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Zinc uptake and transcellular
movement by CACO-2 cells:
Studies with media containing
fetal bovine serum

John W, Finley, Mary Briske-Anderson, Philip G. Reeves, and LuAnn K. Johnson

United States Department of Agriculture, Agricultural Research Service, Grand Forks Human
Nutrition Research Center, Grand Forks, ND USA

A series of experiments using CACO-2 cells, have been conducted to describe the cellular events occurring
during Zn uptake and transcellular movement in the presence of media containing fetal bovine serum (FBS).
CACO-2 cells were grown for 21 days on either T-25 cell culture flasks or semipermeable membrane inserts
maintained in six-well culture plates. Experiments were then conducted using normal growth medium containing
FBS, to which ©°Zn was added. The rate of Zn transport in an apical to basolateral direction was much greater
than the rate in the opposite direction. To study whether uptake and movement exhibited saturation kinetics,
different concentrations of Zn (1-200 um) were added with ©°Zn. Uptake at the basolateral membrane was
saturable; apical to basolateral movement, basolateral to apical movement, and uptake at the apical membrane
were not. °Zn moved apically to basolaterally at a small but constant rate regardless of the basolateral
concentration of Zn. The binding ligands for Zn in the cytosol differed depending on the prior Zn status of the
cell and the time postlabeling. Endogenous ®*Zn was released to the apical and basolateral sides at different
rates. These data confirm a previous report that uptake and transcellular movement of Zn is different at the apical
and basolateral membrane, and they further show that the presence of Zn-binding ligands alters these pro-

cesses. (J. Nutr. Biochem. 6:137-144, 1995))
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Introduction

Because Zn is essential for human health,!-? many studies
have been directed toward determining the mechanism of
Zn absorption by the gut. A variety of techniques have been
used including isolated, perfused gut loops,>™!° isolated
membrane vesicles,''"'* and Ussing chambers.!*> Addition-
ally, cellular mechanisms of Zn uptake have been studied
with cultured cells such as hepatocytes,’®!” fibroblasts, '8!
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and endothelial cells.?**! Comparison between studies us-
ing different methodologies is difficult; isolated membrane
vesicles reflect only what is occurring at one surface of the
cell. Also, the method of isolated, perfused gut loops does
not reflect a single event, rather a combination of many
events such as uptake and release by the enterocyte and
movement into and out of the vascular supply. However,
the general consensus of most of these studies has been that
Zn uptake and transport occurs both by diffusion and an
unspecified facilitated process.

A human colon carcinoma cell line (CACO-2) has been
used as a model of intestinal germeability for many sub-
stances including_amino acids,?** steroid hormones,?® and
trace elements.”®° Most recently this cell line was used by
Raffaniello and co-workers>° to characterize mechanisms of
Zn uptake. These researchers found Zn uptake from the
apical side was a saturable process, but uptake from the
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basolateral side and transport in either direction was not
saturable.

In the present study, we have repeated several of the
experiments of Raffaniello and coworkers,*® but the exper-
imental conditions are different. The former study used a
HEPES-buffered, salt-based medium for the experiments,
whereas cells were grown in Dulbecco’s modified Eagle’s
medium (DME) with 10% fetal bovine serum (FBS). Cer-
tainly, the presence of FBS influences Zn uptake and trans-
port’! and it is also possible that an experimental buffer that
differs from the growth medium could induce metabolic
changes that could alter uptake and transport. As a resulit,
we have conducted the present experiments in experimental
medium that is the same as the growth medium, i.e., DME
+ 10% FBS. Comparison of the findings of these studies
allows speculation about the way in which Zn ligands may
influence Zn uptake and transport.

Another objective of the present report was to further the
understanding of how CACO-2 cells take up and transport
Zn by examining the internal movement and subsequent
release of cellular Zn. Certainly the involvement of Zn-
binding proteins in the intracellular retention and release of
Zn in the gut is known,>* but this study has examined the
protein binding of Zn simultaneous with examining the re-
lease of internalized Zn.

