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Abstract

Cadmium—Ca—Zn interactions for uptake have been studied in human intestinal crypt cells HIEC. Our results failed to demonstrate any
significant cross-inhibition between Cd and Ca uptake under single metal exposure conditions. However, they revealed a strong reciprocal
inhibition for a Zn-stimulated mechanism of transport. Optimal stimulation was observed under exposure conditions that favor an inward-directed
Zn gradient, suggesting activation by extracellular rather than intracellular Zn. The effect of Zn on the uptake of Ca was concentration-dependent,
and zinc-induced stimulation of Cd uptake resulted in a 3- and 5.8-fold increase in the K, and V.« values, respectively. Neither basal nor Zn-
stimulated Ca uptakes were sensitive to membrane depolarization. However, the stimulated component of uptake was inhibited by the trivalent
cations Gd*", and La*" and to a lesser extent by Mg®" and Ba®". RT-PCR analysis as well as uptake measurement performed with extracellular
ATP and/or suramin do not support the involvement of purinergic P2X receptor channels. Uptake and fluorescence data led to the conclusion that
Zn is unlikely to trigger Ca influx in response to Ca release from thapsigargin-sensitive intracellular pools. Our data show that Zn may potentiate

Cd accumulation in intestinal crypt cells through mechanism that still needs to be clarified.

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Cadmium (Cd) is a non-essential heavy metal that is mas-
sively emitted into the environment as a result of human
activities, including industrial uses [1]. Cadmium has a broad
range of adverse effects, and its long biological half-life — about
30 years in humans — makes it an insidiously toxic metal [2].
Therefore, absorption is the determinant step in Cd accumulation
in the organism. Although pulmonary absorption predominates
in occupationally exposed workers and heavy smokers, intes-
tinal intake represents the main route for Cd absorption for the
general population.

Intestinal absorption of Cd is likely to involve mainly trans-
cellular pathways to cross the intestinal epithelium [3]. In vivo
and in vitro studies have shown that Cd may inhibit the intestinal
transport of essential elements such as Ca [4—6] and Zn [7—11].
Alhtough Cd uptake through Ca transport processes at the apical
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membrane of the enterocyte remain to be clarified, it is generally
believed that Cd accumulation in intestinal cells may, at least in
part, occur through transport systems responsible for Ca or Zn
uptake. More recently, we and others have shown that the
symport H'-Fe** NRAMP?2 is involved in the apical uptake of
the free cation Cd*" in human enterocytic-like Caco-2 cells [12—
14]. We have also provided evidence for the uptake of inorganic
as well as organic Cd complexes in the same cells [15].
Despite their expected minor role in intestinal absorption
processes, proliferative intestinal crypt cells, which undergo
enterocytic differentiation during their migration along the
crypt—villus axis, may also be exposed to Cd following oral
intake. Indeed, in vivo studies have demonstrated the presence of
significant levels of Cd accumulation in the crypt area of the
intestinal epithelium [16—18]. Because of the critical role that
proliferative crypt cells play in intestinal epithelium renewal, the
study of Cd uptake and toxicity in these cells is of primary
interest. Recently, we characterized Cd uptake in HIEC cells
[19]. This non-tumorous, non-transformed human crypt cell line
has been established by thermolysin treatment of 17- to 19-week
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fetal ileums and express various intestinal cell markers including
the intestinal-specific keratins 8, 18 and 21 [20]. They also
express the MIM-1/39-specific antigen for intestinal crypt cells
but lack the brush border membrane enzymes sucrase-isomaltase
and maltase-glucoamylase specific to the mature enterocyte.
These cells have been used in a number of studies focusing on
cell cycle progression and MAPK signalling [21,22], integrin
expression [23,24], intestinal cell turn-over and enterocytic
differentiation [25,26], as well as apoptosis [27]. We have shown
that Cd is rapidly and significantly accumulated in these cells
through specific (saturable) transport mechanism(s) [19]. We
also provided evidence of a preferential uptake of the free cation
Cd*" over CdCI3™" chlorocomplex species. However, and con-
trary to what we have observed for the highly differentiated TC7
clone of the parent cell line Caco-2, Cd*" uptake in HIEC cells
does not involve NRAMP2 [19]. Although in a small proportion,
Ca alone or in combination with Zn inhibited the uptake of Cd in
these cells, and part of the Cd uptake was also sensitive to La.
[19]. We pursued our studies on the mechanisms involved in Cd
uptake in HIEC cells, focusing on Cd interactions with Ca and
Zn. Our results reveal that Zn may stimulate either Cd or Ca
uptake, with this stimulatory effect being eliminated by the
presence of Ca and Cd, respectively. Two possible mechanisms
have been investigated: Zn action through P2 receptors or
through Zn-sensitive receptor. P2X receptors (P2XRs) are extra-
cellular ATP-gated non-selective cation channels that allow
influx of extracellular Ca [28], and Zn has been shown to po-
tentiate P2X, purinergic receptor channel-mediated Ca*" influx
[29-32]. On the other hand, Zn-sensing receptor (ZnR) has also
been shown to trigger the release of thapsigargin-sensitive Ca
pool in a PLC-dependent manner [33]. However, our results do
not support the involvement of voltage-gated Ca channels or
purinergic P2X channels or store-operated channels (SOCs) in
Zn-induced stimulation of metal uptake.

