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Abstract. 1°°Cd uptake was studied using the highly likely involves a carrier-type of protein unrelated to Ca
differentiated TC7 clone of Caco-2 cells as a model ofabsorption.
human enterocyte function. Intracellular accumulation

of 0.3 wm '°%Cd involved a rapid and a slow uptake Key words: Cd transport — Kinetics, Caco-2 cell cul-
phase, which resulted in complete equilibratiof, (= ture — Human enterocyte — Differentiation
17.3 £ 1.3 min) with an apparent in-to-out distribution
ratio (o) of 11.6 £ 0.8. The amplitude of the rapid phase
(Up) and the rate of the slow phas¥)(were similarly  Introduction
reduced in the less differentiated PF11 clone, but com-
parablea, values were observed at equilibrium. In both Cadmium (Cd) is a highly toxic metal with many indus-
clones, thet;, and a, values increased and decreased.trial uses. Although attempts have been made to reduce
respectively, upon addition of unlabeled Cd to the uptakecd emissions during processing, the ubiquity of this
media. In TC7 cells!°Cd uptake at 1 miny,) was  metal as an environmental contaminant is well docu-
unaffected by Ca concentrations four order of magnitudenented [33]. Cadmium enters the food chain, and both
in excess, but bothJ, andV demonstrated similar sen- plants and animals can be contaminated. Following oral
sitivities to unlabeled Cd, Zn and sulfhydryl-reactive exposure, Cd is absorbed in mammals through the gas-
agents. OnlyJ, disappeared when EDTA was present in trointestinal tract and transported via the blood circula-
the wash solutionsU; showed saturation kinetics and tion to various tissues. The liver and kidneys are the
the data were found compatible with a model assumingnajor sites of Cd accumulation, and studies on Cd uptake
rapid initial Cd binding and transport through a uniqueand toxic effects have focused on these tissues [6, 16,
transport proteink,,, = 3.8 £ 0.7um). Cd efflux kinet-  18]. Intestinal Cd absorption has been mainly investi-
ics demonstrated partial reversibility in EDTA- gated in terms of metabolism in humans [40] and rodents
containing solutions, suggesting that the taken up Cd20], but little is known about how Cd permeates the
might be both tightly and loosely bound to intracellular intestinal epithelial cells.
binding sites. However, the displacement3iCd mea- The most common hypothesis in the literature is that
sured at 65 min failed to reveal this heterogeneity: theintestinal Cd uptake involves competition with essential
data were found compatible with a model equation aselements such as Ca or Zn for specific transport systems,
suming the presence of one class of high-capacity highand mostin vivo studies aimed at assessing Cd absorp-
affinity binding sites. We conclude that a slow-transporttion have measured Cd body retention and Cd, Ca or Zn
fast-intracellular binding mechanism of Cd uptake bestissue distribution following oral Cd administration un-
accounts for these results and that Cd transport mosfer different dietary Ca or Zn status [22, 27, 49]. Results
obtained from such studies on Cd/Ca interactions in in-
testinal transport are however inconclusive: oral Cd ad-
I ministration was found either to inhibit Ca absorption
Correspondence tdF. Denizeau [22, 43] or to be without significant effect [51]. Simi-
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larly, Cd was reported to decrease Zn absorption [42]enterocytic differentiation [10] allows the study of intes-

but also to have the opposite effect [41]. Although tinal functions in relation to differentiation status.

vivo studies certainly yield useful information about Cd The aim of the present study was thus to characterize

metabolism and toxicity, they do not allow investigation the kinetics of Cd uptake in the Caco-2 cell line used as

of the membrane and cellular mechanisms responsible human enterocyte model under experimental condi-

for Cd uptake and transport through the intestinal epitions where Cd concentrations were comparable to what

thelium. might be found in the bolus following the ingestion of
In parallel,in vitro approaches using perfused intes- contaminated foodstuffs [37]. The kinetic studies were

tinal segments or everted gut sacs have provided mech&erformed in a minimal transport medium of defined

nistic insights. Some studies have suggested that Composition, which allowed us to define and control Cd

may decrease basal and vitamin D-stimulated intestina$Peciation in the extracellular environment. Our results

Ca absorption [4, 46], and both noncompetitive and com€learly demonstrate that Cd uptake is a complex phe-

petitive inhibitions have been proposed [23, 46]. Cad-"menon to which contribute both specific and nonspe-

mium was shown to be a strong competitor of the intesCific transport and binding processes. The involvement

tinal C&*-pumping ATPase responsible for ATP-driven Of & Ca route is unlikely under our experimental condi-

Ca efflux across the basolateral membrane [48], but posions, but Cd uptake is highly sensitive to Zn inhibition

sible competition between Ca and Cd for intestinal up-21d may involve a carrier-type of protein.

take from the lumen through an apical transport system is

still unclear. Similarly, the involvement of voltage-gated Materials and Methods

Ca channels in intestinal Cd uptake remains questionable

since the existence of such channels in the enterocyte is

not clearly established [47]. Moreover, Cd permeability CeLL CuULTURES

throughL-type Ca channels was reported to be extremely

low relative to that of Ca [45], although some studiesCaco-2 cells were obtained from the late Dr. J. Fogh (Sloan Kettering

have shown that Cd may permeate membranes in pap@stitute for Cancer Research, Rye, NY) and were used betwgen pas-

through these channels in liver [8] and kidney [12] cells. Sa%es 80 and 90 (C#80-90). The PF11 and TC7 clones, which have

hni . Vi f di inal h been isolated from early and late passages of the Caco-2 cell line,
Techniques involving perfused intestinal segments aV?espectively [10], were kindly supplied by Dr. A. Zweibaum (INSERM

also provided data supporting the assumption that Cdj178, villejuif, France). Both clones were used between the 38th and
competes with Zn for intestinal transport. Cadmium was45th passages. Stock cultures were grown in 75 plastic flasks in
shown to decrease Zn transport, but Cd transport to thBulbecco’s Modified Eagle essential minimum medium (DMEM) con-
vascular effluent was also found to increase upon zr2ining 25 glucose and supplemented with 15% (C#80-90) or 20%
addition in the luminal perfusate [24]. Because of the'"F11 and TC7) inactivated fetal bovine serum (FBS), 0.1 mM non-
. . . . ] essential amino acids and 50 units/ml penicillin 4&§ml streptomy-
heterogeneity of intestinal tissue itself, the nature of poszi, cultures were maintained at 37°C in a 5% £®5% air atmo-
sible interactions remains unclear from these data. HoWsphere and were passaged weekly by trypsinization (0.05% trypsin/0.53
ever, although Cd/Zn interactions were shown to be nonmm EDTA). For all experiments, cells were seeded in 35 x 10 mm
competitive in suclin vitro systems [15], strong compe- Petri dishes at 40 x £0(C#80-90), 20 x 19 (PF11) or 12 x 19

tition was evident in brush border membrane VeSicleé:e”S/cn?_(TCn' With thgse specific seeding d_ensities, cell confluence
. . . . was achieved on day 6 in all cases. The medium was changed every 2
isolated from _the p!g Sma!l mtgstme [44]' . days, and the cultures were maintained for 18 days to reach the sta-

Because intestinal epithelial cells represent the firstionary growth phase and to allow maximal functional differentiation
barrier to be crossed by Cd following oral administration, [10, 26].
the mechanism of Cd absorption through these cells is of
prime interest. In this context, human cell culture mod-
els are potentially useful for identifying cellular mecha-
nisms. In the absence of differentiated normal intestinal ,

. . Cells from 6- or 18-day old cultures were collected from three Petri
cell lines, Caco—2_ cells offer a valuable alternative. In,dishes and pooled for sucrase and protein assays. The culture plate:
fact, although derived from a human colon adenocarCiyere washed three times with 2 ml of ice-cold phosphate-buffered
noma [13], these cells exhibit spontaneous enterocytigaline (PBS), pH 7.4. The cells were then carefully scraped off the
differentiation at confluency [35] and represent a par-plates with a rubber policeman and homogenized in cold PBS (3
ticularly relevantin vitro model for studying human in- plates/2 ml) by 1-min sonication (2.5 watts) using a Vibra Cell high
testinal functions [7, 26, 38]. Moreover, the Caco-2 cel|intensity ultrasonic processor (Sonics & Materials). Samples were kept

. . . t —20°C fi | th k bef lysis.
line has often been used as a model for studies of intes* Or no 'ONGET thah one week etore analysis
Sucrase activity (EC 3.2.1.48) was used as a marker of entero-

tinal permeability to Ca [1.9] and to trace ele.mem_s SuCI/\:ytic differentiation and assayed at 37°C on cell homogenates accord-
as Fe [1] and Zn [36]. F'na"y, the .recem isolation of ing to the method of Kunst et al. [30] using a 28irsucrose concen-
Caco-2 cell clones showing either high or low levels of tration as described previously [25]. Protein content was determined

SUCRASE AND PROTEIN ASSAYS
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Table 1. Cd speciation in the transport medium 109Cd for 65 min, at which time uptake was stopped as described in the

previous section, but using room temperature stop solution, before
Name % Total subsequent incubation in Cd-free medium for specific times. Efflux

assays were stopped by removing the medium and the monolayers were
cdcr 61.4 rinsed four times with ice-cold stop solution. Cells were processed for
CP* 14.0 radioactivity and protein determinations. In some experiments, both
CdCl, 20.9 the washing procedures and the efflux measurements were performed
CdCE 1.8 in the presence of 2 mEDTA (Ca-, Mg-free medium).

The composition of the transport medium is described in the text. Cd
speciation was calculated using the MINEQthemical equilibrium ~ DATA ANALYSES
program. Species listed are those representing more than 1% of the total

dissolved metal. Uptake Studies

The following notations consistently apply throughout the text.
according to Bradford [9] using bovine serum albumin as the calibra-U$ (pmol.mg proteini®): zero-time intercept in time-course studies.
tion standard. U% (pmol.mg protein®): equilibrium Cd uptake estimated by nonlinear

Sucrase activity is expressed as milliunits per mg of protein regression analyses of uptake dalti)(obtained over the 0-65 min
(mU.mg protein?), one unit being defined as the activity which hy- time range using Eq. (1),

drolyses ongumol of substrate per min under the experimental condi-
tions. U* = Us(1-e™)+Up 1)

or by the 65 min uptake values in Fig. 8.
Cd UPTAKE MEASUREMENTS k (min1): first-order rate constant of the uptake process estimated from