Materials and methods

The CACO-2 cell line was purchased from American Type Tissue
Collection. The cells were cultured in 75-cm? plastic flasks con-
taining high-glucose (4.5 mg/L) Dulbecco’s modified Eagle’s me-
dium (DME) with 10% fetal bovine serum (FBS, Gibco, NY
USA). The medium also contained 1% nonessential amino acids
and 50 pg/mL gentamicin. Cells were grown in 95% air, 5% CO,,
and 90% humidity. Stock cultures were split every 7 days, after
detachment with 0.25% trypsin, and reseeded at a density of
15,000 cells/cm?. All experiments were performed with cells be-
tween passage 20 and 50.

Experiments used cells cultured under two conditions: One
type of experiment used cells grown on polyethylene terephthalate
semipermeable membranes (PET; Falcon membrane filters, 4.65-
cm? surface area, 0.45 v pores, Becton-Dickinson Labware, Lin-
coln Park, NJ USA) and examined factors influencing the move-
ment of ®*Zn from one side of the filter to the other, or factors
influencing the uptake or release of Zn from the apical or baso-
lateral membrane. Before seeding, membranes were coated with
50 g of Type I rat tail collagen (Collaborative Biochem, Bedford,
MA USA). Membranes were seeded at a density of 60,000 cells/
cm?” and placed in six-well plates with 2.5 mL of media in the well
and 1.5 mL of media in the filter. Medium was changed on alter-
nate days and cells were used for experiments after 21 days of
culture.

Another type of experiment used 25-cm? tissue culture flasks
that were seeded at a density of 20,000 cells/cm?. Five milliliters
of medium was placed on the flask and changed on alternate days.
Cells were used for experiments after 21 days of culture. Unless
specified otherwise, all experiments were performed at 37°C.

Uptake experiments
The uptake of ®*Zn was studied with cells on PET membranes after

21 days of culture. Cells were washed once with low-glucose
DME and new medium (normal growth medium) containing 18.5
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kBq ®Zn/mL (DuPont NEN Research Products, Boston, MA
USA) was added to either the apical (1.5 mL) or basolateral (2.5
mL) compartment of the membranes (nonradioactive normal
growth medium added to the other side) and allowed to incubate a
set amount of time (see figure legends). Experimental media were
always prepared at least 24 hours in advance and allowed to equil-
ibrate overnight in the incubator. During the time that radioactive
medium remained on cells, plates containing membranes were
swirled gently by a rotating mixer (Cole-Parmer, Inc., Chicago, IL
USA).

At the end of each time point, cells from multiple filters were
harvested. Radioactive medium was removed and the cell layer
was washed once with 5 mL of ice-cold HEPES buffer (10 mm
HEPES, 140 mM NaCl, 7 mm KCl, 5.6 mM glucose, pH 7.4),
incubated for 15 seconds in 5 mL of EDTA/HEPES buffer (10 mm
EDTA, 10 mm HEPES, 150 mm NaCl, pH 7.4) and then rinsed
twice with 5 mL of HEPES buffer.®' Filters were then cut from the
plastic insert and placed in 2 mL of a solution of 0.2% sodium
dodecyl sulfate and 0.2% NaOH to solubilize the cells for subse-
quent gamma counting (Packard Instruments, Cobra Auto-
Gamma, Meriden, CT USA).

Concentration dependence of Zn uptake was determined with
media containing the same amount of %*Zn as before but with
nonradioactive Zn concentrations of 1 to 200 uM. (Concentration
dependence of Zn uptake and transport were initially evaluated in
media containing Zn concentration between 200 and 1200 uMm.
However, uptake and transport both increased linearly between the
Zn concentrations of 200 to 1200 M [data not shown], so further
experiments only used Zn concentrations of up to 200 um.) This
medium was added to cither to apical or basolateral side and nor-
mal growth medium was added to the other side. Media containing
10% normal FBS contain 6 uM Zn; FBS was dialyzed exten-
sively®® to prepare media with Zn concentrations of less than 6
M. Because this procedure also decreased the protein concentra-
tion of the FBS, media were prepared containing 14% dialyzed
FBS. Cells were incubated with the prepared media for either 10
minutes or 5 hours on a rotating shaker and harvested as described
previously.

