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1. Introduction

Traditionally, aquatic toxicology has focused on the uptake of
waterborne contaminants, but at least for metals, there is now a
growing realization that dietary uptake may be of equal or greater
importance in many field situations (Dallinger and Kautzky, 1985;
Clearwater et al., 2002; Meyer et al., 2005). For waterborne met-
als, the modifying influence of water chemistry factors such as
“hardness” (i.e. [Ca] and [Mg]), Na+, pH, alkalinity (i.e. [HCO3

−] and
[CO3

2−]), dissolved organic matter, and other complexing anions
on both branchial uptake and toxicity has long been recognized
(e.g. Pagenkopf, 1983; Playle et al., 1993a,b). Indeed, there is a

∗ Corresponding author. Tel.: +1 905 525 9140x23537; fax: +1 905 522 6066.
E-mail addresses: adeolaojo25@yahoo.com (A.A. Ojo), woodcm@mcmaster.ca

(C.M. Wood).
1 Current address: P.O. Box 470, Ilesha, Osun State, Nigeria.

0166-445X/$ – see front matter © 2008 Elsevier B.V. All rights reserved.
doi:10.1016/j.aquatox.2008.06.004
inbow trout are similar to those at the gills, where both metals are taken
y. Metal accumulation in surface mucus, in the mucosal epithelium, and
were assayed using radiolabelled Cd or Zn concentrations of 50 �mol L−1

. Elevated luminal Ca (10 or 100 mmol L−1 versus 1 mmol L−1) reduced Cd
y approximately 60% in the stomach, but had no effect in the anterior,
is finding is in accordance with recent in vivo evidence that Ca is taken
d that high [Ca] diets inhibit Cd accumulation from the food specifically
contrast, 10 mmol L−1 luminal Ca had no effect on Zn transport in any
Ca stimulated Zn uptake, by approximately threefold, into all three phases
s no influence of elevated luminal Zn (10 mmol L−1) on Cd uptake in the
r of high Cd (10 mmol L−1) on Zn uptake in these sections. However, high
to the blood space but inhibited accumulation in the mucosal epithelium
id and posterior intestine, whereas high [Cd] exerted a reciprocal effect

onclude that Cd uptake occurs via an important Ca-sensitive mechanism
nt from that at the gills, while Cd transport mechanisms in the intestine
uptake does not appear to involve Ca uptake pathways, in contrast to the

d in the context of other possible Cd and Zn transport pathways, and the
s an organ of divalent metal uptake.

© 2008 Elsevier B.V. All rights reserved.
growing trend to incorporate these modifying factors into envi-
ronmental regulations, either through hardness/alkalinity based
equations (USEPA, 1987, 2000; CCME, 1995; Meyer, 1999), or more
sophisticated models such as the Biotic Ligand Model (Di Toro et al.,
2001; Paquin et al., 2002; Santore et al., 2002; Niyogi and Wood,
2004a; Reiley, 2007). In a parallel fashion, information is starting
to emerge that the chemistry of the diet may modify the bioavail-
ability of metals taken in via the digestive tract (Meyer et al., 2005).
For example, there is indirect evidence of Fe versus Cd interactions
for gastrointestinal uptake in zebrafish (Cooper et al., 2006). Sim-
ilarly, in chronic feeding studies with rainbow trout, Baldisserotto
et al. (2005) and Franklin et al. (2005) reported that elevations in
dietary Ca content reduced Cd uptake through the gut, whereas
Kjoss et al. (2005) presented evidence that elevated dietary Na
actually increased Cu uptake through the gut.

In contrast to the gills, little is known at present regarding
the mechanisms of these interactions in the digestive tract, and
even in mammals, mechanisms of gastro-intestinal metal uptake

http://www.sciencedirect.com/science/journal/0166445X
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remain controversial (e.g. Bronner, 1998; Foulkes, 2000; Larsson
and Nemere, 2002; Zalups and Ahmad, 2003). However, for Cu
uptake in fish, studies with isolated gut sac preparations in vitro
have provided mechanistic support for synergistic interactions of
Na versus Cu, as well as for antagonistic actions of both Zn and
Fe on Cu uptake (Nadella et al., 2007). We have therefore started
to exploit this gut sac preparation to characterize the uptake of
other metals via the digestive tract of rainbow trout (Ojo and Wood,
2007). The preparation allows uptake to be measured in a relatively
short period (typically 2–4 h) during which transport rates are sta-
ble, and to be partitioned into mucus-bound, mucosal epithelium,
and blood space components (Nadella et al., 2006b, 2007; Ojo and
Wood, 2007).

In the present study, we employ this technique to examine the
inhibitory influence of Ca on the gastro-intestinal uptake of Cd,
a phenomenon which has been documented in chronic feeding
experiments in the rainbow trout in vivo (Baldisserotto et al., 2005;
Franklin et al., 2005; Wood et al., 2006). We also test the possi-
bility that the same may happen for gastro-intestinal Zn uptake,
for which the salmonid nutritional literature provides some sup-
port (e.g. Spinelli et al., 1983; Hardy and Shearer, 1985). However
Glover and Hogstrand (2003) have reported that elevated [Ca] may
either stimulate or inhibit different phases of Zn uptake in lumi-
nally perfused preparations of the rainbow trout intestine in vivo,
so the situation is unclear.

