24 h and partitioned amongst internal organs (inter-
fish but not non-exposed fish had empty guts after star- nalized fraction,Fig. 1A). However, the internalized
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Fig. 1. (A) The percentage of the radiolabelled Cd dose (2y8d/kg wet wt.) distributed to internal non-gut tissues (internalized)

and gut tissues, and the percentage of the dose recovered in the lumen or lost, 24 h after radiolabelled Cd infusion into the stomach of
non-acclimated and Cd-acclimated trout via a stomach catheter. (B) Relative distribution of infused radiolabelled Cd into gut tissues as
percentage of the total radiolabelled Cd burden in gut tissues. The acclimated fish were pre-exposed to dietary stable Cd (500 mg/kg diet)

for 30 days. Results are presented as mea8.E. fi = 6-9). *Significant difference between non-acclimated and Cd-acclimated fish for
the same tissueP(< 0.05). Post-intestine: posterior-intestine.
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fraction in Cd-acclimated fish (6.6 1.1%,n = 6)
was significantly higher than in non-acclimated fish
(2.4 £ 0.6%,n = 9). Approximately 17% and 27%
of the dose were found in gut tissues and gut lumen,
respectively. The fractions bound to gut tissues and
found in the lumen were similar in non-acclimated and
Cd-acclimated fish. Approximately 50% of the dose
was lost from the fish of both groups by 24/id. 1A).

The distribution of Cd in the gut tissues indicated
that most of the infused Cd moved past the stom-
ach by 24 h and distributed along the rest of the gut
(Fig. 1B). Stomach contained only a small fraction
(non-acclimated: 3.0%, and Cd-acclimated: 3.9%) but
the pyloric cecae, mid-intestine, and posterior intestine
contained major fractions (66 and 67%, 7 and 16%,
and 24 and 10%, respectively) of the total new Cd bur-
den (50.8t 4.3pg/kg fish,n = 6 or 9) found in the gut
tissues of both groups. Only in the mid-intestine and
posterior-intestine were the differences in the new Cd
fractions between non-acclimated and Cd-acclimated
fish significant, though they were opposite in the two
sections Fig. 1B).

3.3. Plasma Cd kinetics

The background concentrations (me&nS.E.) of
total Cd in plasma were 0.4% 0.06 ng/ml i = 6)
and 12.474+ 0.55ng/ml 6 = 6) in non-acclimated
and Cd-acclimated fish, respectively. Upon a gas-
trointestinal dose of 27@g/kg radiolabelled Cd,
the total and newly accumulated Cd in plasma in-
creased gradually in time with an apparent maxi-
mum at 4 h (non-acclimated total: 48 0.5,n = 8;
non-acclimated new: 4% 0.7,n = 7; Cd-acclimated
total: 17.13+ 1.9,n = 5; Cd-acclimated new: 8.&
0.6,n = 5ng Cd/ml), then deceased to approximately
background levels by 24 h in both treatment groups
(Fig. 2. Thus, plasma Cd kinetics consisted of two
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Fig. 2. Plasma concentration-time profile of total Cd (A) and
newly accumulated Cd (B) in non-acclimated and Cd-acclimated
rainbow trout after a gastrointestinal dose of radiolabelled Cd
(276p.0/kg wet wt.) infused into the stomach. The acclimated fish
were pre-exposed to dietary stable Cd (500 mg/kg diet) for 30 days.
Symbols represent experimental values (mge®E,n = 5-9). The
solid lines in panel (B) are the fit of the pharmacokinetic model
(Egs. (3)—(11) to the data values. ANOVA revealed significant
differences between non-acclimated and Cd-acclimated fish both
for total Cd @ < 0.001; A) and newly accumulated Cé (<
0.05; B).

phases: one uptake phase and one clearance phasestimates from model fitting are presentedable 1

The mean concentrations of total Cd were 7-15 fold
greater in Cd-acclimated fish than in non-acclimated
fish (Fig. 2A). The mean concentrations of new Cd
were 1.4-2.6 fold greater in Cd-acclimated fish than
in non-acclimated fish (both significant overall by
ANOVA; Fig. 2B).