Transcellular movement experiments

The transcellular movement of Zn in different directions and under
different experimental conditions was also studied with cells
grown on membranes. Specifics for the different experiments are
given in the figures and results.

Cells (after 21 days of culture) were examined for confluence,
and membranes that showed areas of no cell growth, tears in the
membrarne, or did not exclude phenol red (PR) from the basolateral
compartment were not used. (DME containing PR was placed in
the apical compartment; DME without PR in the basal compart-
ment. After overnight incubation, basolateral media were col-
lected and analyzed spectrophotometrically for PR.) Old growth
medium was removed and experimental media containing %°Zn
and differing concentrations of nonradioactive Zn were added to
one side and normal growth medium to the other. Plates were
incubated on a rotating shaker for specified times (see figures),
then media from the side that received the nonradioactive medium
was removed for gamma counting. In some experiments, it was
possible to study transport and uptake simultaneously by collecting
the membrane after collecting medium.

Subcellular distribution and release studies

The subcellular distribution and release of endogenous Zn were
studied in experiments in which cells were pulsed with ®°Zn-



labeled media followed by a chase of unlabeled media for defined
lengths of time. Additionally, some cells were grown in different
concentrations of Zn to determine whether cellular Zn status af-
fected the distribution and release of Zn.

In the first experiment, cells grown on PET membranes were
incubated with 4.62 kBq ®°Zn/mL for days 18 to 21. After cells
were loaded with ®3Zn, apical and basolateral media of all cells
were replaced with normal growth medium (6 wM Zn) containing
no %°Zn. At defined times, thereafter, cells, apical medium, and
basolateral medium were harvested and counted for gamma ener-
gies. To correct for *Zn loosely bound to the cell surface, radio-
activity in the media removed from both compartments after 10
minutes was subtracted as a blank.

The molecular localization of ®°Zn in cell cytosol was studied
with cells grown on 25-cm? cell culture flasks cultured with either
normal growth medium the entire time or normal medium the first
10 days and medium containing 100 wM Zn the last 11 days. After
21 days of culture, growth medium containing 37 kBg/mL of ®°Zn
(total of 0.185 MBqg/flasks) was added and cells were incubated
for 4 hours. After that the radioactive medium was removed and
replaced with the respective nonradioactive media (6 or 100 pm
Zn) for defined periods of time (see figure 7).

At the end of the specified periods, cells were harvested and
sonicated after mixing 1:4 in 0.3 M Tris (pH 7.5) buffer containing
154 mM NaCl, 0.2 g/L Na azide, 35 mg/L phenylmethylsulfonyl
fluoride, 0.6 mg/L leupeptin, and 0.9 mg/L pepstatin. Cellular
cytosol was prepared by centrifugation at 40,000g for 1 hour. One
hundred microliters of cytosol were chromatographed on a 1.5 X
32 cm Superose 12 column.>* Column void was determined with
DNA, total volume with deuterium oxide, and the column was
calibrated with standards of known molecular weight. The sample
was eluted with the sonication buffer using an Isco high-pressure
liquid chromatography (HPLC) system (Isco Inc., Lincoln, NE
USA) at a flow rate of 0.25 mL/m; fractions were collected and
analyzed for %°Zn.

Statistical analysis

Uptake and transport data were modeled by linear and nonlinear
regression models. Saturation kinetics was modeled with or with-
out a diffusional component. All models were fit by using the SAS
software package (SAS, SAS Institute Inc., Cary, NC USA). The
mean square error (MSE) from each model and the plot of the
residuals (residual = predicted value — actual value) versus pre-
dicted values were examined to determine which model provided
the best fit.>> Only the models that best described the data are
reported here.