2. Materials and methods
2.1. Cell culture

HIEC cells were kindly supplied by Dr. Jean-Frangois Beaulieu
(Université de Sherbrooke, Sherbrooke, QC, Canada) [20]. Stock cultures
were seeded in 75-cm? flasks (Sarstedt) at a density of 2x10° cells/flask and
maintained in a 37 °C, 5% CO, humidified atmosphere. Cultures were grown
in Dulbecco’s modified Eagle essential minimum medium (DMEM) contain-
ing 25 mM glucose (GibcoBRL, Grand Island, New York, USA) and sup-
plemented with 19 mM NaHCO;, 20 mM HEPES, 5 pg/l epidermal growth
factor (BD Biosciences, Mississauga, ON, Canada), 200 U/l insulin, 10 ml/
1 Glutamax™ (GibcoBRL), penicillin—streptomycin (50,000 U/I-50 mg/l),
and 5% heat-inactivated fetal bovine serum (FBS) (Medicorp Inc., Montreal,
QC, Canada). The medium was changed every other day, and confluency
was reached in 7-8 days. For uptake experiments, cells were passaged with
0.05% trypsin—0.53 mM EDTA (GibcoBRL) for 5-10 min, then seeded at a
density of 0.12x10° cells/dish in 35-mm-diameter culture dishes, and cul-
tured as previously described [19]. HIEC cells were used between passages
19 and 28.

The highly differentiated TC7 clone (passages 65) of the enterocytic-like
cells Caco-2 (obtained from Dr. A. Zweibaum, INSERM U178, Villejuif,
France) [34] was maintained in DMEM (25 mM glucose), supplemented with
0.1 mM non-essential amino acids, penicillin—streptomycin (50,000 U/1-50 mg/
1) and 15% inactivated FBS. As for the HIEC cells, stock cultures were grown in
75-cm? flasks. For RT-PCR analysis, both HIEC and TC7 cells were seeded in

100-mm-diameter culture dishes at a density of 12x 10° cells/em® and were
maintained at 37 °C in a 5% CO, humidified air atmosphere.

The human alveolar type II cells A549 (passage 85), obtained from the
American Type Culture Collection, were maintained in Ham’s F12 medium
(50,000 U/I penicillin, 50 mg/l streptomycin) supplemented with 10% FBS and
1 mM glutamine. Cells were routinely grown in 75-cm? culture flasks at 37 °C in
a 5% CO,-95% humidified air atmosphere and were seeded in 100-mm-
diameter Petri dishes at a same density as for TC7 cells.

2.2. Measurements of Cd and Ca uptake

Uptake measurements were performed at room temperature under inorganic
conditions using a serum-free nitrate incubation (transport) medium containing
(in mM) 10 HEPES, 4 p-glucose, 137 NaNOs, 5.9 KNOs, 2.5 Ca(NO;), and
1.2 MgSO,, buffered to pH 7.4 with NaOH. When appropriate, Ca and Mg were
both removed and replaced by Na to maintain osmolarity. The uptake media
were always prepared in advance and allowed to reach equilibrium overnight at
room temperature. The chemical species of Cd (or Ca) in the incubation media,
namely metal speciation, were calculated using the MINEQL" chemical
equilibrium program [35] and the NIST stability constant database [36]. In the
present study, a nitrate uptake medium, rather than a traditional chloride me-
dium, was used to optimize the level of the free cation Cd*" over chlorocomplex
formation [12,15]. Indeed, the inorganic ligand Cl has a very high affinity for
the Cd*" aquo ion (log K, CACI"=1.98, where K., corrected for zero ionic
strength, is the conditional formation constant for Cd complexation), and most
of the total dissolved metal (84%) would be present in the chloride uptake
medium as CdCI2 ™ chlorocomplexes. Because NOj does not bind Cd®" as much
as does CI” (log K, CdANO3=0.50), substituting CI~ for NO3 in the transport
medium results in a 5.7-fold increase in the relative level of Cd*" (14% to 80%
of the total dissolved metal). Contrary to Cd, Ca complexation by chloride is
weak (log K. CaCl"'=0.64 compared to log K, CaNO3;=0.50); therefore, Ca
speciation does not significantly change, regardless of the exposure medium
used, and most of the dissolved Ca is present as Ca>* (83% and 97% in the
chloride and nitrate medium, respectively). It has been verified that the anionic
ligand NO; does not modify membrane permeability, and the Cd uptake
properties measured in the nitrate medium were similar to the perchlorate or
gluconate uptake conditions [19].

Ten-day-old cell cultures with dense confluency (passages 19 to 28) were
rinsed four times with a chloride medium (transport medium where NO3 was
changed for C1") in order to remove the culture medium, which contains various
organic ligands that lower considerably the level of the total dissolved metal
present as the free aquo ion and that do not allow metal speciation to be
controlled. In some cases, cells were incubated for 15 min in a Na-free (excess of
K) chloride medium prior to the uptake measurements. Also, a 15-min
pretreatment with Ca- and Mg-free chloride medium containing various levels of
Zn was used in some other experiments. Cell monolayers were then exposed to
0.3 pM '°Cd-labeled CdCl, (specific activity ranging from 2.6 to 3.8 mCi/mg)
(Perkin Elmer Life Science, Woodbridge, ON, Canada) in either Ca-, Mg-free
(control) or Ca-, Mg-containing nitrate medium. Ca uptake measurements were
performed using 2.5 uCi/ml **Ca-labeled CaCl, (Perkin Elmer Life Science) in
Mg-free nitrate medium containing 0.5 mM total Ca (specific activity was then
set at 5 uCi/pmol). In the present study, Ca uptake data are expressed relative to
the total Ca (2.5 pCi/ml **Ca+0.5 mM Ca), whereas uptake data for Cd are
relative to the tracer (0.3 uM '®’Cd) exclusively. In some experiments, uptake
measurements were conducted in the presence of different concentrations of Zn
or 1 mM magnesium (Mg), barium (Ba), gadolinium (Gd) or lanthanum (La).
Nifedipine or verapamil (10 pM), two well-known voltage-gated Ca channel
blockers, were also tested for their putative inhibitory effect. The involvement of
the purinergic P2X receptor channels in Ca and Cd uptake has been tested using
extracellular ATP (50 pM) or suramin (30 pM), a P2X antagonist [37]. The
possible involvement of store-operated channels (SOCs) has been tested using
30 pM 1-[B-[3-(4-methoxyphenyl)propoxy]-4-methoxyphenethy]-1H-imidaz-
ole hydrochloride (SKF-96365) [38], whereas 2 pM U73122 was used to inhibit
any phospholipase C (PLC)-dependent channel activation [33]. The presence of
SOCs in HIEC cells has been studied with cell pretreatment with 0.5 pM
thapsigargin, an inhibitor of the sarco/endoplasmic reticulum (ER) Ca®"-ATPase
(SERCA), for 5 min prior Ca addition. For nifedipine, verapamil, thapsigargin
and U73122, stock solutions were prepared in DMSO (with appropriate control
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exposure conditions) and were protected from light. ATP solutions were
prepared daily.