At the gills, Cd and Zn both enter via the active Ca uptake path-
way, so elevations in either metal directly antagonize Ca uptake
and vice versa (reviewed by Wood, 2001). In the gastro-intestinal
tract, Franklin et al. (2005) measured the bioaccumulation of Cd
in the gut wall, and reported that chronically elevated dietary Ca
depressed Cd burdens specifically in the tissue of the stomach,
and not in other sections of the tract. This was initially surprising
because the stomach is usually considered to be an organ of diges-
tion and maceration rather than absorption; the latter process is
normally thought to occur mainly in the intestine, especially in the
large anterior intestine/pyloric caecal region. However, explana-
tory context has recently been provided by the studies of Bucking
and Wood (2007, in press), which demonstrate that high levels
of Ca are mobilized from the food into the dissolved phase of
the chyme in the stomach, and that this section is actually the
largest site of Ca absorption in the rainbow trout in vivo. Similarly,
Baldisserotto et al. (2005) reported that Cd levels were also gener-
ally higher in stomach chyme than in chyme from other sections of
the tract in trout. Earlier studies have indicated that there are some

interactions between Ca, Cd, and Zn transport in the intestines of
trout (Glover and Hogstrand, 2002, 2003; Glover et al., 2004) and
flounder (Shears and Fletcher, 1983), though interactions in the
stomach have not been studied previously. Indeed, nothing is cur-
rently known about metal uptake mechanisms in the stomach of
fish (Wood et al., 2006).

With this background in mind, we therefore examined the
potential inhibitory actions of elevated [Ca] on Cd uptake, of
[Ca] on Zn uptake, as well as the effects of elevated [Zn] on
Cd uptake and vice versa in isolated gut sacs of the stomach,
anterior intestine/pyloric caecal region, mid-intestine, and pos-
terior intestine. We hypothesized that inhibitory interactions of
Ca on Cd uptake would be seen at the stomach, and perhaps
in other sections of the tract. Furthermore, if gastro-intestinal
uptake mechanisms are similar to those at the gills (as outlined
above), we further hypothesized that Ca would also inhibit Zn
uptake, and that Cd and Zn would each exert reciprocal inhibitory
effects on the uptake of the other metal. On the other hand, if
one or more of the alternate mechanisms that have been pro-
posed in higher vertebrates for Cd and Zn uptake from the diet
are operative in the fish gut (see Discussion), then Ca would
xicology 89 (2008) 55–64

have no effect, but interactions between Cd and Zn might still be
seen.

2. Methods and materials

2.1. Experimental animals

Adult rainbow trout (Oncorhynchus mykiss, approximately 250 g,
30 cm total length; N = 90) were purchased from Humber Springs
Fish Hatchery (Orangeville, ON). Fish were maintained in 500-L
tanks with flowing aerated and dechlorinated Hamilton city tap
water (11–13 ◦C) from Lake Ontario (approximate ionic composi-
tion in mmol L−1: 0.5 [Na+], 0.7 [Cl−], 1.0 [Ca2+], 0.2 [Mg2+] and
0.05 [K+], pH 7.8–8.0, dissolved organic carbon ∼ 3 mg C L−1, hard-
ness ∼ 140 mg L−1 as CaCO3). Martin’sTM commercial dried trout
pellet feed was provided 5 times per week at a ration of 1% body
weight per feeding. Feed composition included: crude protein 41%,
crude fat 11%, crude fibre 3.5%, calcium 1%, phosphorus 0.85%,
sodium 0.45%, vitamin A 6800 IU kg−1, vitamin D2 100 IU kg−1,
vitamin E 80 IU kg−1 (Martins Mills Inc., Elmira, ON). Measured
metal concentrations were 0.26 �g g−1 cadmium, 173 �g g−1 zinc,
27 �g g−1 copper, 10 �g g−1 lead, 0.05 �g g−1 silver and 3.9 �g g−1

nickel. Fish were fasted for 3 days prior to experimentation.

2.2. In vitro gut sac preparations

Gut sac preparations of the stomach, anterior intestine (includ-
ing pyloric caecae), mid-intestine, and posterior intestine were
made and filled (luminal side) with experimental solutions exactly
as described by Ojo and Wood (2007), to which the reader is
referred for details. Only the compositions of the salines (see below)
differed in the present study. The metal (Cd or Zn) for which the
transport was being studied in a particular experiment was present
at a total concentration of 50 �mol L−1 in the luminal saline, and
was added in the form of Cd(NO3)2 or ZnSO4, appropriately radi-
olabelled with either 109CdCl2 (PerkinElmer Life and Analytical
Sciences, Boston, MA, USA) or 65ZnCl2 (Los Alamos National Lab-
oratory, Los Alamos, NM, USA) at a concentration of >1 �Ci mL−1.
Samples of these salines were saved for verification of initial
radioactivity and total metal concentrations. After being filled with
the appropriate solutions, the sacs were weighed (0.1 mg accuracy,
with standardized pre-dipping then blotting), and then transferred
into 40-mL FalconTM tubes (for the stomach and anterior intestine)