The pharmacokinetic model well described the

The plasma clearance rates {Cbf new Cd were
similar (~0.50 ml/min/kg) in both groupsTable 1),
indicating that acclimation to dietary Cd has no ef-
fect on plasma clearance of Cd taken up via the gut.
However, the estimated half-life of plasma Q%)
was longer in Cd-acclimated fish (58 min) than in
non-acclimated fish (44 min). In Cd-acclimated fish,

plasma uptake and clearance of Cd infused into the gut apparent distribution volumes of the centreh) and

through a stomach cathetd¥i§. 2B). The parameter

peripheral ;) compartments were larger in compar-
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Table 1

Parameter estimates and 95% confidence intervals (in parentheses) for clearance kinetics of newly accumulated Cd from the plasma of

non-acclimated and Cd-acclimated trout

M.J. Chowdhury et al. / Aquatic Toxicology 69 (2004) 149-163

Parametefs Non-acclimated Cd-acclimated

kzo (min—1) 0.0028 (0.0027-0.0029) 0.0027 (0.0021-0.0033)
ka1 (min~1) <0.0001 0.0001

kiz (min—1) 0.008 (0.007-0.009) 0.006 (0.004-0.007)
ki2 (min~1) 0.007 (0.006-0.009) 0.006 (0.005-0.007)
ka1 (min—1) 0.005 (0.004-0.007) 0.002 (0.001-0.003)
Vp (ml/kg) 31 (29-33) 42 (40-44)

Vg (ml/kg) 3295 (3038-3552) 3048 (2458-3637)
V; (ml/kg) 42 (35-48) 113 (77-149)

Clp (ml/min/kg) 0.489 (0.455-0.523) 0.504 (0.449-0.559)
ty/2 (min) 44 (39-49) 58 (52-63)

8 Parameters were estimated by fitting the compartment mdfig. (3)-(11) to data presented iRig. 2B. k;;: transfer rate constant
between compartments whereand j represent compartment numbekg;: apparent volume of the central compartmeviy, apparent
volume of the gut compartmenY;: apparent volume of the peripheral compartment excluding gut; carance rate of new Cd from

the blood plasmaty,: half-life of new Cd in the blood plasma.

ison to non-acclimated fish. The distribution volume
of Cd in the gut compartmentv/§) was many-fold

(Fig. 3A) were greater than those in plasniég( 2A),
the RBC levels for new Cdrjg. 3B) were similar to

larger than that of the central and peripheral compart- plasma levels in non-acclimated fish and only 7-50%
ments, and indeed larger than the fish itself probably of plasma levels in Cd-acclimated fishig. 2B).

due to extensive binding of Cd in the gut tissues.
The distribution volumes of the gut compartment
were more or less similar in both treatment groups
(Table 7.

3.4. RBC Cd kinetics

Background concentrations (meanS.E.) of total
Cd in RBCs were 19-fold greater in Cd-acclimated
fish relative to control (62.0+ 3.5 versus 3.2+
0.7ng/g;n = 6). The RBC Cd-time profilesHg. 3
were different from the plasma Cd-time profiles
(Fig. 2. With an infused dose of 2746g/kg radiola-
belled Cd, neither the total nor newly accumulated

3.5. Concentrations of Cd in gut tissues

The background concentrations of total Cd in
non-acclimated (rige) trout were 22. 74 4.7, 94.2
+ 14.7, 63.3+ 8.0, and 192.0+ 28.8ng/g 0
= 6) in the stomach, pyloric cecae, mid-intestine,
and posterior-intestine, respectivelfig. 4A). In
non-acclimated fish, the gastrointestinal infusion of
Cd resulted in large significant increases of total Cd
in all of these tissues except stomach (cecae: 43-fold,
mid-intestine: 30-fold, posterior intestine: 13-fold,
and stomach: 5-fold).

Due to loading of dietary Cd during the pre-exposure

Cd in RBCs showed any consistent trend of increase of 30 days, gut total Cd levels in Cd-acclimated
or decrease over time, in contrast to plasma. The trout were much greater in every tissue in compar-

concentrations of total Cd in RBCs were 7-19 fold
greater in Cd-acclimated fish (49-68ng/g) than in
non-acclimated fish (3.2-7.9ng/¢ig. 3A). Com-
pared with plasma total Cd~{g. 2A), the total Cd
in RBCs were 1.8-9.0 and 2.7-5.8 fold greater in

non-acclimated and Cd-acclimated trout, respectively.