After the desired exposure times, the transport medium was removed, and
the dishes were rapidly rinsed four times with ice-cold Ca-, Mg-free nitrate
medium containing 2 mM EDTA, used to minimize metal adsorption at the
external surface of the cell membrane. Cells were lysed in 500 ul NaOH 1IN, and
300 pul was used for radioactivity determination. '*’Cd contents were assayed
with a Cobra II gamma counter (Canberra Packard, Canada), whereas Ca
contents were assayed with a Wallac 1409 DSA liquid scintillation counter
(Wallac Oy, Turku, Finland). 50 pl of the remaining cell suspension was used for
protein determination according to Bradford [39] with a Tecan SpectraFluor Plus
spectrophotometer (Esbe Scientific Industries Inc., Canada) and bovine serum
albumin as the calibration standard.

2.3. Florescence measurements of intracellular Ca

Five-day-old HIEC cells were rinsed four times with the chloride medium
prior incubation with 2 uM Fluo-3/AM and 10% Pluronic F127 (Molecular
Probes Corp. Eugene, OR) for 45 min at 37 °C in the dark. The cells were then
washed with the chloride medium and incubated for another 45 min at room
temperature in the dark to ensure dye deesterification. Following transfer to a
Ca-, Mg-free nitrate medium, additions were made in an open chamber
configuration at room temperature. The cells were examined with a laser
scanning MRC 1024 confocal system (Bio-Rad Laboratories Ltd., Mississauga,
ON) with a TE-300 inverted microscope (Nikon Canada Inc., Mississauga, ON)
and an apochromatic 40x N.A. 1,0 objective lens. Fluo-3 fluorescence was
measured using an excitation wavelength of 488 nm (argon laser) and an
emission filter at 515 nm. Ca release from ER was activated by the addition of
5 uM thapsigargin. Thereafter, SOCs activation was clearly observed following
addition of 0.5—1.0 mM Ca. Inhibition of SOCs was accomplished by addition
of SKF-96365. The effect of SKF-96365 on Zn-induced increases in
intracellular Ca was also tested. Data were analyzed with Laser Sharp 2.1T,
Time Course 1.0 software and are expressed as fluorescence levels relative to
control (F/F ratio).

2.4. Isolation of total RNA

Glassware and water used for solutions and RNA isolation were made
RNase-free by treating them with 0.1% diethylpyrocarbonate (DEPC) and
autoclaving. For each experimental condition, cells from five 100-mm-diameter
Petri dishes were pooled to obtain sufficient material. Total RNA was extracted
from the HIEC, the TC7 and the A549 cells by means of TRIZOL® reagent
(Invitrogen Life Technologies, Burlington, ON, Canada), according to the
supplier’s instructions. Poly A'RNA was purified from total RNA using the
Oligotex® mRNA Mini Kit (Qiagen, Mississauga, ON, Canada). The mRNA
pellets were dried and then dissolved in 30-50 pul DEPC-treated water. The
purity and concentration of the samples were assessed using a Beckman DU®
650 spectrophotometer (Beckman Coulter Canada) at 260 and 280 nm: 260 to
280 nm absorbance ratios higher than 1.7 were considered as acceptable,
whereas 1 U of A,y was equivalent to 40 pg RNA. In addition, RNA integrity
was verified by the presence of ribosomal RNA (ethidium bromide staining of
the 18 S and 28 S bands) following agarose gel electrophoresis.

2.5. Reverse transcriptase (RT) and polymerase chain reaction (PCR)
of P2X4 ¢DNA

The levels of P2X, mRNA were estimated by semi-quantitative RT-PCR.
Reverse transcriptase was performed with 2 pg mRNA using the Omniscript®
RT Kit (Qiagen) according to the supplier’s instructions, and PCR was
conducted with 1 pl cDNA using the Taq PCR Core Kit (Qiagen). 40 and 30
cycles consisting of: denaturation at 94 °C for 1 min, annealing at 58 °C for 30 s,
and extension at 72 °C for 1 min were carried out for P2X, and GAPDH cDNA
amplification, respectively. The sense and antisense primer sequences for P2X,
were 5'-GGCCTTCCTGTTCGAGTACG and 5'-TGGGAAGGATATTCC-
TCTTGC, respectively (GenBank U83993, bases 336-931). The sense and
antisense primer sequences for GAPDH used as an internal control were 5'-
GAGTCAACGGATTTGGTCGTATTG and 5'-GCTGTAGCCAAATT-

CGTTGTC, respectively (GenBank AF261085, base 123—1066). The primers
amplify a fragment of 596 and 944 for P2X, and GAPDH, respectively. The
PCR products were resolved on 2.0% (w/v) agarose gels containing 0.05 pg/ml
ethidium bromide and visualized under UV trans-illumination using an LKB
2011 Macrovue Fluorescence system controlled by Alphalmager™ 2200
software (Alpha Innotech Corporation, San Leandro, California, USA).