. Eqg. (1).
Cadmium uptake measurements were performed on 18-day-old cell (pmol.min"%.mg protein?): initial rate of Cd uptake measured by

cultures in a serum-free transport medium containing (M)M37  {he slope of the linear regression analysis to uptake data obtained over
NacCl, 4.7 KCl, 1.2 KHPQ,, 1.2 MgSQ, 2.5 CaC}, 4 p-glucose and  ine 0-60 sec or 0—3 min time ranges using Eq. (2).
10 HEPES, buffered to pH 7.3 with 5 NaOH. Monolayers were washed

four times with the Cd-free transport medium before incubation in 1 mly* = vt + Us )
uptake medium containing 042Ci (0.3 um) of 1°°Cd (sp. act. 0.665
mCi/umol). Experimental media were always prepared in advance andJ; (pmol.mg protein®): initial Cd uptake measured at a 1-min time
allowed to equilibrate overnight at room temperature. The chemicalpoint.
forms of Cd at equilibrium in the transport medium were calculated v+ (pmol.mg protein®): contribution of the slow uptake process during
using the MINEQL chemical equilibrium program (Schecher, W., the initial phase to total uptake measured at 1 min. The numerical
Westall. J., Environmental Research Software, copyright © 1994) andsalues ofv% and V* are obviously similar when the latter are reported
those species representing more than 1% of the total dissolved metgélative to a time scale in units of 1 min. The distinction betwn
are listed in Table 1. In some cases, experiments were conducted in thend v+ was required to maintain a consistent set of units when assess-
presence of other metals or inhibitors. In all such examples, MINEQL ing the contribution ofv* and Uz to U*.
calculations were performed to verify that modifications to the trans-u*_ Uz, V%, V&, U%; specific fractions of the parameters defined
port medium did not induce any change in Cd speciation. Moreover, inabove, respectively, which are inhibited by high concentrations of un-
inhibition experiments using 10Am unlabeled Cd or different con-  |abeled Cd. Note that, in the above definitions, the superscript (*)
centrations of Zn, each metal concentration was verified by atomicindicates that Cd uptake values are expressed relative to pure concen
absorption spectrophotometric analysis [2], using a flame spectrophotrations of 1°°Cd (this concentration was 043w in all experiments
tometer (Varian, model Spectra-20). In all cases, metal concentratioRxcept those described in Fig. 6 where it was varied from 0.1 {080
fell within the 90% confidence interval of the expected concentration. The added unlabeled CdQhus acts as a pure competitive inhibitor of

All experiments were performed at room temperature (20°C—tracer Cd in these experiments.
23°C) without agitation since uptake measurements performed ors, T(um): refer to unlabeled Cd and pure tra¢8fCd concentrations,
swirled or unswirled Petri dishes gave similar resudtaté not showp  respectively. Indicesoj and {) stand for the outside (incubation me-
Uptake was stopped by removing the transport medium and the monadium) and intracellular compartments, respectively.
layers were rapidly rinsed four times with 2 ml of ice-cold Cd-free All other notations are described in the text as necessary.
transport medium to remove the excess radioactivity. In some experi-
ments, these rinses were performed in Ca-, Mg-free medium containin .
2 mv EDTA in order to exrt)ract the external Iagile metal fraction from %d Efflux Studies
the cell surface. Cells were then solubilized in 1IN NaOH (0.5 ml) and
aliquots of 300ul were used for radioactivity determinations using a
gamma counter (Compugamma CS, model 1282, Fisher Scientific Ltd
whereas 5Qu| of the remaining suspension was kept for protein assay.

Nonlinear regression analyses of the effl&k)(time-course data were
Performed using the first-order decay Eq. (3).

= (B -E)e* e ®

Cd ErFLUX MEASUREMENTS in which E} represents the amount $°Cd present in the cells at time

t = 0 of efflux (and is thus equal to the sum of th and U
Cadmium efflux measurements were performed at room temperaturparameters defined in Eq. (1)) ai stands for the plateau of efflux
on 18-day-old cell monolayers. The cells were first exposed ta®.3  reached with the first-order rate const&nt
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Kinetic Parameter Determinations 140 1 bo

For the data reported in Figs. 6 and 8, the kinetic parameters wer:
evaluated by nonlinear regression analyses as justified in the Resull
section. The maximum number of acceptable Michaelis-Menten terms
in the equations used was determined through statistical evaluation ¢
the successive curve-fittings according to the usual criteria [11].

Thet,,, values reported in this paper represent the time for which
tracer uptake or efflux was half-completed. Their numerical values
were calculated using Eq. (4).

120 -
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in which thek andk’ values were those estimated from Egs. (1) and (3),
respectively.

Both linear and nonlinear regression analyses were performec
using the Enzfitter software (Robin J. Leatherbarrow, Copyright © 0 .
1987) and the robust weighting routine. The errors associated with the C#80-90 TC7 PF11
kinetic parameter values given in the text represent the standard errors
of regressionger). Where appropriate, the 95% confidence interval of Fig. 1. Functional differentiation status of the different Caco-2 cells
the regressions was determined using Fig. P software (Biosoft Corpotines. Sucrase activity was measured as described in the text in cell
ration, copyright © 1990). homogenates from the parent Caco-2 cell line (C#80-90) and the TC7

and PF11 clones. Monolayers were maintained in culture for 6 (open
columns) or 18 days (dotted columns). Values shown are means +
MATERIALS evaluated on 5 different cell passages. Letgeandb indicate signifi-
. o cant differencesR < 0.05) between values obtained, respectively, on
All culture ware (Falcon) was obtained from VWR Scientific (Toronto, days 6 and 18 in the clones relative to C#80—90, whereas testenws

Ont.) whereas I_DMEM' penicilli_n, streptomycin and trypsin were pur- significant differences between values obtained on day 18 relative to
chased from Gibco Laboratories (Grand Island, NY). FBS was ob-day 6 for each cell line

tained from Immunocorp (Monted, Que) and was inactivated at 52°C

for 30 min. Labeled®*CdCl, was obtained from Dupont Canada (Mis-

sissauga, Ont.) and cold Cdgfom Sigma Chemical (St-Louis, MO). 451y gifferentiated phenotypes of enterocytelike cells,

ZnCl, was purchased from Anachemia (Lachine, Qaed HgC} from . .
respectively, when compared to the parent cell line [10].

Fisher Scientific Ltd. (Whitby, Ont.). Ouabain ahdethylmaleimide ) 1090
(NEM) were obtained from Sigma Chemical, whereas parachloromer- | he time courses of 0.8u d uptake recorded at

curibenzenesulfonate (\CMBS) was purchased from Aldrich Chemicadifferent cell passages were highly reproducible for the
(Milwaukee, WI). All salts and chemicals used for buffer preparation three cell lines. The uptake kinetics could be well de-
were of the highest purity available. scribed by the first-order rate Eq. (1) under all experi-
mental conditions and unlabeled Cd (30) acted as an

effective inhibitor of tracer uptake in all cell lines. These

——

2] |

SUCRASE ACTIVITY (mU.mg protein")

Results facts can be best appreciated for the TC7 and PF11

clones in Fig. 2, and for all cell lines in Table 2 summa-
KINETIC CHARACTERISTICS OFCd UPTAKE IN CACO-2 rizing the uptake parameter values. Taken together,
CELLS IN RELATION TO THE CELL FUNCTIONAL these results demonstrate the general characteristics o
DIFFERENTIATION STATUS Cd uptake in Caco-2 cells.

First, there is a major slow phase of Cd uptake that
As shown in Fig. 1 from sucrase activity measurementsappears related to the cell functional differentiation sta-
in cell homogenates, confluent but undifferentiatedtus, the overall rate of Cd accumulation being signifi-
6-day-old cultures (open columns), all presented low levcantly lower in the PF11 than in the TC7 cells (Fig. 2).
els of the specific brush border enzyme marker, and th@his difference is reflected by thg, values shown in
lowest level was recorded in the PF11 clone. In contrastTable 2, which also indicates that the parent C#80-90
sucrase activity was markedly increased in 18-day-olccells behave quite similarly to the cloned TC7 cells.
monolayers (dotted columns) originating from C#80-90Note in Table 2 that the,, values are also increased by
(54.6 = 9.7 mU.mg proteiit) and TC7 cells (117.4 + a factor varying from 1.5— to 2.1-fold in all cell lines
11.3 mU.mg proteir), but remained very low in the when the uptake assays are performed in the presence o
PF11 clone (21.6 + 5.0 mU.mg protéfj. These results 30 um unlabeled Cd.
agree quite closely with those of previous reports dem-  Second, there is a very rapid phase of Cd uptake that
onstrating that the enterocytic differentiation status ofshows up as a non-zero intercept in the uptake time
Caco-2 cells is a growth-related phenomenon [7, 26, 35]course U} parameter in Table 2), part of which should
and that the TC7 and PF11 clones represent highly antle considered as linked to the existence of a specific
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alone represent intracelluld?°Cd contents of 15.6 + 1.6
pmol.platé* under uptake conditions where the total Cd
content initially present in the uptake media was 300
pmol.plate®. Clearly, then, Cd depletion from the me-
dium of 5.2 + 0.5% does not contribute appreciably to
the leveling off in Cd accumulation observed in uptake
studies such as those shown in Fig. 2.

The results shown in Fig. 2 and Table 2 suggest that
cellular functional differentiation status does not greatly
affect the general characteristics of Cd uptake in Caco-2
cells. However, since the TC7 monolayers appeared
more representative of the adult mature enterocyte (Fig.
1), subsequent experiments were performed exclusively
on these cloned cells.

U* (pmol.mg protein™')

EFFecT oFEDTA IN THE Stop SoLuTIoNs oN Cd
UPTAKE MEASUREMENTS

The specific rapid initial phase of 0;8v 1°°Cd uptake
(UgY, characterized above by its sensitivity to high con-
7 centrations of unlabeled CdgClcould represent external
binding to specific membrane sites, in which case it
TIME (min) should be possible to rfaduce it by using a strong Cd
chelator such as EDTA in the stop solutions during the
Fig. 2. Time course of 0.3um 2°°Cd uptake (U*) in 18-day-old TC7 Wwashing process. As shown in Fig. 3, washing the Petri
(circles) and PF11 (diamonds) cells. Uptake measurements were pedishes with 2 mn EDTA (open circles) significantly low-
formed as described in the text in the absence (filled symbols) orin theered Cd uptake values all along the uptake time-course
presence (open symbols) of 3 unlabeled Cd. Points shown are study when compared to the standard washing procedure

means sem evaluated on 3 different cell passages. The lines shown,.. . .
are the best fit curves over the data points (£95% confidence intervals)(fIIIed CIrCleS)' although the difference between the two

as obtained according to the first-order rate equation Eq. (1) in the texttreatments was no Ionggr Signiﬁcant at equ”.ibrium:(
The uptake parameters are listed in Table 2. 65 min). The net effect is a small increase in thgof
equilibration from 16.1 + 1.7 min in the absence of
. . . EDTA to 17.4 + 2.0 min in its presence. The inset of
* -
process sinc&} is sensitive to unlabeled Cd. The am Fig. 3 shows that Cd uptake can be approximated by

plitude of this specific uptake componett¥( = differ- : . g S
ence between conditions (1) and (2) in Table 2) appeargtralght lines for up to 3-min incubation times under both

inversely proportional (mean proportionality factor of conditions and clearly demonstrates that, as expected
Y brop N prop Y EDTA in the stop solutions reduced the fast binding

10.2 = 2.9 for the three cell lines) to tig, values of the omponent as compared to the control conditions (0.40 +
slow phase of uptake. On the basis of an average ce 10?/3 114 + 0 2F2) mol.ma broteift. respectivel ) -
volume of 3.66 = 0.20ul.mg protein? [7], U%, corre- AU VS, L.aa = U.22 pmol.mg p ' pectively).