In contrast, the concentrations of RBC new Cd in
Cd-acclimated fish (0.3-1.2ng/g) were not signif-
icantly different from those in non-acclimated fish
(1.4-2.8 ng/gFig. 3B). While total Cd levels in RBCs

ison to nadve trout Fig. 4A). The greatest relative
increases were found in the order posterior-intestine
(~640-fold) > cecae {180-fold) > mid-intestine
(~94-fold) > stomach~53-fold) with observed con-
centrations of 123.2 14.1, 16.9+ 3.0, 5.9+ 0.7,
and 1.2+ 0.1pg/g Cd f = 6), respectively. How-
ever, the infusion of Cd to the Cd-acclimated fish did
not result in a significant increase of total Cd in any
gut tissue except the mid-intestine. Indeed, the Cd
burden in the posterior-intestine of Cd-acclimated fish
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Fig. 3. Red blood cell concentration — time profile of total
Cd (A) and newly accumulated Cd (B) in non-acclimated and
Cd-acclimated rainbow trout after a gastrointestinal dose of radi-
olabelled Cd (27¢.g/kg wet wt.) infused into the stomach. The
acclimated fish were pre-exposed to dietary stable Cd (500 mg/kg
diet) for 30 days. Symbols represent experimental values (mean
+ SE,n = 5-9). ANOVA revealed significant differences between
non-acclimated and Cd-acclimated fish for total Gd< 0.001;

A), but not for newly accumulated Cd(> 0.05; B).

was reduced by approximately 78% over the period
of 24 h after infusion ig. 4A).

The pattern of new Cd accumulation was more or
less similar to that of total Cd in all gut tissues except
posterior-intestine Hig. 4B). The higher concentra-

tions of new Cd were observed in the stomach, cecae,

and mid-intestine of Cd-acclimated fish in comparison
to non-acclimated fish, although a significant differ-

ence was only seen in the latter two tissues. Excep-

tionally, the new Cd burden of posterior-intestine was
smaller in Cd-acclimated fish than in non-acclimated
fish (Fig. 4B).

157
3.6. Concentrations of Cd in non-gut, internal tissues

Total Cd levels in every (non-gut) tissue except mus-
cle and bile were higher in Cd-acclimated fish in com-
parison to the non-acclimated control groiiy. 5A).

In Cd-acclimated fish, the greatest relative increases
of tissue total Cd were in the order liver (73-fold) >
kidney (39-fold) > carcass (35-fold) > gills (30-fold),
with observed concentrations of 1430.1, 2.0+ 0.4,
0.08 &+ 0.01, and 0.82- 0.04ug/g Cd 6 = 6), re-
spectively. However, in neither non-acclimated fish nor
Cd-acclimated fish, did total Cd levels of internal tis-
sues show any significant increases attributable to Cd
infusion [ig. 5A), probably because the internalized
fractions of the infused dose in both groups were very
small (2.4 and 6.6%, respectively).

The Cd infusion resulted in significantly greater new
Cd burdens in the liver, bile, carcass, and brain of
Cd-acclimated relative to non-acclimated fish, but no
difference was found in the gills and muscied. 5B).
Unlike total Cd, the highest concentrations of new Cd
of non-gut tissues were observed in the order liver
(67.0+ 8.6 ng/g) > kidney & bile {45 ng/g) > carcass
(18.0 £ 4.5ng/g) > qills (10.2+ 1.2) (h = 6-9) of
Cd-acclimated fishKig. 5B), each of which except
carcass {5%) contained only<0.5% of the infused
Cd dose.

4. Discussion
4.1. Mortality and growth

The lack of mortality or growth retardation in fish
chronically exposed to dietary Cd (500 mg/kg) for 30
days is in agreement with a number of studige(nt
et al., 1994; Berntseen and Lundebye, 2001; Szebe-
dinszky et al., 2001l However, in a few studies with
rainbow trout, brown trout, and cutthroat trout fed di-
ets of benthic macroinvertebrates from contaminated
rivers and containing Cd and other metals, even at
lower concentrations, there was evidence of mortal-
ity and reduced growth in the laboratoiyg¢odward
et al., 1995; Farag et al., 1999 his discrepancy may
be related to diet types, metal forms in the diet, the
presence of other metals in the diet, or differences in
the nutritional values of metal-contaminated macroin-
vertebrates.
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Fig. 4. (A) Concentrations of total Cd in the gut tissues (stomach, pyloric cecae, mid-intestine, and posterior-intestine) of non-infused,
non-acclimated control fish, in non-infused, Cd-acclimated control fish, and in both non-acclimated and Cd-acclimated rainbow trout 24 h
after a gastrointestinal dose of radiolabelled Cd (2@#6g wet wt.) infused into the stomach. (B) Concentrations of newly accumulated Cd