2.6. Statistical and data analyses

All experiments were performed on 3 to 5 independent cell preparations, and
in each case, on 3 to 5 culture dishes. Uptake time courses of Cd were analyzed
according to the first-order rate Eq. (1),

U= Umax(l _eikl)+U07 (1)

where U, and Uy, are the zero-time and equilibrium uptake values, res-
pectively, the latter reached with the time constant .

Estimation of the first-order rate constant allows the #, values to be
determined, which represent the times at which metal uptake is half-completed,
using Eq. (2),

In2
lip = 7 . (2)

The kinetic parameters of '*’Cd uptake were determined by analyses of the
one-time point measurements at 3-min (v3) according to the modified Michaelis-
Menten Eq. (4),

Vanax [ Cd]

e Vo[ TCd]
> Ko+ [Cd] + [Cd]

+ kp["Cd], ®3)
where V. and K, have their usual meaning, [IOQCd] was set at 0.3 puM,
whereas [Cd] increased from 0 to 100 uM, and kp represents the non-specific
contributions to the 3-min uptake data.

The concentration-dependent stimulation of the initial 3-min uptake (Us[zn))
of Ca by Zn was analyzed assuming a simple (non-cooperative) mechanism
using Eq. (4),

Us amax) [Zn)]

Usiz = Us(q) + —omx
3(2n] 30) ECso + [Zn]’

4)

where Us(g) and Usgmay) stand for the 3-min uptake values measured at 0 and
maximal Zn concentration, respectively, and ECs is the Zn concentration ([Zn])
for which half-maximal stimulation is observed at [Ca]=0.5 mM.

Nonlinear regression analyses were performed with Prism 3 software
(GraphPad Software, San Diego, California, USA). The errors associated with
the kinetic parameter values given in the text represent the standard error of
regression (SER). Statistical analyses of the 3-min measurements were
performed with Turkey-Kramer multiple comparison tests, using InStat
software (GraphPad Software). Differences among groups were tested using
one-way analysis of variance (ANOVA), followed by a Dunnett’s test to
compare treated groups with controls. Statistical significance was assessed at
the P <0.05 level.

3. Results
3.1. Stimulatory effect of Zn on Cd and Ca uptake

Metal interactions for uptake were first investigated by
studying the reciprocal inhibition between Ca and Cd accumu-
lation in the absence or presence of Zn. As shown in Fig. 1A, the
addition of 2.5 mM Ca to the nitrate exposure medium resulted
in a non-significant 13% decrease in the 3-min uptake of 0.3 pM
Cd (gray column). In contrast, 100 pM Zn led to an unexpected
1.8-fold increase in Cd accumulation (crossed vs. white co-
lumns). This stimulation was also observed in the chloride
medium as well as at pH 5.5 (data not shown). However, Zn-
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Fig. 1. Short-term (3 min) uptake of 0.3 uM Cd (A) or 0.5 mM Ca (B) in 10-day-
old confluent HIEC cell monolayers measured in the absence (Ctrl) or presence
of 2.5 mM Ca (A), 100 pM Cd (B) or 100 uM Zn (A and B), alone or in
combination with Ca or Cd. Values shown are means+S.D. evaluated on 4
determinations of the same subculture. Columns labeled with different letters are
significantly different (P <0.05).

induced stimulation of Cd uptake was optimal under nitrate
conditions at pH 7.4. It is noteworthy that Ca completely
eliminated the stimulatory effect of Zn. Note also that Zn favors
Ca-induced inhibition of Cd uptake since significant 40% lower
accumulation values were obtained in the presence of co-
incubation with Zn and Ca compared to the control value
(compare black vs. white columns).

Conversely, the presence of 100 pM Cd did not inhibit Ca
uptake but led instead to a significant 1.9-fold increase in
accumulation levels (Fig. 1B). As for Cd, Zn stimulated Ca
accumulation, but much more than to Cd (6.2-fold). This
stimulatory effect was also eliminated by the presence of Cd:
similar uptake levels were measured for Ca in the presence of Cd
whether or not Zn was added to the incubation medium. Note
that Zn failed to stimulate either Ca or Cd uptake in diffe-
rentiated 21-day-old TC7 cells as well as in 14-day-old A549
cells (Fig. 2).