: : : The inset of Fig. 3 also indicates that the initial uptake
sponds to an accumulation ratio of intracellular-to- . . )

. . - rate is decreased by 25% when EDTA is present during
extracellular Cd concentrations varying from a minimum

: 4 . _the washing steps (0.42 + 0.06s. 0.56 + 0.05
ﬁgecgﬂgs in PFL1 cells to a maximum value of 0.7/in pmol.miri -.protein* with and without EDTA, respec-

tively).

Third, there is a stationary phase of Cd uptaki (
parameter in Table 2) which is highly sensitive to cold
Cd but almost independent of the cell functional differ- KINeTics oF Cd EFFLUX
entiation status under both conditions of incubation. On
the basis of the average cell volume reported above, iThe results shown in Table 2 demonstrate tHi&Cd
can be calculated from tHd? values that there is a 11.9 accumulation at equilibrium initially appears concentra-
+ 1.2-fold or a 1.6 + 0.3-fold accumulation ratio of tive and is highly sensitive to unlabeled Cd. Accord-
intracellular-to-extracellular®°Cd concentrations at ingly, Cd interactions with intracellular structures may
equilibrium @) under assay conditions (1) or (2), re- be suspected, as supported by the considerations given ir
spectively. For the similar cell densities of 1.2 + 0.3 Appendix I. This hypothesis was addressed by looking
mg protein.plate’ measured in 18-day-old mono- at the time courses of Cd efflux from TC7 cells preex-
layers, theU? values estimated in the presence of tracemposed to 0.3um °°Cd for 65 min. The results of these
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Table 2. Uptake parameter values describing the time cours€@afd tracer uptake in the different Caco-2 cell lines

Us Us tiy Qe
(pmol.mg protein®) (pmol.mg protein®) (min)
C#80-90 (1) 0.89+0.21 11.9+0.8 13115 10.8+1.3
(2) 0.30+0.02 14+0.2 248+34 1.3+04
TC7 (1) 115+0.15 12.7+04 17.3+ 23 11.6+0.8
(2) 0.38%0.07 21+0.2 36.2+5.7 19+05
PF11 (1) 0.81+0.16 145+0.9 28.9+83.6 13.2+1.3
(2) 0.48x0.04 1.6+0.3 425+6.4 15+05

Experimental conditions and analyses were as described in the legend to Fig. 2 showing the uptake time courses in the TC7 and PF11 clone
(1) and (2) correspond to 0;av 1°°Cd uptake measured in the absence or presence pfidthlabeled Cd, respectively. The meaning of the uptake
parameters pJ*U% andt¥z is given in the text, and the values shown are the best-fit parametsgs walues corresponding to Eq. (1). The
accumulation ratios of intracellular-to-extracellut8PCd concentrationso) were calculated from the JUvalues as described in the text. Letter
indicates significant difference® (< 0.05) between the two clones TC7 and PF11.

experiments are presented in Fig. 4 where the efflux 15—
studies have been conducted in standard Cd-free (fille:
circles) or EDTA-containing (open circles) media. In
both cases, the time course of Cd efflux could be well
described by the first-order decay Eq. (3). 12 4
As previously noted in Fig. 3, it is also readily ap- __
parent in Fig. 4 that the zero-time control efflux (which T
corresponds to the equilibrium control uptake in Fig. 3) -
is lower using EDTA-containing than EDTA-free stop
solutions (12.3 + 0.3s.14.6 + 1.4 pmol.mg proteir).
For the 65-min efflux experiment, both the ratg, (val-
ues of 8.2 + 3.%/s.1.5 £ 0.2 min) and extent (values of
12.2 + 0.3vs.7.8 + 0.1 pmol.mg proteiit at 65 min-
efflux) of Cd release were greater in the EDTA-
containing solution. After correction for the initial bind-
ing components in the absence or presence of EDT/YH
(Fig. 3), it can be calculated that up to 55% (7.4 pmol.mg
protein®) of the intracellular Cd initially accumulated
(13.5 pmol.mg proteift) cannot be recovered in the
EDTA-containing medium. With an average cell vol-
ume of 3.66ul.mg protein® [7], this value accounts for
a 6.7-fold accumulation of intracellular Cd relative to the

elin

(pmol.mg prot

U* (pmol.mg protein™")

TIME [min]

0 10 20 30 40 50 60 70

Cd concentration initially present in the uptake medium.

Note that the amount of Cd recovered in the EDTA- TIME (min)

containing medium (7.3 pmol.plat§ is obviously too

small to saturate &mo|/m| EDTA [3] Fig. 3. Effect of EDTA in the stop solutions on Cd uptake measure-

The rapid loss of Cd content in the EDTA- ments. Time course of 0.8v 1°°Cd uptake (*) was determined for

. . . 18-day-old TC7 cells as described in the text and uptake was stopped
containing solutions undoubtedly contributes to the ap-

e with standard cold Cd-free mediun®j or with 2 mm EDTA-
parently lower initial rates of Cd uptake recorded whencontaining medium®). Points shown are meanssem evaluated on 3
EDTA-containing stop solutions were used (inset of Fig.determinations on the same subculture. Inset: initial short-term Cd
3). Accordingly, subsequent experiments were per-accumulation. The lines shown are the best fit curves over the data

formed using the standard stop solution to minimize ef-points (+95% confidence intervals) as obtained according to the first-
flux during the washing steps order rate Eq. (1). (main graph) and to the linear regression analysis
' (Eq. 2) (inset).

EFFECTS OFOUABAIN AND SULFHYDRYL

BINDING AGENTS for uptake with°%Cd, which strongly suggests that a
transport protein might be responsible for Cd accumula-

The experiments described in Fig. 2 and Table 2 demtion in Caco-2 cells. Further support for this hypothesis

onstrate that unlabeled Cd can compete quite effectivelyas thus sought by testing the effect of ouabain and
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Fig. 4. Kinetics of Cd efflux from 18-day-old TC7 monolayers. The %
cells were preexposed to 031 *°°Cd for 65 min, and Cd release was g
determined in standard Cd-free mediu@) (r in the presence of 2m o))
EDTA (O) for specific times as described in the text. Lines show the E
best fit curves over the data points (meansew evaluated on 3 o
determinations on the same subculture) corresponding to the first-orde g_
decay Eq. (3). i
=2
T T T T ™ Al

. . . 0-+— — — .
SH-reactive agents on Cd uptake. In a first series o 0 15 30 45 60 75
experiments, the initial uptakes of 0@ °°Cd (U¥) TIME (sec)
were estimated at 1 min and 20°C following a 30 min
preincubation period at 37°C in the presence of the difrig. 5. Effect of ouabain and two SH blockers on the initial uptake of
ferent inhibitors. As shown in Fig.A Cd uptake was cd measured at 1 mirUg, A) or for different short-term incubations
unaffected by the specific inhibitor of the K& ™- (U*, B). 18-day-old TC7 cells were preincubated in the presence
ATPase pump, but was markedly inhibited following cell of 1 mv ouabain (ouabain), 2 mNEM (NEM, [J) or 2 mm pCMBS
pretreatment with 2 m of either NEM or pCMBS. If  (PCMBS, ©) for 30 min at 37°C and uptake of 08u ***Cd was
109 uptake in the presence of 1081 unlabeled Cd is determined at room temperature in the presence of the specific inhibi-

. . tors as described in the text. Uptake experiments were also performed
taken to represent nonspecific (nondisplaceable) tracey,

S -On untreated cells (contrd®) and in the presence of 1Q0x unlabeled
uptake, as seems justified from the results presented i8q (cd,0). values shown are meanssem evaluated on 5 determi-
Fig. 2, it can be calculated that NEM and pCMBS inhibit nations on the same subculture. The latténdicates significant dif-

the specific component(s) of Cd uptalddﬁ) by 60% ferences P < 0.05) compared with the control value. The uptake
and 72%, respectively. For both NEM and pCMBS, aparameters_obtained_ folloyving linear regression analyses (Eq. 2) over
preincubation period proved necessary to exert signifiine data points are listed in Table 3.
cant inhibition. When NEM and pCMBS were removed
from the incubation media prior to uptake measurementsr

a 40% inhibition level was still observed with the former

whereas a non-significant inhibition of only 7% was re inhibit, respectively, 91 and 84% of the specitis val-

corded with the latterdata not showh . .
. ues Ui, in Table 3), 56 and 73% of the specifi&
To better_understanpl the effect of the SHfre"’l.cnvevalues Vi, in Table 3), and 69 and 77% of the specific
agents, experiments similar to those presented in FAg. 5

) U% values U3, values can be compiled from the sum of
were repeated at a tracer concentration of v31°°Cd 1 Ui P

. )
and uptake was recorded at different time intervals oveFhe Ut and Vi, components shown in Table 3).

a 1 min incubation period. The results of these experi-

ments are presented in FigB5vhere it can be appreci- KINETIC PARAMETERS OF Cd INFLUX

ated that NEM (open squares) and pCMBS (open dia-

monds) affected both the initial rate of uptake and theldeally, because the initial phase of Cd uptake involves

zero-time intercept values (Table 3). AgainiifCd up-  both rapid and slow processes (Figs. 2, 3, 5, and Tables
take in the presence of 1 unlabeled Cd is taken to 2 and 3), the kinetic parameters of Cd influx should be

epresent nonspecific (nondisplaceable) tracer uptake, it
can be calculated from Table 3 that NEM and pCMBS
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Table 3. Effect of NEM and pCMBS on zero-time intercepts (Lnd uptake rates normalized to 1-min uptake)(V*

Conditions Initial rates Zero-time intercept
(pmol.mg protein®) (pmol.mg protein®)
Vi Vis Us Ugs
Control 0.91 +£0.05 0.73+0.09 0.76 £0.04 0.43+0.07
(100%) (100%)
NEM 0.50 £0.05 0.32+£0.09 0.37 £0.05 0.04 £0.08
(44%) (9%)
pCMBS 0.38+£0.02 0.20 £ 0.06 0.40 £0.02 0.07 £0.05
(27%) (16%)
CdCl, 0.18 £0.04 0.33+0.03

Experimental conditions and analyses were as described in the legend to Fig. 5. Values shown are the best-fit pasEmetdues obtained by
linear regression analyses (Eq. 2) of the data presented inBiJ.He uptake parameters,dhd V;* represent the intercept and slope (normalized
to 1 min uptake) of the regression lines, respectively. Specific fractiqpanl U%, were calculated by subtraction of the total values obtained in
the presence of 100m unlabeled Cd from the total values estimated under all other experimental conditions. Percentile values shown in parenth
were calculated relative to the specific values under control conditions arbitrarily taken as 100%.

determined from uptake time-course studies performedn which V% (equivalent tov* normalized to 1-min up-
at different Cd concentration3 ). In principle this ap- take) andUg are defined by Egs. (5) and (6), respec-
proach allows one to estimate the two initial uptake com-tively. This analysis failed to detect the presence of
ponents and to analyze them separately according to Egsore than one Michaelis-Menten component; Eq. (8)

(5 and 6). U )
% _ —maxil\'o
Vons(To) UL K+ (1) 02 (T ®)
=R+ e ©)

was thus found to be sufficient to describe the experi-
mental data fully (curve 1 in Fig.A with the following
Ui (To) YK, (T)) ©) values for the operational kinetic parameteus; ., =
T Kot (T, 00° 17.1 + 4.8 pmol.mg proteitt; K., = 3.9 + 1.2uM; Kp;
= 1.65 + 0.18 pmol.mg proteir.um™™.