in the same tissue samples. The acclimated fish were pre-exposed to dietary stable Cd (500 mg/kg diet) for 30 days. Results are presente
as meant S.E. f{ = 6-9). For total Cd (A), bars with different letters are significantly differéht<( 0.05) for the same tissue. For new

Cd (B), *represents a significant difference between non-acclimated and Cd-acclimated fish for the samP tis€ues).

4.2. Uptake of Cd across the gastrointestinal tract  serves as a barrier in transporting Cd from the lu-
men to blood by buffering ingoing Cd in its tissues,
The observed distribution of the gastrointestinally because gut tissues that were only a small part of
infused radioactive Cd (276g/kg) indicates that  trout body mass (2.96t 0.12%) contained almost
only a small fraction of the dose (non-acclimated: 1/5th of the infused Cd in both non-acclimated
2.4%; Cd-acclimated: 6.6%) was internalized across (16.6 + 1.3%) and Cd-acclimated trout (18.%
the gut wall, while most of the Cd was either bound 1.6%). This, together with high concentrations of
in the gut tissues (10-24%), or remained in the lu- Cd in gut tissuesKig. 4 and much larger distribu-
men (16—33%), or was lost from the fish-§0%) tion volumes of Cd in gut tissues/¢-non-acclimated
over 24h after infusion Kig. 1). Clearly, the gut = 3295 ml/kg;Vg-cd-acclimated= 3048 ml/kg;Table J
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Fig. 5. (A) Concentrations of total Cd in the non-gut tissues of non-infused, non-acclimated control fish, in non-infused, Cd-acclimated
control fish, and in both non-acclimated and Cd-acclimated rainbow trout 24 h after a gastrointestinal dose of radiolabellegh@Hg(276

wet wt.) infused into the stomach. (B) Concentrations of newly accumulated Cd in the same tissue samples. The acclimated fish were
pre-exposed to dietary stable Cd (500 mg/kg diet) for 30 days. Results are presented as Stegm= 6-9). For total Cd (A), bars with

different letters are significantly differenP(< 0.05) for the same tissue. For new Cd (B), *represents a significant difference between
non-acclimated and Cd-acclimated fish for the same tisBue (0.05). RBC: red blood cell.

than in peripheral tissue¥{non-acclimated= 42 ml/kg; new Cd across the gut. In mammals, Cd binds to the
Vi-cd-acclimated= 113 ml/kg;Table J) indicates thatthe  luminal surface of the mucosal cells and is taken up
gut wall has a high storage capacity for Cd and thus by an energy-independent process across the apical
contributes to protection against uptake of dietary Cd. membranefalups and Ahmad, 20030nce inside the
The small but significantly greater (>2-fold) inter- cells, Cd is thought to form a complex with cytoso-
nalized fraction of infused Cd in Cd-acclimated fish lic metallothionein (MT). Cadmium derived from the
than in non-acclimated fishF{g. 1A) suggests that MT complex eventually crosses the basolateral mem-
pre-exposure to dietary Cd enhanced the uptake of brane into the blood, perhaps by a calcium dependent
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active processAndersen, 1989; Zalups and Ahmad, waterborne Cd, a significantly enhanced clearance
2003. In a related study, we have found that MT con- rate of new Cd from blood plasma (0.477 ml/min/kg
centrations in gut tissues of Cd-acclimated trout were versus 0.394 ml/min/kg) and identical half-lives of
significantly greater than in non-acclimated trout, but plasma new Cd (43.3 min versus 40.8 min) were re-
the calculated ratios of tissue total metal (cadmium ported in our previous study, in which radioactive Cd

+ copper+ zinc) to theoretical maximum metal-MT
binding sites Kollis et al., 200} were greater than 1.0
(Chowdhury and Wood, unpublished results), meaning
that total metal outnumbered the available MT binding
sites in Cd-acclimated fish. This probably facilitated
an increased uptake of infused Cd in Cd-acclimated

was directly injected into the bloo€fowdhury et al.,
2003. Thus, it appears that the internal handling of
Cd by trout depends on Cd exposure routes.