The concentration—response relationship of Zn-induced
stimulation of Ca accumulation measured in a nitrate medium
at pH 7.4 was characterized (Fig. 3). The initial 3-min uptake
data were analyzed using Eq. (4). An ECsy (Zn concentration
leading to half-maximal stimulation of Ca uptake) value of
18.3+£4.0 pM was estimated for 0.5 mM Ca, while Usay) (the
3-min uptake measured under maximal stimulatory conditions)
was 19.8+1.2 nmol/3 min/mg protein, which is in accordance
with previous observation (Fig. 1B).
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Fig. 2. Short-term (3 min) uptake of 0.3 uM Cd (A) or 0.5 mM Ca (B) in 21-
day-old confluent TC7 and 14-day-old A549 cell monolayers, respectively.
Uptake was measured in the absence (Ctrl) or presence of 2.5 mM Ca (A),
100 uM Cd (B) or 100 uM Zn (A and B). Values shown are means+S.D.
evaluated on 5 determinations of the same subculture. *Significant differences
(P<0.05) compared with the respective control value for each cell line.
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Fig. 3. Short-term (3 min) accumulation of 0.5 mM Ca in 10-day-old HIEC cells
as a function of increasing concentrations of unlabeled Zn. Points shown are
means+S.D. evaluated on 3 different cell preparations. The line shown is the best-
fit curve for the data points as obtained according to Eq. (4) with the following
parameter values: v3()=6.1£0.7 nmol/3 min/mg protein, v3maxy=19.8+1.2 nmol/
3 min/mg protein, and ECs0=18.3£4.0 uM. *Significant differences (P <0.05)
compared with control values measured in the absence of Zn.
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We further characterized the Zn-induced stimulation of
Cd and Ca uptake by investigating how much this effect is
related to the Zn transmembrane gradient (Fig. 4).
Measurements of cellular accumulation were conducted in
the absence (open columns) or in the presence of 10 pM
(dashed columns), 100 puM (black columns) or 1 mM
(crossed columns) Zn in control cells (no pretreatment) or in
cells preincubated for 15 min in either 10 or 100 pM Zn.
For both Cd (Fig. 4A) and Ca uptake (Fig. 4B), a maximal
stimulation was obtained in untreated control cells with
100 uM Zn in the transport medium. The stimulatory effect
of Zn decreased with cell pretreatment with 10 pM Zn and
was no longer observed in cells preincubated with 100 pM
Zn. Interestingly, a bell-shaped concentration—response curve
was observed for Zn-induced stimulation in Ca uptake in
control cells, whereas a hit-or-miss effect was observed for
Cd accumulation.
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Fig. 4. Short-term (3 min) accumulation of 0.3 pM Cd (A) or 0.5 mM Ca (B) in
confluent 10-day-old HIEC cell monolayers in the absence (open columns) or
presence of increasing concentrations of Zn: 10 pM (dashed columns), 100 pM
(black columns), and 1 mM (crossed columns). Cells were pre-exposed to various
concentrations (0, 10 or 100 pM) of Zn for 15 min in the Ca- and Mg-free
chloride medium prior to uptake measurements in the nitrate medium. Values
shown are means=+S.D. evaluated on 5 determinations of the same subculture.
*Significant differences (P <0.05) compared with the respective control value
for each pretreatment, measured in the absence of Zn in the incubation medium
during the uptake measurement. Significant differences (P <0.05) compared
with similar uptake conditions on control cells (no Zn pretreatment).

3.2. Influence of Zn on kinetic parameters of Cd uptake

Because oral exposure to toxic metals is likely to involve
metal mixtures, the effects of Zn on Cd accumulation were
characterized. The uptake time course of 0.3 uM Cd was first
studied in the absence (open triangles) and in the presence of
100 uM Zn (filled triangles) (Fig. 5A). Data analyzed according
to first-order rate Eq. (1) revealed a 1.3-fold increase in the
equilibrium accumulation value reached 2 times faster (para-
meters Up,a and £, in Table 1) when Zn was added to the nitrate
transport medium.

How Zn may modify the kinetic parameter values of Cd
accumulation was also determined by measuring the 3-min
uptake of 0.3 uM '°°Cd as a function of increasing concentra-
tions of unlabeled Cd in the absence or in the presence of
100 pM Zn (Fig. 5B). In these studies, unlabeled Cd was used
as a specific competitive inhibitor of tracer uptake, and data
were analyzed according to the modified Michaelis-Menten Eq.
(3) with parameter values reported in Table 2. The presence of
Zn resulted in a 5.9-fold and 3-fold increase in the V,,,x and K,
values, respectively, while kp was lowered by 58%.

3.3. Characterization of Zn-stimulated process of uptake

We investigated whether the Zn stimulatory effect involves
modification of the membrane potential or the activation of
voltage-gated Ca pathways (Fig. 6). As expected, neither 10 uM
nifedipine nor verapamil modified the control accumulation
values of Ca measured under standard external Na conditions
(Na-crossed columns). Cells preincubated for 15-min in a Na*-
free (excess of K*) nitrate medium, which should collapse the
membrane potential, did not modify basal Ca uptake levels
(compare both Ctrl Na and K columns), suggesting no activation
of any voltage-dependent Ca transport process. Accordingly,
nifedipine did not modify Ca uptake measured under K con-
ditions, although verapamil led to a small but significant 17%
inhibition. Regardless of the Na or the K medium, stimulation by
Zn was not affected by nifedipine. However, verapamil led to a
30% lower stimulatory effect in the Na medium and completely
eliminated it in the K medium.

Mg**, Ba®", Gd*"and La®" are often used to inhibit cationic
transport pathways including voltage- or store-operated Ca®"
channels. Among these metals, only 1 mM Gd (Ctrl-black
column) resulted in a 25% decrease in the basal (Ctrl-open
column) accumulation of Ca (Fig. 7). 13% lower uptake values
were obtained in the presence of 1 mM of either Mg (Ctrl-grey
column), Ba (Ctrl-dashed column) and La (Ctrl-crossed
column), but differences were not significant. However, Mg,
Ba, Gd and La all three significantly decreased Zn-stimulated Ca
uptake (Zn-columns): Mg and Ba lowered by half the sti-
mulatory effect of Zn, Gd completely eliminated it, and La even
led to a 37% decrease in uptake levels compared to control data
measured in the absence of Zn.

The possible involvement of P2X, purinergic receptor
channels in Zn-induced stimulation of Ca and Cd uptake in
HIEC cells was tested [29-32]. RT-PCR analysis revealed very
low levels of P2X,; mRNA in post-confluent 10-day-old HIEC
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Fig. 5. (A) Time course of 0.3 uM Cd accumulation in 10-day-old HIEC cell
monolayers in the absence (open triangles) or presence (filled triangles) of
100 uM Zn. Points shown are means=S.D. evaluated on 4 determinations of the
same subculture. Lines shown are the best-fit curves for the data points as
obtained according to the first-order rate Eq. (1) with uptake parameter values
listed in Table 1. (B) Determination of kinetic parameters for '°°Cd uptake in
HIEC cells in the absence (open triangles) or presence (filled triangles) of
100 uM Zn. Initial uptake values were estimated at 3 min using a '°°Cd
concentration of 0.3 pM and unlabeled Cd concentrations ranging from 0 to
100 pM. Values shown are means+S.D. evaluated on 4 determinations of the
same subculture. Lines shown are the best-fit curves for the data points as
obtained according to Eq. (3). The kinetic parameter values are listed in Table 2.