or 12-mL FalconTM tubes (for the mid and posterior intestine) for
incubation in metal-free serosal saline which was bubbled con-
stantly with a 99.5% O2, 0.5% CO2 gas mixture to maintain typical
in vivo PCO2 levels in venous blood of approximately 3.75 Torr. The
temperature was maintained at 11–13 ◦C. Stomach and intestinal
gut sacs were incubated for 4 and 2 h, respectively.

Final sampling was conducted as described previously (Ojo and
Wood, 2007). In brief, gut sacs were re-weighed using exactly the
same procedure as for the original weighing to allow calculation of
fluid transport rate, and samples of final luminal and serosal salines
were taken for counting. The gut sacs were then cut open, washed
in 5 mL of modified Cortland saline followed by 5 mL of 1 mmol L−1

EDTA disodium salt solution, and then blotted dry with a small
piece of paper towel. The wash solutions plus blotting paper were
saved. The mucosal epithelia (i.e. the enterocytes) were scraped off
gently with a glass slide and collected separately (this could not be
done with the pyloric caecae). This left behind the submucosa, mus-
cle layers, and serosa, collectively referred to here as the “muscle
layer”. The wash solutions plus blotting paper, the mucosal epithe-
lial scrapings, and the muscle layer were each analyzed separately
for radioactivity. Finally, the exposed surface area of each segment
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was measured using graph paper, so as to allow expression of all
transport rates per unit surface area. For the anterior intestine, only
the graph of the exposed luminal surface area could be measured;
the surface area of the attached cecae could not be measured so
the surface area measurements for this segment were undoubtedly
underestimates.

Total radioactivity in the muscle layer, combined with that
of the serosal saline, comprised the “blood compartment”, and
represented metal that had been exported across the basolateral
surface of the enterocytes. This provided a conservative estimate
of the actual amount of metal which had been absorbed. Total
radioactivity in the mucosal epithelium represented metal that had
been absorbed across the apical surface of the enterocytes but not
exported to the blood. Total radioactivity in the washing solutions
plus blotting paper was recorded as the “mucus-bound fraction” of
metal.

2.3. Experimental salines

To address concerns regarding possible metal precipitation in
high [Cl−] salines, initial experiments were conducted using a mod-
ified Cortland saline (Wolf, 1963) in which chloride was replaced
by sulphate (see Ojo and Wood, 2007 for composition). However,
we subsequently found that neither Cd nor Zn at the concentra-
tions used here precipitated in high [Cl−] salines. Furthermore, we
found that to test high [Ca] (100 mmol L−1), it was necessary to
use Ca(NO3)2 because neither CaSO4 nor CaCl2 were easily soluble
at this concentration. A validation test confirmed that the effects
of [Ca] at 10 mmol L−1 on Cd uptake were the same regardless of
whether 10 mmol L−1 CaSO4 was tested in sulphate-based saline,
or 10 mmol L−1 Ca(NO3)2 was tested in chloride-based saline. Thus,
all subsequent tests were performed in chloride-based saline as
the basic saline for both the luminal and serosal compartments.
The composition of this saline in mmol L−1 was: 133 NaCl; 5
KCl; 1 Ca(NO3)2·4H2O; 1.9 MgSO4·7H2O; and 5.5 glucose. It was
necessary to omit NaHCO3 and NaH2PO4·H2O from the standard
Cortland saline because both of these compounds caused precip-
itation with the higher level of Ca (100 mmol L−1) regardless of
the chloride or sulphate background. The pH was set to 7.4 with
NaOH or HCl. In the absence of [Ca] elevation, saline osmolality
was about 272 mOsm kg−1. With added Ca(NO3)2, the osmolality
was raised to about 297 or 467 mOsm kg−1 at 10 and 100 mmol L−1,
respectively. In all experiments, osmolality was carefully matched
between serosal and luminal salines, and between the salines

of control and experimental preparations by the addition of
mannitol.

2.4. Analytical techniques and calculations

In the luminal saline, the concentration of cadmium was mea-
sured by graphite furnace atomic absorption spectrophotometry
(GFAAS; Varian Spectra AA-20 with graphite tube atomizer [GTA-
110], Mulgrave, Australia) and the concentrations of calcium and
zinc were measured by flame atomic absorption spectrophotome-
try (FAAS; Varian Spectra-220 FS, Mulgrave, Australia), employing
commercially prepared standards from Fisher Scientific (Toronto,
ON, Canada) and Sigma–Aldrich (St. Louis, MO, USA). National
Research Council of Canada (Ottawa, ON, Canada) certified analyti-
cal standards run at the same time were within the range specified
by the supplier’s certificate of analysis.