Eq. (5) assumes that the initial rate of Cd uptake These values prove satisfactory in two ways: (i) the

involves: (i) a specific (saturable) procesét] which ~ Kmi value predicts 88% and 96% inhibition bfj; by 30

obeys Michaelis-Menten kinetics and can be describe@"d 100um unlabeled Cd, respectively, in agreement
by the usual kinetic parametexs, .. andK,.; and (ii) a with the re§ults shown in Table 2 and 3; and (i) kg,
nonspecific process such as purely passive diffusion devalue predicted by Eq. (9)
fined by the rate constart,. Similarly, Eq. (6) postu- 4k 9)
lates that the rapid initial uptake phasesj involves — °f Pt °
both saturabless) and nonspecific processes charac-from the consideration of Egs. (5-8) is equal to the
terized, respectively, by the kinetic parametgfs,,oand  sum of the individualky, (0.60 + 0.13 pmol.mg
Kmo @and the proportionality consta,. proteirit.um™) and K, (1.10 + 0.10 pmol.mg pro-
Experimentally, however, the low signal-over-noise teint,;,m™?) values that can be estimated independently,
ratio achieved and the necessar”y low number of dataespective|y, from the non-speciﬁd’i’ and Ug values
points collected in experiments such as those shown ifeported in Table 3 after normalization tqu Cd. Prior
Fig. 5B precluded a meaningful separation of thgand  correction for the contribution to total uptake of the
V* components of the initial uptake at each Cd concen (T,) term (curve 2 in Fig. 8), which gives a more
tration. ACCOfdingly, the kinetic parameters of Cd influx realistic view of the Cd uptake process per se, led to
were evaluated from the initial Cd uptake values meaigentical Viax and K., values withky, = 0.55 + 0.18
sured &a 1 min time point {1); pure tracer concentra- pmol.min~.mg protein®.um~%. Similarly, data correc-
tions ranging from0.1to 30Qm were used to increase the tion for the previously determind@Dl(To) term (curve 3
signal-over-noise ratio of the assays. The data were fitin Fig. 6A), which isolates the specific uptake process,
ted by nonlinear regression analysis according to Eq. (7)ed to theV,,., and K., values shown in Fig. B and
resulted in lowerser values associated with the kinetic
Uf = V¥ + U3 (7)  parameters determination.
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805 A Table 4. Zn speciation in the P©free transport medium
] 1
"-: 704 Name % Total
‘© 60
5 ] n?* 81.2
8 50 ZnCl* 8.4
= 3 ZnOHCI 2.6
£ ] 2 ZnCo, 25
S 30] Znsq, 1.8
g_ ] ZnHCG; 16
= 20 3
*:.- 104 The composition of the transport medium is described in the text. Zn
] speciation was calculated using the MINEQthemical equilibrium
0 " program. Species listed are those representing more than 1% of the tota
0 5 10 15 20 25 30 35 dissolved metal
[T] (M)
20 . . . .
- ] B proportional to their maximum values. Since the data
o reported in Table 3 show thaf;; and U, measured at
‘S 15 K, = 38:07uM 0.3 uM 1°%Cd account, respectively, for 63% and 37% of
] ) )
o V_ =165 £ 2.2 pmol.mg protein” the totalU%, estimated at 1 min, &,,,4, Value of 10.4
g pmol.mg protein* and aU,,,,, value of 6.1 pmol.mg
g 107 protein® can be estimated that would be entirely com-
S patible with the available evidence.
£
£ ;-
o EFFECT OFZINC ON Cd UPTAKE
0 T T T T 1
0 1 2 3 4 5 . . . .
u'/s Since Zn transport has been characterized previously in
1

Caco-2 cells [36] and since Zn and Cd competition for a
Fig. 6. Determination of kinetic parameters for Cd influx in 18-day-old C‘_)mmon trlansp(.)rt system h?‘S been demon_Strated in the
TC7 cells. Initial Cd uptakes (J*were estimated by one-time point pig small intestine [44], various concentrations of Zn
analysis (1 min) as a function 8P°Cd concentrations as described in ranging from 0.5 to 10@um were tested as to their ability
the text. Data points shown are the mears=w evaluated on 5 deter-  to alter the initial rates of 0.3um *°°Cd uptake. How-
minations on the same subculturé):( Direct plot corresponding to  ever, because |\/||NEQ|_ca|(;u|ati0n3 predicted that there
measure.d' total uptake®) or to experimental dat.a cE)rrected for the \vas a risk of precipitation reactions under the standard
nonspecific components of 1.10 pmol.mg protéiam * (O) or L7 oy harimental conditions used to this point, these experi-
pmol.mg protein®.um™ (A) as discussed in the text. The lines shown . )
are the best fit curves over the data points, as obtained by nonlinearfnem_S, were performed in a@ree media. _Under thesg
regression analysis using Eq. (88) Eadie-Hofstee transformation of CONditions, the relative amounts of the various Zn species
curve 3 in @) with kinetic parameters as shown. representing more than 1% of the total dissolved metal in
the uptake medium are listed in Table 4. Note that Zn
speciation in both PQcontaining and P@free media
The Eadie-Hofstee plot shown in FigB&nd con-  are similar since the majority of the Zn is present as the
structed from curve 3 in Fig.Adoes not show any sign free Zrf* ion (Table 4), the solubility of which has been
of upward deviation from linearity. This result is com- increased by PQremoval. Similarly, neither the ab-
patible with the hypothesis that the specific and fast ini-sence of PQ nor the presence of Zn can change in a
tial phase of Cd uptake represents Cd binding on asignificant way the free Clconcentration in the uptake
unique transport protein, in which case the theoreticamedia; it follows that Cd speciation, which is essentially
considerations presented in Appendix Il predict tiat,  determined by complexation with T(seeTable 1), is
in Eq. (6) should be equal t#§,, andK,, in Egs. (5) and unaffected by the addition of Zn or the removal of PO
(8), respectively. Further consideration of Eq. (7) would In agreement with these observations, FigA 7

thus lead to equality (10), clearly shows that POremoval did not affect the 1-min
uptake of 0.3um °°Cd (U%) in the absence (Ctrl) or
Umaxt = VYmax1t Umaxo (10)  presence (Cd) of 10Qm unlabeled Cd. It can also be

appreciated in this figure that Zn concentrations @f\b
which suggests that the individual contributions\df,  or higher significantly reduced Cd uptake and that the
and U%, to U%, measured at anyT() should be directly level of inhibition was dose-dependent. The spedific
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ues and & value of 17.3 + 3.Qum Zn was estimated by
nonlinear regression analysis.

To characterize further the effects of Zn, Qu¥
109cd uptake was also measured at different time inter-
vals over a 1-min incubation period in the presence of
100 uwm Zn (Fig. ). This high Zn concentration (open
squares) inhibited both the initial binding component
(U§) and the initial rate of tracer uptake (V*), as can be
judged from the comparison with tracer uptakes in the
presence (open circles) or absence (filled circles) of 100
wMm Cd. Because equations similar in form to Eq. (11)
would also apply to th&/s, and Ug, fractions ofV% and

¥, it can be predicted that 10@m Zn should inhibit
both components dii%, by 84%. In agreement with the
competitive inhibition mechanism and tke value esti-
mated above, 87% and 94% inhibition ¥ and U¥,
could be calculated, respectively, from the slope and in-
tercept values reported in the legend for Fig. 7.
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KINETIC PARAMETERS OF Cd ACCUMULATION AT
EqQuiLiBriuM (U%)

-
1

The trapping of Cd by intracellular structures could be
responsible for the high accumulation ratios of intracel-
] lular-to-extracellular Cd concentrations at equilibrium.
0+—— T As shown by Eq. (A7) in Appendix |, this hypothesis is
also compatible with the high sensitivity &ff to unla-
TIME (sec) beled Cd concentrations (Fig. 2 and Table 2). Therefore,
it should be possible to evaluate the contribution of the

or for different short-term incubation&Jf). (A): 18-day-old TC7 cells Iﬂtrace”mar pI’OCE_SS(?S) to total Uptake by_l_dej[ermlnlng
were exposed in a Pdree medium to 0.3uM 2°°Cd and different the(ir) apparent kinetic parameters at equilibrium. Ac-

concentrations of Zn ranging from 0.5 to 1061 Uptake experiments ~ cordingly, UZ was estimated from. the 65'm_in uptake
were also performed using eith#°Cd alone (Ctrl) or in the presence values of 0.3um °°Cd measured in cells coincubated

of 100um unlabeled Cd (Cd) in both the standard (filled columns) and with unlabeled Cd concentrations ranging from 0 to 100
the PQ-free (dotted columns) media. The leteeindicates significant uM. This strategy was adopted because the high levels
differences P < 0.05) compared to control value®)( Cd uptake was of intracellulart®®cd at equilibrium allowed us to attain

measured using’Cd alone @) or in the presence of 10@m Cd (O) . . . . . .
or 100 um Zn () in a PQ-free medium. Linear regression (Eq. 2) high signal-over-noise ratios, as can be appreciated in

analyses over the data points give the following intercefg)(and  Fig- 8 from the displacement curve of Qi **Cd (T,)

slope W*) values: U = 0.64 + 0.08 (control); 0.28 + 0.03 (Cd); 0.30 DY the increasing concentrations of unlabeled &g. (

+0.03 (Zn) pmol.mg proteift andV* = 1.11 + 0.14 (control); 0.25 + As justified previously [11, 32], nonlinear regression
0.02 (Cd); 0.36 + 0.05 (Zn) pmol.setmg protein™. In bothAandB,  analysis of such data can be performed using a modified
values shown are meanssem evaluated on 5 determinations on the Michaelis-Menten equation, which can be obtained by
same subculture. assuming that the unlabeled substrate acts as an idea
competitive inhibitor of the tracer substrate. In the par-
ticular case at hand, Eq. (12)

0,5

U’ (pmol.mg protein™)

Fig. 7. Effect of Zn on the initial uptake of Cd measured at 1 mij

fraction of U} was calculated and the resulting data

could be fitted successfully to Eq. (11) U (T.)
Ut = — 2+ Ko (T,) (12)
K+ (To) Kmet (S) + (To)
Uis = [U’Z’I:.S](Zn):O (Zn) (11) . .
K [1 + ] +(T,) was used and resulted from the consideration of Egs. (8)
m K; ° and (11) where: (i) the subscript)(was substituted for

(1) in both equations; and (i) was equivalent to (Zn)
which is derived from Eq. (8) by incorporating a com- andK; = K, in the latter. Eq. (12) predicts that:,
petitive mechanism of Zn inhibition with inhibition con- (defined as the saturable fraction@f) — 0 when &)
stantK; (data not showp The parametersT(), K,,and - o, so that the displacement curve should tend towards
[U’{Sj(mzo in Eqg. (11) were fixed to their respective val- a plateau value at full saturation by the unlabeled sub-
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20 Attempts to fit the data in Fig. 8 to model equations

| assuming 2 specific systems working in the presence or
absence of a nonspecific process failed (these models
had to be rejected on the basis of either divergence or
negative parameter values). Note that the kinetic param-