cell monolayers as well as in undifferentiated proliferative TC7
cells. In contrast, 8- and 6-fold higher P2X, mRNA levels were
detected in well-differentiated 2 1-day-old TC7 cells and 15-day-
old A549 cells, respectively (Fig. 8). Because Zn-stimulated Ca
and Cd uptakes were observed in the HIEC cells exclusively,
it is unlikely that P2X, would be responsible for the
stimulatory effect of Zn. Accordingly, neither 50 uM ATP,

Table 1
Parameter values describing the time course of 0.3 uM Cd uptake over a 60-min
exposure in the absence or presence of Zn

Uy (pmol/mg protein) Upax (pmol/mg protein) t,, (min)
Ctrl 57.8+7.4 167+15 20.3+5.1
Zn 56.8+15.1 210+16 9.9+£2.2

Note. Ten-day-old HIEC cells were exposed to 0.3 uM '°°Cd in a Ca-free nitrate
transport medium in the absence (Ctrl) or presence of 100 uM Zn. The meaning
of the parameters Uy, Upax and #y, is given in the text. The values shown are the
best-fit parameters+SER values corresponding to Eq. (1).

Table 2
Kinetic parameter values of the initial 3-min uptake of Cd in the absence or
presence of Zn

Vinax (pmol/3 min/mg protein) K (UM) kp (pmol/3 min/mg
protein/pM)
Ctrl 618+176 52+1.5 57.0£6.0
Zn 3617+841 15.7£3.2 23.7+11.9

Note. Ten-day-old HIEC cells were exposed to 0.3 pM '°?Cd in a Ca-free nitrate
transport medium, in the presence of unlabeled Cd concentrations ranging from
0 to 100 uM, in the absence (Ctrl) or presence of 100 pM Zn. The parameters
Vinax and K, have their usual meaning, whereas kp represents all non-specific
contributions to uptake. The values shown are the best-fit parameters+SER
values corresponding to Eq. (3).

expected to increase Ca uptake, nor 30 pM suramin, a P2X
antagonist, modified the 3-min accumulation of Ca in the HIEC
cells (Fig. 9).

Another mechanism that could be responsible for the
observed stimulation of Ca and Cd uptake by Zn may involve
a Zn-sensing receptor (ZnR) that trigger the release of
thapsigargin-sensitive Ca pool [33]. As expected, inhibition of
the SERCA pumps with 5 uM thapsigargin led to Ca rise from
intracellular pools and the subsequent activation of the SOCs
(Fig. 10A, filled circles). Significant Ca influx from extracel-
lular medium was also measured in control cells (open circles),
but Ca influx was twice as high in cells pretreated with
thapsigargin. Zn alone failed to mimic the effect of thapsigargin
on intracellular Ca stores (data not shown) but co-incubation
with Zn and Ca led to a 3-fold increase in intracellular Ca
whether or not the cells were pretreated with 30 uM SFK-96365

(Fig. 10B). Similar results were obtained for the 3-min
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Fig. 6. Short-term (3 min) accumulation of 0.5 mM Ca in confluent 10-day-old
HIEC cell monolayers in the absence (Ctrl) or presence of 100 pM Zn, 10 pM
nifedipine or 10 pM verapamil, added alone or in various combinations to the
nitrate medium. Experiments were conducted in a standard (141 mM Na") or in a
Na'-free (147 mM K") uptake medium in cells preincubated for 15 min in the
respective medium. Values shown are means+S.D. evaluated on 5 determina-
tions of the same subculture. Columns labeled with different letters are
significantly different (P <0.05). *Significant differences (P <0.05) compared
to the corresponding Na* condition.
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accumulation of 0.5 mM Ca: a 6-fold increase in uptake levels
were measured following cells preincubation for 5 min with
only 0.5 uM thapsigargin (grey column), and similar levels of
stimulation were obtained with 100 uM Zn (black column). The
inhibitory effect of SKF-96365 remains doubtful since co-
incubation with Zn led to 23% decrease in Zn-induced sti-
mulation, while preincubation with 30 pM SKF-96365 failed to
have any significant effect. Also, Cd uptake was found
insensitive to 2 pM U7312, whereas this PLC inhibitor
lowered by 28% the stimulatory effect of Zn on Ca uptake
(Fig. 12).

4. Discussion

Despite the fact that intestinal crypt cells, in addition to
villus cells, are also the first target cells following metal
ingestion, Cd transport and toxicity in these stem cells remain
poorly studied. In recent studies, we have shown that Cd is
significantly accumulated in human HIEC cells; uptake time
course data over a 60-min exposure to 0.3 uM Cd in a
defined chloride medium at pH 7.4 revealed a 3-fold higher
equilibrium uptake value compared to the differentiated TC7
clone of the Caco-2 cells [11,19]. A specific transport system
of similar affinity but of much higher capacity (20-fold
higher) was also characterized in the HIEC compared to the
TC7 cells. Contrary to what has been observed for the
differentiated TC7 cells, a small but significant component of
Cd uptake in the HIEC was inhibited by Ca as well as by La.
In both in vitro models, Zn inhibited Cd uptake under
standard exposure conditions using a Ca-containing medium.
All together, these results suggest that the cellular accumu-
lation of Cd in HIEC cells may in part be related to the
transport processes responsible for Ca or Zn. However, they
also showed different transport properties for Cd uptake in

crypt and differentiated intestinal cells. This conclusion was
further strengthened by the demonstration that NRAMP2 is
involved in the uptake of Cd*" in TC7 but not HIEC cells
[12,19].