Most experiments were replicated several times (see figures).
Results presented are from representative experiments.

Results
Time course of Zn uptake and transport

Cellular uptake of Zn (Figure 1) increased with time with
no sign of a plateau (except perhaps at the last time point).
When ®°Zn was placed on the basolateral side of membrane,
it was taken up by cells at a decreasing rate (Figure 2)
which began to plateau after 30 hours. Total cellular accu-
mulation of Zn from the basolateral side, after 25 hours,
was similar to the total accumulation from the apical side,
but transcellular movement of Zn from the basolateral to
apical side was negligible.
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Figure 1 Time course of cellutar uptake of Zn by the apical mem-
brane of CACO-2 cells (open triangles, dashed line) or apical to
basolateral movement of Zn by CACO-2 cells grown on semiper-
meable membranes {open squares, solid line). Wells incubated with
85Zn in the apical compartment for the specified times, then mem-
branes and basolateral medium coliected and counted for gamma
energies. Five or six wells used per time point per experiment; ex-
periment repeated twice. Data expressed as picomoles of Zn per
cm? cell surface.

Zn concentration dependence of Zn uptake
and transport

Data from studies examining the Zn concentration depen-
dence of Zn uptake and transcellular movement were mod-
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Figure 2 Time course of cellular uptake of Zn by the basolateral
membrane of CACO-2 cells (open triangles, dashed line) or baso-
lateral to apical movement of Zn by CACO-2 cells grown on semi-
permeable membranes (open squares, solid line). Wells incubated
with ®Zn in the basolateral compartment for the specified times,
then membranes and apical medium collected and counted for
gamma energies. Five or six wells used per time point per experi-
ment; experiment repeated twice. Data expressed as picomoles of
Zn per cm? cell surface.
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eled with linear models (diffusion type kinetics) or with
nonlinear models (saturation type kinetics) with or without
a diffusional component. Uptake experiments were con-
ducted for 10 minutes (instantaneous Kinetics) or 5 hours
(steady-state kinetics). Nonlinear models, with and without
a diffusion component, did not fit apical Zn uptake data
from cells incubated 10 minutes (Figure 3A) or apical Zn
uptake and apical to basolateral movement data from cells
incubated 5 hours (Figure 3B) better than linear models. In
contrast, Zn uptake from the basolateral side after 10 min-
utes (Figure 4A) and after 5 hours (Figure 4B) was saturable
and the half-maximal rate of uptake for cells incubated 5
hours was 49 + 11 pM. Transcellular movement from the
basolateral to apical side, however, occurred in linear fash-
ion with respect to increasing concentrations of Zn.

A 160,
140
C
E 120

]

pmols Zn/cm2/1 0
o
(o]

N A O @
o O O O O
| 1 | ]

N
=
e
\
\

pmols Zn/hricm

100 150 200
Media Zn (uM)

Figure 3 Concentration dependence of Zn uptake by the apical
membrane of CACO-2 cells and/or apical to basolateral movement
of Zn by CACO-2 cells grown on semipermeable membranes. Ra-
dioactive Zn and varying concentrations of nonradioactive Zn
added to the apical compartment and normal growth medium
added to the basolateral compartment. Cells incubated for the
specified times and then basolateral medium and/or membranes
collected and counted for gamma energies. All data expressed as
picomoles of Zn/cm? cell surface/hr. (A) Concentration dependence
of apical uptake of Zn by CACQ-2 cells incubated with ¥Zn for 10
min. Six membranes collected per concentration selected; experi-
ment repeated twice. (B) Concentration dependence of apical up-
take of Zn (solid line) or apical to basolateral movement of Zn
(dashed line) by CACO-2 cells incubated with 85Zn for 5 hr. Six
membranes and wells of basolateral medium collected per concen-
tration selected; experiment repeated twice.
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Figure 4 Concentration dependence of Zn uptake by the basolat-
eral membrane of CACO-2 cells and/or basolateral to apical move-
ment of Zn by CACO-2 cells grown on semipermeable membranes.
Radioactive Zn and varying concentrations of nonradioactive Zn
added to the basolateral compartment and normal growth medium
added to the apical compartment. Cells incubated for the specified
times and then apical medium and/or membranes collected and
counted for gamma energies. All data expressed as picomoles of
Zn/om? cell surface/hr. (A) Concentration dependence of basolat-
eral uptake of Zn by CACO-2 celis incubated with 85Zn for 10 min.
Six membranes collected per concentration selected; experiment
repeated twice. (B) Concentration dependence of basolateral up-
take of Zn (solid line) or basolateral to apical movement of Zn
(dashed line) by CACO-2 cells incubated with 82Zn for 5 hr. Six
membranes and wells of apical medium collected per concentration
selected; experiment repeated twice.