S eter values reported above and Eq. (13) predict a plateat
< value of 17.0 pmol.mg protein in the low range of
] substrate concentrations, in agreement with the experi-
o mental data shown in Fig. 8.
£ 10
g K, =74:13uM . .
e 4 Discussion
Umm = 285 + 40 pmol.mg protein
2 s In numerous cell types, including the intestinal mucosa

cells, Cd uptake has been shown to be a saturable proces
relative to increasing Cd concentrations [17, 18, 23].
However, although some data have suggested the in-
o , I ‘ S N volvement of thiol-groups in Cd uptake in rat hepato-
0,1 1 10 100 cytes [18] and red blood cells [17], the question of
[T+S]1uMm whether or not Cd entry into cells is mediated by (a)
= membrane transport protein(s) has been much debated
Fig. 8. Kinetic parameters of Cd uptake at equilibrium in 18-day-old IN this respect, our studies clearly show that Cd accumu-
TC7 cells. Equilibrium uptake valuetJf) were estimated at a 65-min lation in Caco-2 cells involves a rapid and a slow uptake
time point as described in the text using®Cd tracer concentration phase, the latter leading to a complete equilibrium dis-
(T,) of 0.3 um and unlabeled Cd concentratiorg)(ranging from O_to tribution of Cd witht,, = 17.3 + 1.3 min in TC7 cells
100 pm. Values shown are mea_ms_fM evaluatec_j on5 determlnatlons_ incubated with 0.3 radiotracer®cd (Fig. 2 and
on th_e same subculture. The line is the best fit curve to Eq. (12) WIth.Table 2) Moreover. our results demonstrate that Cd up-
kinetic parameters values as shown. Note that the log scale on the x axis : . .
simply allows a better presentation of the kinetic data [11]. take by these cells is a complex phenomenon to which
contribute both specific and nonspecific transport and
binding processes.
strate. Similarly, over the concentration range where the

relation &) + (T,) << K« applies, Eq. (12) reduces to
Eg. (13), FAST AND SLow INITIAL PHASES oF Cd UPTAKE

The first and rapid initial step of Cd uptake clearly shows
up as a nonzero intercept on the y-axis in our uptake
time-course studies (Figs. 2, 3%and B). Parts of this
and the displacement curve should also show a plateau ifast initial phase %) involves a specific component
the low range of substrate concentrations. (Ug9 which is abolished by 10Qm of either Zn (Fig.
The experimental data shown in Fig. 8 could be7B) or unlabelled Cd (Figs.Band B), by SH-reactive
successfully described by a nonlinear regression analysagents (Fig. B), and by 2 nm EDTA present in the stop
to Eq. (12) with the following values of the kinetic pa- solutions (Fig. 3). Conversely, that part Of that sur-
rameters:K,. = 7.4 £ 1.3 pM, U e = 285 + 40  vives all of these treatments should be considered as
pmol.mg protein’, and K, = 18.3 + 1.0 pmol.mg nonspecific and can be tentatively attributed to represent
proteirnt.um™t. The nonspecific binding process ac- the dead space in our experiments (unwashed tracer
counts for 5.5 + 0.3 pmol.mg protéihat 0.3um 1°°Cd,  binding to nonspecific membrane sites, etc.).
thus corresponding to an intracellular concentration of  In the most general case where a transported mol-
1.5 £ 0.3um or a 5-fold intracellular Cd accumulation ecule becomes subject to intracellular reactions, as would
over the external medium. The latter value is slightly occur for Cd binding to intracellular structures following
higher than that shown for TC7 cells in Table 2 at@®  transport, one may expect to find rather complex patterns
external Cd; however, the specific component of equi-of initial uptake. For example, a model of transport fol-
librium uptake (11.6 pmol.mg prot€i) can be con- lowed by metabolism [50] predict the existence of burst-
verted to an intracellular concentration of 3u& for an  (downward deviations) and/or lag-(upward deviations)
overall intracellular Cd accumulation of 10.6-fold which type kinetics during the approach to steady state. The
compares well to the accumulation ratig of 11.6-fold  first case would mostly occur under conditions where
calculated in Table 2. transport is slightly faster than intracellular reactions and

U* _ maxe

= R (To) + Koe (To) (13)

me
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the second in the reverse situation. In the limit casdion arises, then, from the absence of heterogeneity noted
where transport is very fast, the burst kinetics might be-in Fig. 6, as to whethed%, could represent binding to a
come too rapid to be observed over the time scale of thenique transport protein and, as such, be part of the trans-
analysis. However, if the amplitude of the burst phase igoort mechanism itself. The latter hypothesis is indeed
significant, it may show up as a nonzero intercept on thecompatible with the theoretical considerations given in
y-axis of the uptake time curves, such as it appear®\ppendix Il, which predict in this case that both the
clearly in our studies (Figs. 2, 3B57B). This hypoth-  pinding and transport phases of uptake would show simi-
esis was thus evaluated as to its compatibility with ourar K, values (3.8 + 0.7um, Fig. 6). Although necessary
experimental data using the so-called fast-transport slowto support our hypothesis, the theoretical considerations
intracellular binding modelseeAppendix I, 1), and it  alone may not be sufficient to exclude the possibility that
was ruled out on the basis that it cannot explain thehe two uptake phases could as well belong to different
saturation kinetics observed in Fig. 6. We therefore conentities such as an ion channel and a carrier protein work-
clude that the time courses of Cd uptake represent, ghq in parallel. However, this possibility appears un-
least in part, the kinetics of Cd transport. likely since the demonstration thats, is sensitive to

The mvolyement of (a) specific membrane transportEDTA present in the stop solutions (Fig. 3) strongly
protein(s) during the slow phase of Cd uptake is Supyggests that this component represents external binding
ported by the following pieces of evidence: (i) the initial {4 specific membrane sites rather than fast Cd entry and
rate of tracer uptake/) is highly sensitive to an excess equilibration across the cell membrane.

of unlabeled Cd (Figs. 2,55 and B), and saturation of The h : ;

o DN . ypothesis that the rapid phase of Cd uptake
;F"“a' Cd ltépgakeslol) V\;'tn w(;creasm?lofcdd ‘;‘?”Cgf_““’?" might represent fast Cd binding to a unique transport
tions could be successiully demonstrate ( 19 Y protein is further supported by the observation thigtis

is sensitive to SH-reactive agents including pCMBS’higher in the TC7 and C#80-90 cells as compared to the

which is impermeant to plasma membranes (FiB); 5 . .
(iii) Ut is inhibited by Zn (Fig. A) for which a saturable T ++ ¢lone and appears inversely proportional tdghe
of the slow phase estimated in the respective cell lines.

transport process has been demonstrated previously I this assumption is correct, the theoretical consider-

Caco-2 cells [36], and the ;Kalue of 17.3 + 3.0um . . ; . )
estimated at 20°C for competitive Zn inhibition of Cd auon; given in Appendix Il sqggest that it should be
possible to estimate an upper limit value of the turnover

uptake is compatible with thk_, value of 41um previ- .
ously determined at 37°C for Zn transport in this cell line qumber of the transport protein from t,a,/Unaxo ra-

. ial
[36]: and (iv) Cd uptake in Caco-2 cells is at least par_tlo, a value of 1.7 min~ can be calculated from the

tially reversible and Cd release is very fast in the pres_kinetic parameters determined in the Results. This value