The radioactivity of 109Cd and 65Zn in fluids and tissues were
assayed by measuring their gamma-emissions on a Minaxi-� Auto
gamma 5530 counter (Canberra Packard, Mississauga, ON, Canada)
using energy windows of 15–2000 keV for 65Zn and 15–150 keV
for 109Cd. The two radio-isotopes were always used in separate
xicology 89 (2008) 55–64 57

experiments. Tests demonstrated that counting efficiencies were
constant.

For each preparation, three compartments of metal fate were
measured. Firstly, the rinse (i.e. blotting paper, saline rinse plus
EDTA rinse) represents metals that were bound to the mucus. Sec-
ondly, epithelial scrapings represent metals in mucosal epithelial
cells (i.e. enterocytes). Thirdly, serosal fluid + muscle represent a
conservative estimate of true metal transport—i.e. metals that had
been transported through the enterocytes into the blood compart-
ment. The rate of uptake into each of the three compartments was
calculated as follows:

metal uptake rate = compartment cpm
SA × ISA × T

where compartment cpm represents the total 109Cd or 65Zn activ-
ity of the relevant compartment measured on the gamma counter,
taking all volumes into account, SA the mean measured specific
activity in cpm nmol−1 of the luminal solution (average of initial
and final values), ISA the intestinal surface area in cm2 and T is the
time in h. Fluid transport rate was calculated as the loss in weight
in mg (=�L) of the gut sac, divided by ISA and T as above.

All data are reported as the mean ± 1 S.E.M. (N), where N rep-
resents the number of gut sac preparations (i.e. the number of
animals). One way analysis of variance (ANOVA) followed by a
post hoc Bonferroni test was used to identify significant differ-
ences amongst the four segments (stomach, anterior intestine,
mid-intestine, and posterior intestine) of the gastrointestinal tract
in baseline control transport rates (at 1 mM [Ca]). Similarly, within a
segment, the same approach was used to identify significant differ-
ences in baseline control transport rates (at 1 mM [Ca]) among the
three compartments (blood space, mucosal epithelium, and mucus
binding). As all experiments involved simple and independent com-
parisons of experimental versus separate control treatments (with
osmolality-matched salines), Student’s unpaired, two-tailed t-test
were used throughout, at a significance level of P < 0.05, to test the
effects of experimental treatments.

3. Results

3.1. Fluid transport rates

All four sections of the tract exhibited net transport of fluid
from mucosa to serosa (data not shown) at rates virtually
identical to those reported previously (Ojo and Wood, 2007). Area-

specific rates were highest in the anterior intestine (approximately
11 �L cm−1 h−1), intermediate in the mid and posterior intestine
(approximately 3 �L cm−1 h−1), and lowest in the stomach (approx-
imately 1.5 �L cm−1 h−1). None of the experimental treatments
exerted a significant influence on fluid transport rates.

3.2. Baseline Cd transport rates

In general, baseline transport rates of Cd (at a luminal con-
centration of 50 �mol L−1) in the four sections of the tract, and
their partitioning between fractions were again similar to those
reported by Ojo and Wood (2007), as illustrated in Table 1. Thus
area-specific Cd transport into the blood space (the sum of serosal
fluid + muscle components) was highest in the anterior intestine,
intermediate in the mid intestine, and lowest in the posterior
intestine and stomach. For both Cd transport into the mucosal
epithelium, and Cd binding to mucus, this order was changed such
that the mid-intestine greatly dominated, being about 5–10-fold
greater than any of the other sections. Within sections, mucus-
binding accounted for the largest fraction in the stomach, whereas
transport into the blood space and mucus-binding were both much
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Table 1
Baseline rates of Cd transport (at 50 �mol L−1 in the luminal saline) at 1 mmol L−1

tract

Blood space (nmol Cd cm−2 h−1) M

Stomach 0.0124 A,a ± 0.0030 0
Anterior intestine 0.1990 A,c ± 0.0198 0
Mid intestine 0.0633 A,b ± 0.0113 0
Posterior intestine 0.0103 A,a ± 0.0028 0

Mean ± 1 S.E.M. (N = 10). Note: (1) Within a row, means sharing the same capital lett
epithelium, and mucus binding). (2) Within a column, means sharing the same lowe
intestine, mid intestine, and posterior intestine).

larger than transport into the mucosal epithelium in the anterior
intestine. In the mid-intestine, transport into the mucosal epithe-
lium and mucus-binding were the largest fractions, whereas in the
posterior intestine, the mucus-binding fraction dominated.

3.3. The influence of high [Ca] on Cd absorption

In the stomach, elevation of the luminal Ca concentration from
1 to 10 mmol L−1 inhibited Cd transport into the blood space by
60%, into the mucosal epithelium by 60%, and mucus-binding by
66% (Fig. 1A). However this treatment had no significant effect on
Cd transport in any of the other sections or fractions (Fig. 1B–D)
at the same level. Increasing luminal Ca levels to 100 mmol L−1 did
not alter this pattern (data not shown)—i.e. the inhibition in the
stomach stayed and there was still no inhibition in the other three
compartments.