Effect of zinc concentration in the basolateral
compartment on the apical uptake and apical to
basolateral transcellular movement of Zn

Normal growth medium containing ®*Zn was placed in the
apical compartment of cells and growth medium containing
no %*Zn, but varying concentrations of nonradioactive Zn,
was placed in the basolateral compartment. After 5 hours,
membranes and basolateral media were collected. Uptake of
Zn from the apical side (Figure 5) was inhibited to an in-
creasing extent as the basolateral concentration of Zn in-
creased. Apical to basolateral transport of Zn, however,
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Figure 5 The effect of increasing concentrations of Zn in the ba-
solateral compartment on the apical to basolateral movement (solid
line) and uptake (dashed line) of Zn by the apical membrane of
CACO-2 cells grown on semipermeable membrane filters. Cells in-
cubated with experimental media containing ¥5Zn in the apical com-
partment and nonradioactive medium containing varying concen-
trations of Zn in the basolateral compartment for 5 hr. Basolateral
medium and membranes then collected and analyzed for gamma
energies. Each point at selected concentrations is mean of six wells
and membranes. Data expressed as picomoles of Zn/cm? cell sur-
facerhr.

was about 1 pmol/cm? cell surface/hr at all concentrations
of basolateral Zn. This is similar to the rate of transport
observed in other experiments when normal growth medium
containing %*Zn was placed in the basolateral compartment
and incubated for 5 hours.

Molecular distribution and release of
internalized *Zn

For the first 2 hours, release of endogenous ®Zn to the
apical side occurred at a faster rate than release to the ba-
solateral side (Figure 6). After 2 hours, release to the apical
side had plateaued, but release to the basolateral side con-
tinued at the initial rate. At this time 25 to 35% of the
endogenous ®>Zn was in the apical compartment, but only 2
to 5% was in the basolateral compartment and 60 to 70%
remained inside the cell. Release of ®>Zn to the basolateral
side did not begin to plateau until after 15 hours. By the end
of the experiment, approximately 37% had been released to
the apical side, 25% released to the basolateral side, and 35
to 40% remained inside the cell.

Cytosol of cells grown in 100 wM Zn had two major
Zn-binding peaks (Figure 7). One peak was at the begin-
ning of the elution and corresponded to a molecular weight
of 200,000 to 400,000 daltons. The second ®*Zn peak cor-
responded to a molecular weight of 5 to 15 kD and metal-
lothionein (Mt) co-eluted with a portion of this peak. In
addition to these distinct peaks, there was random labeling
of many proteins in the intermediate weight range. Maxi-
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Figure 6 Time course of release of endogenous ®°Zn to the apical
(open squares, solid line) or basolateral (open triangles, dashed
line) compartments of CACO-2 cells. Cells were incubated with 5Zn
in the apical and basolateral compartments for days 18 to 21 of
culture, then radioactive media were replaced with nonradioactive
media. Apical and basolateral media and membranes were coi-
lected at various time points and counted for gamma energies.
Each time point is the mean of six wells and membranes. Data
expressed as percent of total counts (sum of radioactivity in apical
and basolateral compartments plus radioactivity incorporated into
cells on the membrane) appearing in the apical or basolateral me-
dia.

mum labeling of both the low-molecular-weight (LMW)
and high-molecular-weight (HMW) peaks occurred be-
tween 6 and 12 hours; thereafter, counts in both peaks de-
creased.