We now show that Zn may stimulate either Ca or Cd uptake,
with reciprocal inhibition between Ca and Cd (Fig. 1) in HIEC
but not TC7 cells (Fig. 2). Zn-stimulated Ca uptake was
systematically observed, whereas 66% of the Cd uptake mea-
surements were stimulated. For the first time, we also show that
Zn modifies the kinetic parameters of Cd uptake (Fig. 5SA). The
increase in both the V.« and K, values suggests activation of
different transport processes, whereas the lower kp value
estimated for the non specific contribution remains to be
clarified (Fig. 5B). The maximal stimulatory effect was always
observed under nitrate exposure conditions maximizing the
presence of the free Cd*" cation. Therefore, Cd—Ca interaction
likely involves extracellular Cd*" and Ca®" cation species,
which could compete for a ionic channel.
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Fig. 8. (A) Representative RT-PCR amplification of P2X, and GAPDH mRNAs
of 10-day-old HIEC cells, 4-day-old and 21-day-old TC7 cells, as well as 15-
day-old A549 cell monolayers. Amplified products correspond to fragments
336-931 and 123-1066 of the P2X, and GAPDH cDNA, respectively. RT-PCR
products were resolved by agarose gel electrophoresis as described in Materials
and methods. (B) Image analysis of the amplified fragments allowed the P2X,
mRNA expression levels to be normalized to the expression of the internal
control GAPDH.
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Fig. 9. Short-term (3 min) accumulation of 0.5 mM Ca in confluent 10-day-old
HIEC cell monolayers in the absence (Ctrl) or presence of 100 uM Zn (Zn) alone
or in the presence of 50 pM ATP or 30 pM suramin added alone or in
combination. Values shown are means+S.D. evaluated on 5 determinations of
the same subculture.

This rather unexpected stimulation of Cd uptake by Zn has
already been reported in rat red blood cells [40]. In these studies,
however, Cd uptake measurements were conducted in a
phosphate-buffered saline (PBS) which usually contains Ca
(~1 mM). More recently, other investigators have reported Zn-
stimulated increases in intracellular Ca in IB3-1 human airway
epithelial cells [32], in primary cultures of rat hepatocytes [41],
in Madin-Darby canine kidney (MDCK) cells [42], and in
human intestinal HT-29 cells [33]. In accordance with our own
results, these studies also revealed the involvement of con-
centration-dependent processes, with half-maximal effect rang-
ing from 20 to 80 pM, indicating specific mechanisms of
activation (Fig. 3). Moderate levels of Zn (10-50 pM) induced
sustained increases in Ca influx in human airway cells IB3-1,
whereas higher concentrations (200 nM) elicited transient rises
in intracellular Ca followed by slower decreases, suggesting an
inactivation mechanism [32]. In the HIEC cells, Zn at high
concentration (1 mM) was much less efficient in stimulating the
3-min uptake of Cd as well as Ca (Fig. 4). More importantly, Zn-
induced stimulation decreased with cell pretreatment with Zn in
a concentration-dependent manner: the inward Zn gradient,
rather than intracellular Zn, is responsible for the stimulatory
effect (Fig. 4). In the hepatocytes and the HT-29 cells, the rise in
cytosolic Ca was related to release from intracellular pools
[33,41]. In contrast, influx of extracellular Ca was responsible
for the increase in cellular Ca in the MDCK and the IB3-1 cells
[32,42]. Basically, two main mechanisms have been proposed:
Zn action through P2 receptors or through Zn-sensitive receptor
(ZnR).

The purinoceptor superfamily P2 receptors recognize extra-
cellular ATP, ADP, UTP and UDP. P2X receptors (P2XRs) are
non-selective cation channels that allow influx of extracellular
Ca [28], whereas P2Y receptors (P2YRs) are coupled to G

protein activating PLC which in turn triggers the production of
IP; leading to Ca mobilization from ER stores [37,43]. Among
P2XRs, P2X, has been shown to be regulated by metal ions
including Zn®" and Cu®": Zn®" favors ATP-stimulated P2X,
activation, whereas Cu®" inhibits it [31,32,44]. Because of its
rapid inactivation, P2X5, which is also sensitive to Zn, is
generally believed not to be responsible for the observed sus-
tained increase in Ca”" influx [32]. Interestingly, Cd*" has also
been shown to mimic Zn’s effect on Ca influx, which suggests
no or very low Cd permeability through the activated
mechanisms of transport [31]. In contrast, our data demonstrat-
ing reciprocal inhibition between Cd and Ca clearly show
significant Cd permeability. Our results also reveal a higher
stimulatory effect of Zn on Ca uptake compared to Cd, but the Ca
concentration used in our studies was much higher (5 mM vs.
0.3 uM). As observed by others for P2X, activation [32], we
found the stimulatory effect of Zn on Ca and Cd uptake in HIEC
cells to decrease with acidic extracellular pH (data not shown).
Also, Zn as well as Cu modulations of ATP-stimulated P2X,
have been shown to be voltage-independent [31]. Changing Na
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Fig. 10. Fluorescent change of Fluo-3/AM-loaded 5-day-old (60% confluent)
HIEC cells. (A) thapsigargin (5 pM) was added (filled circles) or not (open
circles) in the nitrate medium prior Ca addition (0.5 mM). (B) SKF-96365
(30 uM) was added (filled circles) or not (open circles) in the incubation medium
prior Zn (100 pM)+Ca (0.5 mM) addition as mixture. Values shown are means
fluorescence levels relative to control+S.D. evaluated on 13 to 17 determina-
tions of the same subculture.
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for K, which is expected to collapse the transmembrane
potential, did not affect either the basal or Zn-stimulated Ca
uptake in the HIEC cells (Fig. 6). Therefore: (i) voltage-
dependent Ca channels are unlikely to be expressed in these
cells; and (ii) the stimulatory effect of Zn is not expected to
involve activation of any voltage-gated channels. These
conclusions are further supported by the lack of inhibition by
nifedipine, even under exposure conditions with an excess of
K*. However, a clear inhibition of Zn-induced increase in Ca
uptake was observed with verapamil. This specific effect of
verapamil remains to be clarified, but nifedipine belongs to the
dihydropyridin family of high selective L-type Ca channel
blockers, whereas verapamil (a phenylalkylamin) is much less
specific to Ca channels. Clearly, extracellular K does not
potentiate Zn-induced stimulation of Ca uptake in HIEC cells.
One important finding of our studies is the presence of Zn-
induced stimulation of Ca uptake in the absence of extracellular
ATP with no additional effect with co-incubation with ATP and
Zn (Fig. 9). Suramin, a P2XRs antagonist, failed to block the
effect of Zn. Although Zn-induced stimulation of Ca and Cd
uptake was observed in HIEC cells but not in mature TC7 cells or
in alveolar cells A549 (Fig. 2), 6- to 8-fold lower levels of P2X,
mRNA were detected in HIEC cells (Fig. 8). Although Zn-
stimulated Ca and Cd uptake in HIEC cells shares a number of
features with the P2X, receptor channel, our results do not
support Zn-modulated activation of P2X,.