3.4. Baseline Zn transport rates

Baseline transport rates of Zn (Table 2) at a luminal concen-
tration of 50 �mol L−1 were generally similar to those of Cd. Thus
area-specific Zn transport into the blood space was greatest in the
anterior intestine, intermediate in the mid intestine, and lowest
in the posterior intestine and stomach. This pattern was altered for
both Zn transport into the mucosal epithelium and mucus-binding,
where the mid-intestine dominated, followed by the anterior and
posterior intestine, with the lowest rates of uptake into these frac-
tions in the stomach. Within sections, transport into the blood space
and mucus-binding were two to sevenfold greater than transport
into the mucosal epithelium in both the stomach and anterior intes-
tine. In both the mid and posterior intestines, transport into the
mucus binding compartment was the largest fraction, and trans-

port into the other two compartments was lower and about equal.
Again, these patterns were similar to those reported earlier by Ojo
and Wood (2007).

3.5. The influence of high [Ca] on Zn absorption

Elevation of the luminal Ca concentration from 1 to 10 mmol L−1

had no effect whatsoever on Zn transport in any section of the
gastro-intestinal tract (data not shown). However, when the Ca level
was increased to 100 mmol L−1, Zn uptake into all three compart-
ments of the stomach was elevated about threefold, although this
effect was only significant for transport into the mucosal epithe-
lium and mucus-binding (Fig. 2A). In contrast, 100 mmol L−1 Ca had
no significant effect on Zn transport in the anterior, mid, or posterior
intestine (Fig. 2B–D).

3.6. The influence of high [Zn] on Cd absorption, and of high [Cd]
on Zn absorption

There was no influence of elevated luminal [Zn] (10 mmol L−1)
on Cd transport (at a luminal concentration of 50 �mol L−1) in the
xicology 89 (2008) 55–64

the luminal saline in various compartments and segments of the gastrointestinal

l epithelium (nmol Cd cm−2 h−1) Mucus binding (nmol Cd cm−2 h−1)

A,a ± 0.0020 0.0319 B,a ± 0.0051
B,a ± 0.0059 0.0848 A,a,b ± 0.0278

B, b ± 0.0637 0.1520 A,B,b ± 0.0417
A,a ± 0.0059 0.0462 A,a ± 0.0188

not significantly different (P > 0.05) between compartments (blood space, mucosal
letter are not significantly different (P > 0.05) between segments (stomach, anterior

stomach (Fig. 3A) or the anterior intestine (Fig. 3B). However, there
were diverse effects in the other sections of the tract. Specifically,
high [Zn] significantly elevated Cd uptake into the blood space by
1.5–2-fold in the mid and posterior intestine (Fig. 3C and D), yet at
the same time depressed Cd transport into the mucosal epithelium
in these same two sections by 94% and 73%, respectively (Fig. 3C
and D), as well as Cd-binding to mucus in the mid-intestine by 45%
(Fig. 3C).

When the reciprocal experiment was performed, elevated lumi-
nal [Cd] (10 mmol L−1) had no effect on Zn transport (at a luminal
concentration of 50 �mol L−1) in the stomach (Fig. 4A), anterior
intestine (Fig. 4B), or posterior intestine (Fig. 4C), but at the mid-
intestine, Zn transport into the mucosal epithelium was depressed
by 91% (Fig. 4B). This was accompanied by a non-significant dou-
bling of Zn uptake into the blood compartment (Fig. 4B).

4. Discussion

4.1. Environmental relevance of the exposures

The Ca concentrations (1, 10, and 100 mmol L−1) tested in
the luminal saline were chosen based on the recent work of
Baldisserotto et al. (2004, 2005) and Bucking and Wood (2007, in
press). In these studies, the fluid phase of chyme was sampled from
various sections of the gastro-intestinal tract at various times after
trout were fed the same commercial food as used in the present
study, or Ca-supplemented food. Ca levels varied from about 2 to
50 mmol L−1 in the fluid phase of chyme in the various sections at
different times in fish on the control diet, and up to 90 mmol L−1

in trout on the Ca-supplemented diet. By way of comparison, Ca
concentrations in natural invertebrate food items of yellow perch
ranged from about 240 mmol kg−1 wet weight in a reference lake

down to about 10 mmol kg−1 wet weight in a metal-contaminated
lake in northern Ontario, Canada (Klinck et al., 2007).