ence of EDTA, which acts as a diffusional sink for Cd @PPears quite low when compared, for example, to the
efflux when present in the efflux medium (Fig. 4). Con- turnover number of 5-125 S€(300-7500 min’) usu-
versely, that part of* that proves insensitive to 100um ally reported_ in the I!teratureT for the Na/gll_Jcose .cotral_ns—
of either Zn (Fig. B) or unlabeled Cd (Figs.Band B)  Porter, atypical carrier-mediated process in the intestinal
and to SH-reactive agents (FigBBshould be considered Prush-border membranes [29]. Notwithstanding the fact
as nonspecific; this component of Cd uptake can be atthat Umaxo Might represent high affinity Cd binding to
tributed to simple passive diffusion through the cell membrane proteins unrelated to Cd transport, such a
membrane in our experiments. In agreement with thidwuge difference is compatible with the similarly big dif-
view, a purely diffusive transport process with an appar-ference that can be noted between Yhe, values (ex-
ent ko, value of 0.55 + 0.18 pmol.mit.mg pro-  Ppressed in pmol.miit.mg™ protein) of Cd (10.4 in the
teinL.um™t could be demonstrated during the kinetic present studies) ang-methylglucose (440 in [7]) trans-
analyses (Fig. 6). portin Caco-2 cells. Cadmium uptake in these cells thus
occurs through a relatively low capacity process when
compared to a carrier-type mechanism like sugar trans-
Cd UpTAKE MECHANISM(S) INVOLVED DURING THE port.
INITIAL PHASE While the existence in Caco-2 cells of a unique,
carrierlike mechanism for Cd transport appears sup-
The specific fractions olJf (Ut) and V* (V) charac- ported by the results discussed so far, the nature of the
terizing, respectively, the rapid and slow phases of initialtransport protein involved cannot be readily assessed
Cd uptake (%), appear similarly sensitive to 1G0v of  from our studies. From the absence of any significant
either Zn (Fig. B) or unlabelled Cd (Figs.Band B) effect on the initial uptake following cell pretreatment
and to SH-reactive agents (FigBp Moreover, the ki- with ouabain (Fig. B), it can be inferred that the trans-
netic studies relative to Cd (Fig. 6) and Zn (Figd)7 port mechanism is unlikely to be secondary active be-
concentrations, which were performed at a 1-min timecause the inhibition of the Na pump would have led to
point, analyzed both phases simultaneously. The queghe collapse of most of the ion gradients at the time of the
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transport measurements. It can also be rationalized thdor the parameterk,,,.andU,, ..o respectively (Fig. 8).
the transport mechanism is unlikely to occur through aThis result is compatible with the existence of different
primary active Ca(Cd)-pump, which should have actedclasses of binding sites showing similar affinities and/or
as an extrusion mechanism in the presence of intracelluwith the possibility that the contribution to total binding
lar ATP. A similar consideration also holds for the Na/ of ligands with either higher or lower affinities would be
Ca(Cd) and Ca/Ca(Cd) exchange activities in the presundetectable in our analysis. In this respect, low affinity
ence of Na and Ca gradients, as was the case in odigands could well account for (at least part of) the non-
experiments. Note too that all of our experiments werespecific binding fraction of 5.5 + 0.3 pmol.mg protéein
performed in the presence of 2.5mCa to minimize any which was revealed in our data for 0jav °°Cd at
cellular Ca release and to maintain well-formed tightequilibrium (Fig. 8), as would be compatible with the
junctions and intact monolayers. Under these condipredictions of Eq. (12) wher&() + (T,) < K, In this
tions, rapid Cd uptake at a concentration close to fouicontext, the meaning of the,,.and U, ... values given
orders of magnitude lower than Ca could be demon-above may appear questionable. Their significance was
strated. Increasing the Ca concentration to 26 did  evaluated further in Appendix 1,2 where it is concluded
not significantly affect the initial uptake ratelgta not that both parameters can be considered as valid opera:
showr). It seems very unlikely, then, that Cd uptake in tional parameters to address the following issue.
Caco-2 cells, as measured in our studies, occurs through In the context of the proposed model of Cd uptake
a Ca transport route since Ca in the latter experiment$ollowed by intracellular binding, the question of the
was in excess relative to both the Cd concentration (0.3neaning of the kinetic parameters,,,andK,, estimated
M) and to theK,, value for Ca of around 1 mnprevi-  during the initial phase of uptake is tightly linked to the
ously determined for intestinal epithelial cells [47]. corollary of which of the transport or binding reactions
represents the rate-limiting step during Cd uptake. To
answer the latter question is quite easy in general, once
SLOW-TRANSPORT, FAST-INTRACELLULAR BINDING the kinetic parameters of influx and binding are known;
MecHANIsM oF Cd UPTAKE as shown in Appendix 1,3, transport is the rate-limiting
step of Cd uptake at all Cd concentrations. Accordingly,
Once the slow phase of Cd uptake has been completethe kinetic parameters determined in our studies under
there is a 11- to 13-fold accumulation ratio of intracel- initial uptake conditions do represent the kinetic param-
lular-to-extracellulat®®Cd concentrationso) that does  eters of the transport protein. Note that the slow-
not seem related to the cell differentiation status (Tableransport fast-intracellular binding model of Cd uptake
2). In contrast, the half-times,() of 1°°Cd equilibration  also predicts close-to-zero concentrations of unbound in-
appear to be longer in the PF11 clone than in the morgracellular®Cd during influx due to the high buffering
differentiated TC7 cells, and they are also increased uponapacity of intracellular binding. This may in turn ex-
addition of unlabeled Cd in the uptake medium (Table 2).plain why the steady-state accumulation ratio of intracel-
Similarly, *°°Cd uptake at equilibrium is highly sensitive lular-to-extracellular Cd concentrationsin Appendix
to unlabeled Cd and lowex, values are observed in the 1,1) is relatively insensitive to the membrane potential
presence of 3Qum Cd (Fig. 2). Taken together, these (and, hence, to the presence of ouabain) during the initial
results indicate that intracellular binding rather than acphase of uptake.
tive transport is a major determinant of the kinetics of Cd
uptake. Indeed, if one assumes a general model of trans-
port followed by intracellular binding, the,, values ~ CACO-2 CELL LINE AS A VALUABLE IN VITROMODEL
would reflect the kinetics of Cd equilibration through
both the transport and intracellular binding steps. Unla-Although cell differentiation status did not greatly affect
beled Cd would compete witl°Cd through both reac- intracellular Cd accumulation at equilibrium (Table 2),
tions, so that, in agreement with our results, highgr Cd uptake occurred more slowly in the PF11 than in the
and lower plateau values would be observed. TCT7 cells (Fig. 2). This difference could reflect a lower
The efflux experiments suggest that Cd is bothexpression of the transport protein itself in the former
tightly and loosely bound to intracellular proteins (or cells and may indicate that the transport protein is found
organelles), the loosely-bound fraction accounting forpreferentially associated with mature enterocytes. This
45% of intracellular Cd and for a 5.5-fold accumulation assumption appears compatible with recent studies
ratio (Fig. 4). Although the presence of more than oneshowing that the expression of the Naglucose co-
binding component might be anticipated from these coniransporter (SGLT-1) is also lower in PF11 as compared
siderations, our kinetic data at equilibrium were foundto TC7 cells [31], but does not readily explain why simi-
compatible with a model equation that assumes a singlér time courses of Cd uptake were observed in TC7
class of specific intracellular binding sites only, with clones and in the less-differentiated parent cell line
values of 7.4 + 1.3um and 285 + 40 pmol.mg proteih ~ C#80-90 (Table 2). Alternatively, then, since the com-
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mon lineage of the different cell lines used in our studies(T,) (*°*Cd concentration in the incubation medium;)((unbound
would argue against the possibility that they express dif-long concentration in the intracellular compartmei) (free intra-

ferent transport systems it can be proposed that Cd trrsmgt_allular concentration of a putative protein of total concentrafign
' involved in the binding process), anBT)) (intracellular concentration

port exp_ressmn in Caco-2 Cells_ls also regmate_d by_ 8of protein-bound®°Cd) are used consistently throughout the text.
mechanism that has yet to be discovered but might inyoreover, the P and PT) terms are linked through the conservation
volve intracellular molecules responsible for internal Cdgq. (a1).

trapping such as metallothionein, which was shown to

decrease Cd efflux from the intestine [34], or a cysteine; = (P) + (PT,) (A1)
rich protein recently isolated from the rat intestine [28].

Further studies will be needed to determine the putativ?l) Testing the Validity of the Fast-Transport

role qf su_ch proteins in the_ regulation of Cd uptake andSIow-intraceIIuIar Binding Model
trapping in the small intestine.

-I_-O 0_ur knOWIEdge’ this is the first _StUdy to evalua_te The fast-transport slow-intracellular binding model assumes that the
the kinetic parameters of Cd transport into enterocytelikgate of cd transport is very fast as compared to the rate of Cd binding,
cells. Previous studies in the rat jejunum using e so that a stable distribution ratio of intracellular-to-extracelldfS€d
vitro perfusion [14] or everted gut sac [23] techniquesconcentrationso, = (T)/(T,)) has been reached at the time of initial
also postulated the existence of a specific Cd transpomptake measurements. Since the conclusions to be drawn below rely
mechanism with<,,, values of 0.1-0.2 mor 27.9 + 11.6 heavily on this hypothesis, its validity may need to be assessed first.

um andV,_, values of 10 or 0.8 + 0.3 nmol. mTf'lg_l From its definition,ag iS equivalent to an equilibrium constant
. . . . ! . that should assume a value of 1 according to the hypothesis above,
tissue, respectively. Given the heterogeneity of intesti-

. ] provided that the molecule: (i) is neutral and is transported through a
nal tissue, the presence of unstirred water layers that maghannel- or simple carrier-type of mechanism, and (ii) is not involved
affect the determination of the kinetic parameters ofin any fast reaction once transported into the cells. As shown in Table
transport using the latter two techniques [5], and thel, however, Cd speciation is dictated by thé iBh concentration in the
differences in transport assay conditions, it is difficult to incubation medium and both a Cd@omplex and the Cd ion coexist
make meaningful comparisons between these studies i solution. Since there is &10-fold gradient of intracellular-to-

. . . xtracellular CI concentrations across the membrane of most living
the rat intestine and ours in Caco-2 cells, but for the facﬁells, intracellular Cd speciation will be affected and one would expect

tha_-t .they all show that Cd uptake involves a rather h'ghncreased concentrations of the above two species relative to both
affinity transport process. Also, none of these studiescdcl, or cdCl- complexes. Indeed, for such positively charged enti-
discriminate among the various Cd species present in thees, one would predict a major effect of the membrane potential on the
transport medium. More than one of the Cd speciegjistribution ratio withag> 1 at negative potentials such as occur across
listed in Table 1 may conceivably participate in the trans-the boundary of most Iivi_ng cells. Intemgl Cd conce'ntrations' might
port process, though our kinetic data did not reveal an);llso be affected by the existence of extrusion mechanisms which, were

. . they acting alone, would give,c< 1. Among these, one may have to
hetemgenelty' Accordlngly, tth values reported at consider the putative Na/Ca(Cd) and Ca/Ca(Cd) exchange activities

this time should be considered as operational paramete(sger the Na and Ca gradient conditions prevailing under our experi-
only. Finally, none of these studies have addressed th@ental conditions, as well as the Ca(Cd)-ATPase in the presence of
guestion of the polarization of the transport processintracellular ATP. Clearly, theng is equivalent to an equilibrium
Caco-2 cells can be successfully grown on filters [21],constant in the thermodynamic sense only because its value is dictated
and studies are now in progress in our Iaboratory to_by the magnitude of the different ion gradients and by the cell polar-

. . . . . ization status at the time of uptake measurements. Conversely, any
?nnos(;lé?r this question using this promising cell Culturefactor associated with an increased rate of Cd uptake (as achieved, for

example, upon increasing the substrate concentration in the uptake
medium) that would affect the thermodynamic driving forces acting on
This research was supported by a grant from the Canadian Network ahe system would in turn affect the relative valuecQf. The demon-
Toxicology Centers (CNTC). The authors thank Dr. Alain Zweibaum stration in Fig. & that the ouabain-induced inhibition of Na,K-ATPase
who kindly supplied us with the clones TC7 and PF11, as well as Julieactivity, the main determinant of the resting membrane potential and
Pairier and Michelle Geoffroy-Bordeleau for technical assistance.  ion gradients to be found in living cells, does not affect initial Cd
uptakes significantly, is strong evidence suggesting that none of the
mechanisms discussed above are in fact, either alone or in combination,
Appendix | crucial parameters affecting the,, value. The argument is indeed
strengthened by the previous demonstration that ouabain was an effec-
tive inhibitor of a-methylglucose transport through the Na/glucose co-
KINETICS OF Cd UPTAKE IN THE PRESENCE OF transporter in Caco-2 cells [7]. In the following discussion, theg,
INTRACELLULAR BINDING STRUCTURES will be considered as a true constant of unknown value. Note that the
question of the nature of the transport mechanism involved in Cd
In the following, it is assumed that intracellular Cd binding occurs on uptake is irrelevant to the following considerations.
a unique class of specific sites. This hypothesis is made for simplicity According to the above hypotheses, intracellular binding can be
only and does not restrict in any way the conclusions to be drawn in thisdescribed by Scheme 1 depicted in Fig. Al, in whiGhbinds in an
appendix because of the additivity principle should there be more tharnrreversible way toP; during the initial steady-state phase of uptake
one class of specific site involved in the binding process. The notationsvith a microscopic rate constakg,, to form the compleXPT,. There-
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Schemel Fast-transport slow-binding model V* = Ky, Prags(To) (A3)

P. Integration over short time ranges (over which the steady-state assump-
a : tion holds) thus leads to Eq. (A4)
S8

Toe—> T,

Ug = [kon PT Qgg (To)] i+ Qgg (To) (A4)
Kon
which should describe the time course of specific Cd uptakg) (
during the initial phase and can be used to predict the extent of initial
T Cd uptake measured at a 1-min time poidt) as given by Eq. (A5).
I
Uls = Vis+ Ugs (A5)

Scheme Il Equilibrium uptake The latter equation is equivalent to Eq. (7) in the main text when the
specific fractions of uptake are the only ones considered. Note that the
P, second term in Eq. (A4) accounts for the fact thg} {s also measured
O, in the uptake experiments.
Toe—> T, The fast-transport slow-intracellular binding model predicts that
K initial uptakes should increase linearly with increasing tracer concen-
de trations, in contrast with the data shown in Fig. 6. Note that this model
also predicts the absence of unlabeled substrate concentration effect:
on the rapid initial uptake phase (the zero-time intercept that would be
PT. fixed by the distribution ratia). It must be concluded, then, that the
! saturation observed in these studies represents, at least in part, the
kinetics of Cd transport through a saturable process.