As for P2YRs, a metabotropic ZnR has been suggested to be
responsible for Zn-induced release of Ca from ER stores
through IP; transduction pathways [33,41]. This discharge of
thapsigargin-sensitive intracellular pools may stimulate the
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Fig. 11. Short-term (3 min) accumulation of 0.5 mM Ca in 10-day-old
confluent HIEC cells in the absence (Ctrl) or the presence of 100 pM Zn
alone or in combination with 30 pM SKF. Uptake experiments were also
conducted on cells pretreated with 0.5 uM thapsigargin (Tg) for 5 min prior
exposure to Ca or on cells pretreated with 30 pM SKF-96365 for 2 min prior
co-exposure to Zn. Values shown are means+S.D. evaluated on 5 deter-
minations of the same subculture. *Significant differences (P <0.05) com-
pared with the value measured in the presence of thapsigargin. “Significant
differences (P <0.05) compared with uptake values measured in the presence
of Zn alone.
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Fig. 12. Short-term (3 min) uptake of 0.3 uM Cd (A) or 0.5 mM Ca (B) in 10-
day-old HIEC cells measured in the absence (Ctrl) or presence of 100 uM Zn
alone or in combination with 2 uM U73122. Values shown are means+S.D.
evaluated on 5 determinations of the same subculture. Columns labeled with
different letters are significantly different (P <0.05).

influx of extracellular Ca through SOCs also called calcium-
release-activated channel (CRAC). This capacitative Ca entry
has been observed in the HIEC (Figs. 10A and 11). However,
Zn alone failed to mimic the effect of thapsigargin on ER Ca
stores, whereas co-incubation with Zn and Ca led to huge
increases in Fluo-3 fluorescence (and uptake) levels without
inhibition by SKF-96365 (Fig. 10B and 11). Only part (28%) of
the Zn-stimulated Ca, but not Cd influx, was inhibited by
U7312 (Fig. 12). Therefore, it is unlikely that Zn-induced
stimulation of Ca and Cd uptake is mainly related to SOCs
activation in response to Ca release from thapsigargin-sensitive
stores.

Trivalent cations Gd*>* and La®>" are commonly used as
blockers of non-selective cation channels [45,46], including Ca
channels [47,48], while the divalent ion Ba*" is a less potent
inhibitor but often permeates Ca channels [49,50]. All of these
metals showed a strong inhibitory effect on the Zn-stimulated
uptake of Ca (Fig. 7), but Gd** and La*" were more efficient
compared to Ba**. La*" was also shown to eliminate the Zn-
stimulated rise in cytosolic [Ca] in MDCK cells [42]. The
epithelial Ca channel CaT1 (also called TRPV6) is a member of
the TRPV family of voltage-insensitive channels structurally
related to the transient receptor potential (TRP) family of Ca
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channels [51]. Ca transport through CaT]1 is highly inhibited by
Gd*" and La®>" (up to 85%) and to a much lesser extent (40%) by
Ba”" [42,45]. As already discussed in previous studies, we did
not succeed in detecting significant CaTl mRNA in HIEC cells
[19], but our present results clearly show a Gd**- and La**-
inhibitible Zn-stimulated mechanism of Ca uptake in HIEC
cells. Because Zn was shown not to significantly modify Ca
current in oocytes injected with CaT1 [52], the involvement of
this epithelial Ca channel in the observed phenomenon in HIEC
cells is unlikely. Also, because of its much stronger preference
for Zn*" over Ca”" cation, the involvement of TRPM7 is
unlikely [50].

5. Conclusion

In this study, we have further characterized Cd uptake in
intestinal crypt HIEC cells. Our data provide evidence of
reciprocal Ca and Cd inhibition for Zn-stimulated processes of
uptake. These transport pathways are unlikely to involve
voltage-gated channels but are inhibited by divalent metals
and to a much higher extent by trivalent metals. Although Zn
may activate the purinergic P2X, subtype of the P2X receptor
channel, our results do not support the involvement of these
channels in Zn-stimulated Ca and Cd uptake in HIEC cells. Also,
Zn is unlikely to trigger the activation of SOCs in response to Ca
release from thapsigargin-sensitive intracellular pools. Cd—Ca—
Zn interactions for accumulation in intestinal crypt cells clearly
deserve to be further investigated, especially since oral exposure
to toxic metals generally involves metal mixtures. The present
study demonstrates that, contrary to what is observed for diffe-
rentiated enterocytes, Zn does not necessarily protect against the
cellular accumulation of Cd, but instead may favor uptake
processes.
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