Cd and Zn concentrations of 50 �mol L−1 were employed when
these metals were tested as substrates for uptake in the present
study; these values were chosen to be at or below the KM values
(affinity constants) recorded for saturable Cd uptake (J. Klinck, C.M.
Wood, unpublished results) and Zn uptake (Glover and Hogstrand,
2002; Glover et al., 2003) in rainbow trout intestine. However,
concentrations of 10,000 �mol L−1 (=10 mmol L−1) were used as
potential inhibitors of uptake in the present study. In commer-
cial salmonid diets, Zn may be supplemented to levels as high as
15,000 �mol kg−1 wet weight (e.g. Knox et al., 1984; Kjoss et al.,
2006). By way of comparison, Zn concentrations of approximately
500 (clean site) to 4000 �mol kg−1 wet weight (contaminated site)
were recorded in benthic invertebrates constituting salmonid diets
in the mining-impacted Coeur d’Alene River, Idaho, USA (Farag et
al., 1999, 2000). Cd concentrations of approximately 1 (clean site)
to 25 �mol kg−1 wet weight (contaminated site) were recorded in
the same study, and as high as 100 �mol kg−1 wet weight in nat-
ural food items eaten by stone-loach in the contaminated River
Ecclesbourne, UK (Douben, 1989). Dissolved Cd concentrations up
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Table 2
Baseline rates of Zn transport (at 50 �mol L−1 in the luminal saline) at 1 mmol L−1 [Ca] in
tract

Blood space (nmol Zn cm−2 h−1) Mucosa

Stomach 0.0199 A,a ± 0.0070 0.00
Anterior intestine 0.1479 A,c ± 0.0265 0.0202
Mid intestine 0.0438 A,b ± 0.0050 0.05
Posterior intestine 0.0219 A,a,b ± 0.0038 0.01

Mean ± 1 S.E.M. (N = 5). Note: (1) Within a row, means sharing the same capital letter are
epithelium, and mucus binding). (2) Within a column, means sharing the same lower case
intestine, mid intestine, and posterior intestine).

to 800 �mol L−1 were recorded in the fluid phase of chyme in trout
fed Cd-supplemented diets by Baldisserotto et al. (2005).

4.2. Effects of high [Ca] on Cd and Zn absorption

There was a clear-cut inhibitory effect (by 60–66%) of elevated
[Ca] on all three phases of Cd uptake in the stomach only (Fig. 1A),
and a complete absence of effect in all sections of the intestine
(Fig. 1B–D). This result is in accord with one of our original hypothe-

Fig. 1. The influence of elevated luminal [Ca] (10 mmol L−1 versus 1 mmol L−1) on the rate
stomach, (B) the anterior intestine, (C) the mid intestine, and (D) the posterior intestine
panels, appearance in mucosal epithelium in middle panels, and appearance in the mucus-
Asterisk indicates significant difference within a panel (P < 0.05).
xicology 89 (2008) 55–64 59
the luminal saline in various compartments and segments of the gastrointestinal

l epithelium (nmol Zn cm−2 h−1) Mucus binding (nmol Zn cm−2 h−1)

32 A,a ± 0.0016 0.0151 A,a ± 0.0058
B,b,c ± 0.0039 0.0989 A,c ± 0.0119

51 A,c ± 0.0154 0.1410 A,c ± 0.0400
02 B,b ± 0.0022 0.0483 C,b ± 0.0081

not significantly different (P > 0.05) between compartments (blood space, mucosal
letter are not significantly different (P > 0.05) between segments (stomach, anterior

ses (see Section 1) and in excellent agreement with the findings of
Franklin et al. (2005). These workers reported that in trout chron-
ically fed Cd-supplemented diets, Cd burdens in stomach tissue
were reduced by 50–70% when dietary Ca was simultaneously ele-
vated, reflecting a similar attenuation of whole body Cd burdens
(see also Baldisserotto et al., 2005). This effect occurred only in
stomach tissue, and not in various sections of the intestine. Klinck
et al. (2007) reported that high [Ca] tended to inhibit Cd uptake
in single gut sacs made from the entire gastro-intestinal tract of

s (nmol cm−2 h−1) of Cd transport (at 50 �mol L−1 in the luminal saline) in (A) the
. Appearance in blood space (i.e. serosal fluid plus muscle) is shown in left-hand
bound fraction in the right-hand panels. Means (±S.E.M.); N = 10 for each treatment.
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the rat
nce in
on in
Fig. 2. The influence of elevated luminal [Ca] (100 mmol L−1 versus 1 mmol L−1) on
stomach, (B) anterior intestine, (C) mid intestine, and (D) posterior intestine. Appeara
in mucosal epithelium in middle panels, and appearance in the mucus-bound fracti
significant difference within a panel (P < 0.05).
yellow perch, but did not differentiate the stomach from the intes-
tine. The present result re-inforces recent conclusions as to the
predominance of the stomach in divalent metal uptake based on
in vivo experiments (Wood et al., 2006; Bucking and Wood, 2007,
in press; Nadella et al., 2006a) and is in accord with the up to 10-fold
higher dissolved Ca and Cd concentrations seen in acidic stomach
chyme than in slightly alkaline intestinal chyme (Baldisserotto et
al., 2005; Bucking and Wood, 2007, in press).