Scheme I11 Slow-transport fast-binding model
(2) Equilibrium Uptake

v* At equilibrium Cd uptake, there is no net flux through the transport and
binding steps, so that the situation can be described by Scheme Il in
v Fig. Al in which « is the distribution ratio of intracellular-to-
b extracellulart®®Cd concentrationso, = (T;)/(T,) at equilibrium) and
Kge represents the dissociation constant of the binding reaction accord-
ing to Eq. (A6)

PT,

(R (M)

Kae = —p77
Fig. A1l. The different models of Cd transport and intracellular binding (PT)

considered in Appendix I. In scheme |, it is assumed that transport i
very fast, so that intracelluld”®Cd (T;) has equilibrated with outside
19%cd (T,) before any significant binding can occur onto an intracel-
lular protein @;) to give the bound complex RTag = (T;)/(T,) rep-
resents the steady-state distributiont%tCd during the initial phase of Ui, =
uptake, while k, is the microscopic rate constant of the binding pro-

cess. In scheme I, it is assumed that the system has proceeded toward . . . _
full equilibrium. o = (T;)/(T,) represents the equilibrium distribution W%'Ch can be easily obtained from the combination of Egs. (A1) and

of 19%Cd while K, is the intrinsic affinity constant of the intracellular /\6)- Introducing the distribution ratiec, into Eq. (A7) thus leads to

binding reaction. In scheme I, it is assumed that the rate of transporFq' (A8)

(V*) is very slow as compared to the rate of intracellular bindifig Py (T.)

The situation depicted applies to the steady-state phase of initial uptakeyx_ = T e o (A8)
More details are given in the text. Kae + ae (To)

(A6)

SThe kinetics of Cd binding at equilibrium wher®T) = UZ%, would
thus be described by Eq. (A7)

Pr (Th)

Koot (T) (A7)

and, then, to Eq. (A9) after division of the numerator and denominator

terms bya,
fore, the initial rate Y*) of Cd binding, which would in this model
account for the initial rates of Cd uptake in our studies, is given by Eq. . Pt (Ty) ) Kge
(A2). = m with Kme = O(_e (A9)
d(PT) Eqg. (A9) is similar in form to Eq. (12) in the main text after proper
V= —— = ko (P) (T) (A2) handling as described there and noting tbat,. = P+

dt As discussed in the first section of Appendix | feg, the dis-

tribution ratio o is equivalent to a thermodynamic equilibrium con-
Noting that £;) = P under initial rate conditions because of Eg. (A1), stant, the value of which will be fixed by the driving forces acting on
and that T;) = a.(T,) according to the definition ok, given above,  the system at equilibrium and is independent of the nature of the dif-
Eq. (A2) can be transformed to Eq. (A3). ferent transport systems involved in Cd transport. Note déhathould
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have a higher value thaa,, because the buffering capacity of the pmol.mg proteiii* used in the calculations may only represent a lower

intracellular structures leading td@;} = O under the initial phase of estimate of the total number of binding sites (Figs. 4 and 8).

uptake gee beloywwould have been exhausted at equilibrium. In prin-

ciple, a precise value ak, could be determined by measuring;)(

at equilibrium. However, such measurements can hardly be made usﬁ\ppendix ]

ing noninvasive techniques and the use of invasive techniques would

prove inappropriate for this purpose. If one assumes, however, that the

main driving forces at equilibrium are not much affected on increasing TESTING THE HYPOTHESIS THAT THE SPECIFIC INITIAL

Cd concentrations, as seemed justified in the case othe o, value Step oF Cd UPTAKE MIGHT REPRESENTFAST Cd

can be estimated from our studies under the experimental conditiong|NpING TO A UNIQUE TRANSPORTPROTEIN

where intracellular binding was nearly saturated by unlabeled Cd. Ac-

cordingly, thea, value should be close to 1 from the data shown in The experiments shown in Fig. 6 estimated Cd uptake at a 1-min time

Table 2. point (U%), so that the contributions to total uptake of both the rapid
For simplicity, we have assumed, = 1 in section 3 be-  (Ux) and slow ¥*) phases of initial Cd uptake are in fact included in

low. Note, however, that our calculations according to this assumptionthe measurements, as shown by Eq. (7) in the main text. In the most

may be conservative because the,, /K ratio increases for increas-  general case, then, one would expect to detect some kinetic heteroge-

ing values ofo.. Note also that thé&J ., value of 285 + 40 pmol.mg  neity during the analysis df* relative to Cd concentrations unless the

protein® (Fig. 8) would represent the total number of intracellular kinetic parameter values characterizing the spedfic(V,,., andK,,)

binding sites and that this conclusion is valid whether the value isandUg, (U,,..0,andK,) terms in Egs. (5 and 6) given in the main text

determined from either theTy) or the (T,,) values. fortuitously preclude the kinetic separation of the two elementd*gf
However, in the particular case where Mg andU%, fractions ofU%,
(3) Testing the Validity of the Slow-transport could be attributed to the same protein, it will be shown that the

calculations involved in the determination of the algebraic expressions
characterizingvis and U, lead inevitably to the conclusion that the
delationshipK, = K, should hold.

Fast-intracellular Binding Model

The slow-transport fast-intracellular binding model assumes that th ] o .
rate of Cd transport\*) is very low as compared to the rate of Cd The formal demonstration of t_he latter p0|_nt is rather tedious
binding V%), so that T,) entering the cells binds immediately to the 9iven that am-states transport proteilJ that may involve a number
intracellular structures following a unidirectional reaction. Accord- ©f intermediate complexes to whichis bound (and, thus, may con-

ingly, during the steady-state phase of initial Cd uptake where equatiorifiPute to the measureds; fraction of uptake), not all of which, how-

(A10) holds, ever, may lead to (a) substrate releasing step(s) (and, thus, contribute tc
the Vi, fraction of uptake). For simplicity, then, we choose the mobile

dT, carrier model of membrane transport, a version of which (the iso uni

o viW%=0 (A10) uni system) has been thoroughly analyzed by Segel [39], to demon-

strate the general principle validating this conclusion.

The (T;) value assumes a close-to-zero value and the transport step can  1he simple carrier model considered here is shown in Fig.
be considered as unidirectional. Thés(the net transport ratey V* B1A. The carrier binding sites are alternatively oriented toward the
(the initial rate of transport) and Cd accumulation into cells measuredlr(‘)s'de (,) or the outside ;) of the membrane surface, and outside
asV} measures the kinetics of transport. The situation is depicted in 9(_:d (To) binding leads to the intermediate binary comphéxfrom
Scheme 11l of Fig. AL. which T is released in the intracellular compartmen).( To make the

To evaluate the validity of this hypothesis is quite easy once theCalculations as simple as possible, it is assumed in Fig. B1A that: (i) the
kinetic parameter values of transport and binding are known. Firstly substrate releasing step is unidirectional as justified under initial rate
the relative rates of transport and binding can be estimated relative t§onditions, and (ii) there is only one intermediate complex, as justified
a similarly low (T,)) = (T;) value << bothK,, and K, Under these by the fact that steady-state kinetics do not allow one to distinguish all

(o 1 m me . . . . . . . .

conditions, Eq. (5) in the main text (relative to the specific term only) of the intermediate complexes involved in isomerization reactions that
for V*, and Eq. (A9) above can be rewritten as shown in Eq. (A11) &€ not directly linked to the substrate binding steps [39].

According to these hypotheses, the distribution of the different
carrier species at the steady state is linked through the conservation Eq

v P;
(To) and  Vj =—(To) (A11) (B1),

max

V*:Km

Similarly, the relative rates of transport and binding can be estimated\IT = Ni+ Nz +Ng (B1)

relative to saturating concentrations @) and (T;), in which case both

K. andK,, < (T.) and (7)) and Eq. (A12) would apply. so that each of the different carrier forms can be expressed relative to

N (total carrier concentration) using the three King-Altman intercon-
VE = Vo and V& =P (A12) version patterns _app_lylng to this model and shown in FigB BIhe
carrier state distribution thus conforms to Egs. (B2—-4)

The V§/V* ratios calculated from Egs. (A11-12) and the kinetic

parameter values given in the text show that the binding rate exceedgl_l — ka1 Kaz + o1 Kaq + Kog Kas (To)

the transport rate by a factor of 14-fold at very low substrate concenNt D (B2)
tration and by a factor of 27-fold under saturating substrate conditions.

Accordingly, it can be concluded that Cd transport is the rate-limiting& _ KioKsot KioKsa (B3)
step of Cd uptake at all substrate concentrations, and that the kinetiblr D

parameters determined in our studies under initial rate conditions do

represent the kinetic parameters of the transport protein. Note that thb‘_a _ k12 Koz (To) (B4)

above figures are conservative becauseBhg, value of 285 + 40 Ny D
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A) The mobile carrier model of membrane transport
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being considered and of the specific hypotheses under which the char-

acteristic equations relative to a particular model were derived.

N ke N
2 k21 1
T T
° keo  Kor
Kog
N,

B) King - Altman interconversion patterns

N|_7Nz N; /Nz
N, N,

Fig. B1. The mobile carrier model of membrane transport considered 4.
in Appendix Il. In (A), the model is depicted under the initial steady-
state phase of transport. Outsi#¥Cd (T,) binds to the outwardly
oriented substrate site on the free carrieg)(M give the transporter- 5.
substrate complex Nfrom which 1°°Cd is released intracellularlyry)

to generate the inward configuration of the transportg).(lNhe N, to 6.
N, transition represents the free carrier recycling step. Theekns
represent the microscopic rate constants of the different reactions in-
volved. In B), the King-Altman interconversion patterns applying to 7.
the model shown inA) are depicted. These were used to obtain Egs.
(A2-4) given in the text.

1.

N, ——N,

\

Ns

3.

8
in which D is the sum of all numerator terms in Egs. (B2-4) and can
thus be expressed as shown in Eq. (B5) 9.
D = (ki + Kaa) (Ka1 + Kzp) + Kz (Kya + Kay) (To) (B5)

The initial rate of tracer uptake/f) is given by Eq. (B6) 10
V& = ka1 N3 (B6)

while the fraction of T,) bound onto the carrielJg,) is given by Eqg. 11.
(B4). The algebraic expressions of the different kinetic parameters thus
follow from these considerations and are listed in Egs. (B7-9).

k1o Kay Ny
V, = N =—"7— B7
max kcat T k12 + k3l ( ) 12
kiz Ny
UmaxO - k12+ k31 (BS) 13.
K — _ (k1o + Kp1) (Kgy + Ko (®9)
m mo Koz (Ky2 + Kgp) 14.

The latter equation is compatible with the absence of kinetic hetero-15.
geneity noted during the analysis of the data shown in Fig. 6 and would
represent a necessary condition to validate the hypothesis that transport
and initial binding are part of the same transport mechanism (it may nofL6.
be sufficient to prove the point, however, because of the limits imposed
on the kinetic separation of heterogeneous systems). The general prin-
ciple underlying the calculations above leads to the prediction that thel7.
denominator expressions for those carrier species involved in transport
and binding should always be the same, independently of the model8.