4.4, Plasma versus RBC Cd handling

fish, because there was more new Cd available in the Pre-exposure to dietary Cd (500 mg/kg) for 30 days

ionic form to traverse to blood.
4.3. Kinetic analysis of gastrointestinal Cd uptake

Cadmium absorption from gastrointestinal solution

produced a profound increase of total Ce28-fold) in
the blood plasma (12.5 ng/ml) in comparison tdvea
fish (Fig. 2A). This dietary Cd loading was double that
of the plasma total Cd level (6.7 ng/ml) obtained from
a 30 days exposure of trout to waterborne Clga.)

is a rapid process, as radiolabelled new Cd started ap-under similar experimental condition€lfowdhury

pearing in the plasma by 0.5 h after infusion and in-
creased almost linearly until the fourth ho&id. 2B).

et al., 2003. Pre-exposure to dietary Cd also produced
a 19-fold increase in RBC total Cd concentrations.

The rapid uptake probably means that Cd absorption However, new Cd levels were not elevated in the RBCs

started in the stomach, as is the case for Gagnir,
1998; Kamunde et al., 20D2and that the anterior part
of the intestinal tract plays an important role in Cd
absorption (discussed below). In the real world, how-
ever, the delay time for Cd absorption from a partic-
ulate diet is probably longer to allow for enzymatic
action after ingestion.

A plasma Cd-time profile consisting of an appar-

of dietary acclimated fishHig. 3B), in contrast to the
1.4-2.6 fold increase seen in plasma new Cd levels
in this treatmentKig 2B). This is again in contrast to
our previous study in which there were approximately
1.2-2.2 fold greater levels of new Cd in the RBCs of
trout acclimated to waterborne C@lfowdhury et al.,
2003. Compared with plasma total Cdify. 2A),

the total Cd in RBCs was 1.8-9.0 fold greater in

ent rising (uptake) phase and a declining (clearance) Cd-acclimated troutHig. 3A). Similarly, the concen-

phase, as ifrig. 2 is typically observed for drug kinet-
ics of oral suspensiorCurry, 1974; Hollinger, 2003

tration of RBC total Cd (12.8 ng/g) was almost twice
as much as plasma total Cd (6.7 ng/ml) in trout ex-

During the rising phase, drug absorption predominates posed to waterborne Cd for 30 dagghowdhury et al.,

and during the declining phase, drug elimination pre-
dominates. It should be realized, however, that both
processes occur simultaneously after initial uptake of
Cd into the blood circulation.

In the present study, the plasma Cd-time profile of
infused Cd was significantly greater in Cd-acclimated
fish than in non-acclimated fishFig. 2). This is
probably attributable to a greater uptake of new Cd
in Cd-acclimated fishkg; = 0.0001 min®; Table J)
relative to non-acclimated fistk4; < 0.0001 mirr?;
Table 1, but a similar clearance rate of new Cd
from blood plasma (Gt 0.489 and 0.504 ml/min/kg;
Table 1), resulting in a longer half-life of plasma new
Cd in Cd acclimated troutt{,>: 44min and 58 min;
Table ). In contrast, after 30 days pre-exposure to

2003. A greater loading of Cd in RBCs (89 ng/ml) in
comparison to plasma-(13 ng/ml) was also observed
in rat chronically exposed to Cd in drinking water
(Crowe and Morgan, 1997 Therefore, red blood
cells play an important role in binding Cd in fish as
well as in mammals regardless of exposure routes.

4.5. Conclusions relevant for risk assessment

Our study provides some clear conclusions about
the consequences of dietary Cd exposure in trout
which may be useful for environmental risk assess-
ment.