It is tempting to speculate that the mechanism at the stom-
ach is similar to that at the gills. There, Ca and Cd compete
for uptake via apical non-voltage sensitive Ca channels (“ECaC”),
and Cd tends to accumulate because it inhibits the basolateral
export mechanism, high affinity Ca-ATPase (Verbost et al., 1987,
1989; Niyogi and Wood, 2004b.). ECaC has been now been cloned
from both pufferfish (Qiu and Hogstrand, 2004) and rainbow
trout (Shahsavarani et al., 2006); ECaC m-RNA expression lev-
els were very low in the intestinal tissue of both species relative
to the gills, but unfortunately stomach levels were not assayed.
However at the gills, Ca also competes with Zn for the same
mechanism (Spry and Wood, 1989; Hogstrand et al., 1996; Qiu
and Hogstrand, 2004). Furthermore Zn appears to inhibit Cd
es (nmol cm−2 h−1) of Zn transport (at 50 �mol L−1 in the luminal saline) in the (A)
blood space (i.e. serosal fluid plus muscle) is shown in left-hand panels, appearance

the right-hand panels. Means (±S.E.M.); N = 5 for each treatment. Asterisk indicates
uptake at the gills, while Cd inhibits Zn uptake (Bentley, 1991,
1992; Wicklund-Glynn, 2001; Qiu and Hogstrand, 2004). None
of these effects were seen in the stomach in the present study
(Figs. 2A, 3A and 4A).

Another difference from the gill pathway for Cd uptake was
the lack of a dose-dependence for the effect of elevated [Ca] on
Cd uptake in the stomach. Both 10 and 100 mmol L−1 Ca inhib-
ited Cd uptake by 50–70%, whereas in the gills, there is a clear
concentration-dependence of the inhibition (Niyogi and Wood,
2004b). One possible explanation is that the transport mechanism
and/or inhibitory mechanisms are entirely different—for example
rather than directly competing with Cd for uptake as in the gills,
high luminal Ca may act to raise intracellular Ca levels, thereby
providing a signal to shut down gastric transport. Another is sim-
ply that the luminal [Cd] chosen for these tests (50 �mol L−1

Cd) may have been well above saturation, so that a competi-
tive inhibitor would show minimal concentration dependence. A
third is the very different ranges of [Ca] tested for gill effects
(0.1–1.0 mmol L−1) versus gut effects (10–100 mmol L−1). Future
analyses of concentration–kinetic relationships at the stomach may
help resolve this uncertainty.
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anterior intestine, (C) mid intestine, and (D) posterior intestine. Appearance in blood
epithelium in middle panels, and appearance in the mucus-bound fraction in the rig
difference within a panel (P < 0.05).
We therefore conclude that Cd uptake occurs via an important
Ca-sensitive mechanism in the stomach, while Cd transport mecha-
nisms in the intestine are not directly Ca-sensitive. Interestingly, in
an in vitro gut sac analysis of the intestine only, Baldisserotto et al.
(2006) reported indirect rather than direct interactions between
Ca and Cd transport in trout chronically fed elevated diets, such
that high Ca diets prevented the upregulation of Cd absorption
seen with high Cd diets, and vice versa. The stomach mechanism
appears to be different from the gill ECaC mechanism, and does
not accept Zn. One possibility is L-type voltage-gated Ca channels
which have been identified in the apical membranes of enterocytes
of the Atlantic cod, and which have very different properties from
the non-voltage-sensitive ECaC channels of the gills (Larsson et al.,
1998).

Notably, Zn uptake in the stomach was markedly stimulated by
100 mmol L−1 Ca (Fig. 2A) whereas 10 mmol L−1 Ca had no effect.
Again this lack of dose-dependence contrasts with the situation
at the gills (Spry and Wood, 1989; Hogstrand et al., 1996). Glover
and Hogstrand (2003) and Glover et al. (2004) did not study the
stomach, but reported a similar stimulation of Zn uptake by ele-
−1) of Cd transport (at 50 �mol L−1 in the luminal saline) in the (A) stomach, (B)
(i.e. serosal fluid plus muscle) is shown in left-hand panels, appearance in mucosal

nd panels. Means (±S.E.M.); N = 10 for each treatment. Asterisk indicates significant
vated Ca in both an in situ perfused intestinal preparation as well
as in isolated intestinal apical membranes (brush border membrane
vesicles) of rainbow trout, at some Ca:Zn ratios, and inhibition at
others, with little evidence of simple concentration-dependence.
As in the present study, the explanation was unclear, but indirect
evidence (lack of lanthanum and cadmium sensitivity) suggested
that this was not due to Ca–Zn interactions at a calcium channel.
Perhaps elevated luminal [Ca] results in elevated intracellular [Ca]
which in turn serves as a signal to increase Zn transport. Glover et
al. (2004) speculated that stimulatory effects were due to high Ca
displacing Zn from non-specific binding sites, thereby increasing its
local concentration at specific uptake sites. However, in the present
study and in Glover and Hogstrand (2003), the mucus-bound and
mucosal epithelium fractions (Fig. 2A) of Zn were also increased
by high [Ca], so this explanation seems problematical. It is also
unclear why the phenomenon was not seen in the intestine of the
trout in the present study (Fig. 2B–D) or in the intestine of the win-
ter flounder (Shears and Fletcher, 1983), though the nature of the
preparations (gut sacs versus perfused intestine or brush border
membrane vesicles) varies greatly between studies. Nevertheless,
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the present study does agree with the overall conclusion of Glover
and co-workers that the nature of Zn uptake in the gastro-intestinal
tract of fish is very different from that at the piscine gill.