Note that theV,,,./Umaxoratio would give the rate constaky, in

the above model, which is not equivalent in the most general case to the
turnover number of the carrier protein given ky, in Eq. (B7) unless
k31 << k. Such considerations may also be model dependent.

References

Alvaradez-Hernandez, X., Nichols, G.M., Glass, J. 1991. Caco-2
cell line: a system for studying intestinal iron transport across
epithelial cell monolayersBiochim. Biophys. Actd4070205-208

. American Public Health Association, American Water Works As-

sociation, Water Pollution Control Federation. 1989. Methods
3111-B.In: Standard methods for the Examination of Water and
Waste Water, 17th edition. L.S. Clesceri, A.E. Greenberg, and R.
Rhodes Trussell, editors. Washington, DC

Anderson, O. 1984. Chelation of cadmiuBinviron. Health Per-
spect54:249-266

Ando, M., Matsui, S. 1987. Effect of cadmium on vitamin D-non-
stimulated intestinal calcium absorption in rafexicology45:1—

11

Barry, P.H., Diamond, J.M. 1984. Effects of unstirred layers on
membrane phenomenoRhysiol. Rev64:763—-872

Beattie, J.H., Marion, M., Schmit, J.-P., Denizeau, F. 1990. The
cytotoxic effects of cadmium chloride and mercuric chloride mix-
tures in rat primary hepatocyte culturdoxicology62:161-173
Blais, A., Bissonnette, P., Berteloot, A. 1987. Common character-
istics for Na-dependent sugar transport in Caco-2 cells and human
fetal colon.J. Membrane Biol99:113-125

. Blazka, M.E., Shaikh, Z.A. 1991. Differences in cadmium and

mercury uptakes by hepatocytes: role of calcidroxicol. Appl.
Pharmacol.110:355-363

Bradford, M.M. 1979. A rapid and sensitive method for the quan-
titation of microgram quantities of protein utilizing the principle of
protein-dye bindingAnal. Biochem72:248-254

Chantret, |., Rodolosse, A., Barbat, A., Dussaulx, E., Brot-
Laroche, E., Zweibaum, A., Rousset, M. 1994. Differential expres-
sion of sucrase-isomaltase in clones isolated from early and late
passages of the cell line Caco-2: evidence for glucose-dependent
negative regulation]. Cell Sci.107:213-225

Chenu, C., Berteloot, A. 1993. Allosterism and*NeaGlucose
cotransport kinetics in rabbit jejunal vesicles: compatibility with
mixed positive and negative cooperativities in a homo-dimeric or
tetrameric structure and experimental evidence for only one trans-
port protein involvedJ. Membrane Biol132:95-113

Flanagan, J.L., Friedman, P.A. 1991. Parathyroid hormone-
stimulated cadmium accumulation in Madin-Darby canine kidney
cells. Toxicol. Appl. Pharmacol109:241-250

Fogh, J., Fogh, J.M., Orfeo, T. 1977. One hundred and twenty
seven cultured human tumor cell lines producing tumors in nude
mice.J. Natl. Canc. Inst59:221-226

Foulkes, E.C. 1980. Some determinants of intestinal cadmium
transport in the rat). Environ. Pathol. Toxicol3:471-481

Foulkes, E.C. 1985. Interaction between metals in rat jejunum:
implications on the nature of cadmium uptakexicology37:117—

125

Friedman, P.A., Gesek, F.A. 1994. Cadmium uptake by kidney
distal convoluted tubule cell3.oxicol. Appl. Pharmacoll282257—

263

Garty, M., Bracken, W.M., Klaassen, C.D. 1986. Cadmium uptake
by rat blood cellsToxicology42:111-119

Gerson, R.J., Shaikh, Z.A. 1984. Differences in the uptake of cad-



48

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

mium and mercury by rat hepatocyte primary cultures: role of a 35.

sulfhydryl carrier.Biochem. PharmacoB3:199-203

Giuliano, A.R., Franceschi, R.T., Wood, R.J. 1991. Characteriza-
tion of the vitamin D receptor from the Caco-2 human colon car-
cinoma cell line: effect of cellular differentiatiosrch. Biochem.
Biophys.285:2261-269

Goon, D., Klaassen, C.D. 1989. Dosage-dependent absorption of
cadmium in the rat intestine measured in sitaxicol. Appl. Phar-
macol.100:41-50

Grasset, E., Pinto, M., Dussaulx, E., Zweibaum, A., Desjeux, J.F.

1984. Epithelial properties of human colon carcinoma cell line 38,

Caco-2: Electrical parameter&m. J. Physiol247:C260-C267
Hamilton, D.L., Smith, M.W. 1978. Inhibition of intestinal calcium
uptake by cadmium and the effect of a low calcium diet on cad-
mium retention Environ. Res15:175-184

Hoadley, J.E., Johnson, D.R. 1987. Effects of calcium on cadmiungg.

uptake and binding in the rat intestinéund. Appl. Pharmacol.
9:1-9

Jaeger, D.E. 1990. Absorption interactions of zinc and cadmium inyg.

the isolated perfused rat intesting. Trace Elem. Electrolytes
Health Dis.4:101-105

Jumarie, C., Herring-Gillam, E., Beaulieu, J.-F., Malo, C. 1996.
Triiodothyronine stimulates the expression of sucrase-isomaltase
in Caco-2 cells cultured in serum-free mediubxp. Cell Res.
222:319-325

Jumarie, C., Malo, C. 1991. Caco-2 cells cultured in serum-free
medium as a model for the study of enterocytic differentiation in
vitro. J. Cell. Physiol.149:24-33

Kello, D., Kostial, K. 1977. Influence of age and milk diet on
cadmium absorption from the gufoxicol. Appl. Pharmacol.
40:277-282

Khoo, C., Cousins, R.J. 1994. Purification and properties of rat
cystein-rich intestinal proteirBiochem. J299:445-450

Kimmich, G.A. 1990. Membrane potentials and mechanism of
intestinal N&-dependent sugar transpod. Membrane Biol.
114:1-127

Kunst, A., Draeger, B., Ziegenhorn, J. 1984. UV-methods with
hexokinase and glucose-6-phosphate deshydrogenaséethods

of enzymatic analysis, 3nd ed. H.U. Bergmeyer, editor. Vol. VI.
Metabolites. 1: Carbohydrates, pp. 163-172. Verlag Chemies,
Weinheim

Mahraoui, L., Rodolosse, A., Barbat, A., Dussaulx, E., Zweibaum,
A., Rousset, M. 1994. Presence and differential expression of

SGLT1, GLUT1, GLUT2, GLUT3 and GLUT5 hexose-transporter 48.

mRNAs in Caco-2 cell clones in relation to cell growth and glucose
consumptionBiochem. J298:629-633

Malo, C., Berteloot, A. 1991. Analysis of kinetic data in transport
studies: new insights from kinetic studies of Na-glucose co-
transport in human brush-border membrane vesicles using fast
sampling, rapid filtration apparatud. Membrane Biol122:127—
141

Nriagu, J.0., Pacyna, J.M. 1988. Quantitative assessment of world-
wide contamination of air, water and soils by trace mefskgture
333:134-139

Ohta, H., Cherian, M.G. 1991. Gastrointestinal absorption of cad-
mium and metallothioneinToxicol. Appl. Pharmacol107:63—-72

36.

37.

42.

45.

47.

49.

50.

51.

C. Jumarie et al.: CD Uptake in Caco-2 Cells

Pinto, M., Robine-Leon, S., Appray, M.D., Kedinger, M., Triadou,
N., Dussaulx, E., Lacroix, B., Simon-Assman, P., Haffen, K.,
Fogh, J., Zweibaum, A. 1983. Enterocytic-like differentiation and
polarization of the human colon carcinoma cell line Caco-2 in
culture.Biol. Cell 47:323-330

Raffaniello, R.D., Lee, S.-Y., Teichberg, S., Wapnir, R.A. 1992.
Distinct mechanism of zinc uptake at the apical and basolateral
membranes of Caco-2 cell. Cell. Physiol.152:356—361

Robards, K., Worsfold, P. 1991. Cadmium: toxicology and analy-
sis, a reviewAnalyst116:549-568

Rousset, M., Laburthe, M., Pinto, M., Chevalier, G., Rouyer-
Fessard, C., Dussaulx, E., Trugnan, G., Boige, N., Brun, J.L.,
Zweibaum, A. 1985. Enterocytic differentiation and glucose utili-
zation in the human colon tumor cell line Caco-2: Modulation by
forskolin. J. Cell. Physiol.123:377-385

Segel, I.H. 1975. Steady-state kinetics of multireactant enzymes.
In: Enzyme kinetics. J. Wiley & Sons, editors. Chap. 9, pp. 505—
845. Wiley-Interscience, USA

Shaikh, Z.A., Smith, J.C. 1980. Metabolism of orally ingested
cadmium in humansDevelop. Toxicol. Environ. Sc8:569-574

41. Sharma, G., Sandhir, R., Nath, R., Gill, K. 1991. Effect of ethanol

on cadmium uptake and metabolism of zinc and copper in rats
exposed to cadmiund. Nutr. 121:87-91

Sowa, B., Steibert, E. 1985. Effect of oral cadmium administration
to female rats during pregnancy on zinc, copper, and iron content
in placenta, foetal liver, kidney, intestine, and brainch. Toxicol.
56:256—-262

43. Sugawara, N. 1977. Inhibitory effect of cadmium on calcium ab-

sorption from the rat duodenurrch. Environ. Contam. Toxicol.
5:167-175

44. Tacnet, F., Watkins, D.W., Ripoche, P. 1990. Studies of zinc trans-

port into brush-border membrane vesicles isolated from pig small
intestine.Biochim. Biophys. Actd024323-330

Tsien, R.W., Hess, P., McCleskey, E.W., Rosenberg, R.L. 1987.
Calcium channels: mechanisms of selectivity, permeation and
block. Ann. Rev. Biophys. Cherh6:265-290

46. Tsuruki, F., Otawara, Y., Wung, H.L., Moriuchi, S., Hosoya, N.

1978. Inhibitory effect of cadmium on vitamin D-stimulated cal-
cium transport in rat duodenum in vitrd. Nutr. Sci. Vitaminol.
24:237-242

Van Os, C.H. 1987. Transcellular calcium transport in intestinal
and renal epithelial cell8iochim. Biophys. Act@06:195-222
Verbost, P.M., Senden, M.H.M.N., Van Os, C.H. 1987. Nanomolar
concentrations of Cd inhibit Ca2* transport systems in plasma
membrane and intracellular €astores in intestinal epithelium.
Biochim. Biophys. Act@02:247-252

Waalkes, M.P. 1986. Effect of dietary zinc deficiency on the ac-
cumulation of cadmium and metallothionein in selected tissues of
the rat.J. Toxicol. Environ. Healti8:301-313

Wohlhueter, R.M., Plagemann, P., G., W. 1980. The roles of trans-
port and phosphorylation in nutrient uptake in cultured animal
cells. Int. Rev. Cytol64:171-240

Yuhas, E.M., Miya, T.S., Schnel, R.C. 1978. Influence of cadmium
on calcium absorption from the rat intestiffexicol. Appl. Phar-
macol.43:23-31