First, collective Cd levels in gut tissue&ig. 4)
were much greater than in non-gut tissuégg( 5),
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which was clearly a reflection of Cd exposure route. Cd has been reported for mammatsiflersen, 1989
This is consistent with previous studid$gfrison and and fish Sorensen, 1991; Handy, 1996
Klaverkamp, 1989; Szebedinszky et al., 2p8how- Fourth, among the non-gut, internal tissues, Cd ac-
ing that fish exposed to Cd via diet versus via water cumulation in the kidney and liver from the dietary
took up high Cd burdens in the gut versus gills, re- source were much greater than in other tissues on
spectively, in addition to other target tissues such as a per gram basisHg. 5A). Preferential accumula-
kidney and liver. tion of Cd in kidney and liver from both waterborne
Second, a substantial gill Cd burden resulted from and dietary sources has been typically found in other
dietary Cd exposureF{g. 5A), consistent with the  studies and these two organs are considered to be
findings of Szebedinszky et al. (2001yho showed most significant for Cd metabolism and detoxification
that similar gill Cd burdens could result from either of (Harrison and Klaverkamp, 1989; Farag et al., 1994;
dietary or waterborne routes. The gill is thought to be Kraal et al., 1995; Szebedinszky et al., 2ROdlow-
an important excretory organ for CtHéndy, 1998. ever, greater uptake of new Cd was found only in
Thus gill burdens alone are not diagnostic of the ex- the liver and bile of Cd-acclimated fish in the present
posure route, but rather the ratio of gill to gut accumu- study §ig. 5B) and neither in the liver and kidney
lation (non-acclimatee:= 0.26+ 0.08; Cd-acclimated  in our waterborne Cd exposure studyhpwdhury et
= 0.03 + 0.005;n = 6), calculated based on over- al., 2003. This suggests that acclimation to dietary
all gut tissue burdens (non-acclimated 0.14 + Cd, but not to waterborne Cd, has an accelerating ef-
0.03p.g/g; Cd-acclimated= 35.0+ 5.6u.g/g; n = 6). fect on both hepatic clearance and biliary excretion
Third, the Cd burdens amongst different gut regions of internalized Cd, while neither dietary nor water-
were not the same. The highest accumulation per gramborne acclimation affects the kidney clearance of inter-
tissue was found in the posterior intestine, followed nalized Cd.
by the pyloric cecae and mid-intestine, and the low-  Fifth, the negligible levels of total and new Cd in
est in the stomachF{g. 4A), which was in accord the muscle and brairF{g. 5 agree with the previous
with the regional distribution of MT concentrations in  findings §zebedinszky et al., 2001; Chowdhury et al.,
these tissues (Chowdhury and Wood, unpublished re- 2003, indicating that these are protected tissues dur-
sults). To our knowledge, there are no published data ing both dietary and waterborne exposures. As mus-
showing Cd uptake in different gut regions. However, cle is the tissue that is most likely to be consumed by
Clearwater et al. (20008howed a similar pattern of humans, the risks to human health of consumption of
Cu binding in the gut tissues of rainbow troBury et fish subject to either dietary or waterborne Cd expo-
al. (2001)andKamunde et al. (20023)emonstrated the  sure are likely to be negligible.
highest binding of Fe and Cu in the posterior intestine,
respectively, and suggested that this is the most impor-
tant region for metal absorption. [it should be noted Acknowledgements
that the higher proportion of new Cd found in the an-
terior intestine with pyloric cecae than in the posterior ~ This research was supported by a Strategic Re-
intestine Fig. 1B) was due to its higher tissue mass search Grant from the Natural Sciences and Engi-
contribution (cecae: 40.4 1.2%, posterior intestine:  neering Research Council (NSERC) of Canada and
10.5+ 0.7%;n = 15) to the total gut mass (84 0.6 g; by the International Lead Zinc Research Organiza-
n = 15)]. However, in Cd-acclimated trout, Cd infu- tion (ILZRO), the International Copper Association
sion not only caused a decrease in Cd burdeg. @), (ICA), the Copper Development Association (CDA),
but also in Zn, Cu and MT levels (Chowdhury and the Nickel Producers Environmental Research As-
Wood, unpublished results) in the posterior intestine, sociation (NiPERA), Falconbridge, Cominco, and
probably due to an enhanced sloughing of mucosal tis- Noranda. C.M. Wood is supported by the Canada Re-
sue, as indicated by electron microscopy (Kamunde, search Chair Program. The authors sincerely thank Dr.
Chowdhury, and Wood, unpublished result). Cadmium C. Kamunde for his assistance with tissue sampling
loss by sloughing of dead cellular materials and mu- and Dr. P. Chapman for his constructive comments
cus from the gills and/or gut to accelerate excretion of on the draft manuscript.
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