4.3. Effects of high [Zn] on Cd absorption, and of high [Cd] on Zn
absorption

The absence of an effect of high [Zn] on Cd uptake (Fig. 3A)
and vice versa in the stomach (Fig. 4A) re-inforces the conclusion
that the uptake mechanisms in the stomach are very different from
those at the gill, where reciprocal inhibition is seen (Bentley, 1991,
1992; Wicklund-Glynn, 2001; Qiu and Hogstrand, 2004). The same
lack of Zn versus Cd interaction was seen in the anterior intestine
(Figs. 3B and 4B). In the mammalian intestine, there is evidence
that Cd and Zn may be taken up by DMT1 (also known as DCT1
or Nramp2; Gunshin et al., 1997; Elisma and Jumarie, 2001; Park
et al., 2002; Bressler et al., 2004), while Zn may also be taken
up by members of the ZIP family of transporters (Guerinot, 2000;
Gaither and Eide, 2000). At the molecular level, representatives of
both of these families of transporters are known to be expressed
in the teleost gut (Dorschner and Phillips, 1999; Donovan et al.,
−1) of Zn transport (at 50 �mol L−1 in the luminal saline) in the (A) stomach, (B)
(i.e. serosal fluid plus muscle) is shown in left-hand panels, appearance in mucosal

and panels. Means (±S.E.M); N = 5 for each treatment. Asterisk indicates significant
2002; Bury et al., 2003; Qiu et al., 2004; Cooper et al., 2006). How-
ever, based on their pharmacology in other systems, inhibition of
ZIP-mediated Zn transport by Cd (Guerinot, 2000), and reciprocal
inhibition of DMT1-mediated Zn and Cd transport would both be
expected (Gunshin et al., 1997). Other possibilities exist, such as
simple diffusion of the two metals, or Zn uptake linked to a K+ efflux
channel (Glover et al., 2004) or via a member of the cation diffusion
facilitator family (Cragg et al., 2002), while Cd uptake could involve
the Cu transporter CTR1 (Lee et al., 2002), or co-transport with Cl−

or thiol compounds (Pigman et al., 1997; Jumarie et al., 2001).
In contrast to the stomach and anterior intestine, Zn versus Cd

interactions were seen in the mid and posterior intestine. Notably,
high [Zn] stimulated Cd transport into the blood space but inhibited
accumulation in the mucosal epithelium and/or mucus-binding
(Fig. 3C and D), whereas high [Cd] tended to have a reciprocal effect
in the mid-intestine, though this was not as clear-cut (Fig. 4C). Sim-
ilar reciprocal Cd versus Zn stimulatory effects have been seen in
the gills of minnows (Wicklund-Glynn et al., 1992) and zebrafish
(Wicklund-Glynn, 2001) in some exposures. These phenomena may
be analogous to the effect of high [Ca] discussed earlier, whereby
one metal displaces the other from non-specific binding sites,
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thereby increasing its local concentration at specific uptake sites.
However, this pattern is different from reports that high [Cd] had
no effect on apical Zn uptake in BBMVs of trout intestinal ente-
rocytes (Glover et al., 2004) but inhibited Zn transport into the
blood space in a perfused trout intestinal preparation (Glover and
Hogstrand, 2003), and that Cd inhibited Zn uptake in flounder ante-
rior intestinal sacs in vivo (Shears and Fletcher, 1983). It also differs
from the situation with Cu transport into the blood space in identi-
cal in vitro sac preparations of the mid and posterior intestine of the
rainbow trout; here Cu uptake was inhibited by both high [Zn] and
high [Fe], implicating DMT1 (Nadella et al., 2007). Clearly, there
is much uncertainty at present in understanding metal transport
in the fish gastro-intestinal tract, particularly about the functional
connections and rate-limiting steps between the various transport
compartments (mucus binding, mucosal epithelium, and blood
space). Nevertheless, abundant evidence of interactions between
metals now exists. Future investigations will need to test a wider
range of metals, dietary components, and potential blockers, as well
as to carry out in vivo versus in vitro validation, the same approaches
which led, over several decades, to the development of the gill-
based BLM (Paquin et al., 2002; Niyogi and Wood, 2004a). In doing
this, it must be remembered that Zn, as an essential element, is nor-
mally present in the diet at much higher concentrations than Cd,
a non-essential element, and this difference will likely influence
“background” gastro-intestinal tissue burdens of the two metals
prior to the start of any experiment. The situation in marine fish
will be particularly interesting in light of recent evidence that the
gastro-intestinal tract may directly take up both Cd and Zn from
the external seawater obtained by drinking, and that this route of
“waterborne uptake” may be more important than the branchial
route (Zhang and Wang, 2007).
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