There was much less total ®Zn in the csytosol of cells
grown in normal growth media and the ®°Zn was more
randomly distributed, although the HMW peak was consis-
tently labeled. Maximum labeling occurred at 12 hours and
decreased thereafter. The major observed difference in Zn-
binding ligands as the result of previous Zn status was that
the LMW %Zn peak (the major peak in cells grown in 100
M Zn) was not observed in the cytosol of cells grown in
normal media.

Discussion

Numerous investigators have examined Zn absorption by
many different methods.> %! There is not a clear consen-
sus as to how Zn is removed from the lumen at the brush
border of the enterocyte and delivered to the mucosal side of
the gut; however, most researchers seem to agree that ab-
sorption is a combination of mediated and diffusional pro-
cesses.”!1+12:30.36.37 Becayse of the diversity and complex-
ity of the tissues in the gut, it is difficult to identify the
processes at work and to determine where the point(s) of
control may be.

In a previous report, Raffaniello and co-workers used
CACO-2 cells to examine the basic mechanisms of Zn up-
take and transport.>® They used a defined salt medium to
conduct their transport experiments, which simplifies ex-
planation of the uptake and transport data. In the present
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Figure 7 The effect of medium Zn concentration and time postla-
beling on the distribution of 8Zn among Zn-binding ligands in the
cytosol of cells grown on flasks with normal growth media (A) or
medium containing 100 pM Zn (B) by HPLC size exclusion chroma-
tography. Twenty-one-day-old cells were pulsed for 4 hr with 5Zn,
which was followed by incubation with nonradioactive medium.
Cells were harvested at times shown, cytosol prepared and chro-
matographed by HPLC. Cytosol from three flasks pooled for each
time point. The distribution of ®3Zn among cytosalic ligands is shown
at ties from 4 to 96 hr after labeling.

study, we have also used CACO-2 cells as an in vitro model
of the intestinal epithelia to study Zn uptake into and move-
ment across the enterocyte. However, in the body, very
little zinc would exist as the free ion in either the lumen of
the gut or the vasculature, as it would be complexed to some
ligand. Thus, we have conducted our studies in medium
containing FBS in which the Zn present would be com-
plexed to various physiological ligands. Whereas serum is
present in the basolateral environment of the enterocyte, the
apical (luminal) environment does not normally contain se-
rum. However, Zn in the luminal environment would also
be complexed, and many of the ligands would be amino
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acids, peptides, and proteins.>® As such, FBS also simu-
lates the luminal environment to a greater degree than does
a salt buffer.

Contrary to the prior report,”® we did not see saturation
of Zn uptake from the apical side in the presence of increas-
ing concentrations of Zn. The previous studgl calculated a
V ax ©f 0.3 nmol/cm?/10 min or 1.8 nmol/em*/hr for uptake
of Zn by CACO-2 cells in a serum-free media. They also
calculated a K, of 41 uM which gave an uptake rate of
approximately 0.8 nmol/cm?hr. In this study, the maximal
apical uptake rate (at 200 uM Zn) was only 50 pmol/cm?/hr.
Thus, if Zn is taken up as the free ion,'® this study may
indicate that, in the presence of serum, saturation of a Zn
carrier at the apical surface does not occur. In support of
this hypothesis, we observed that a small, but constant,
amount of Zn moved apically to basolaterally regardless of
the concentration of Zn in the basolateral compartment.

Also contrary to what was reported previously for
CACO-2 cells,* uptake of Zn from the basolateral mem-
brane was saturable. However, the prior study also showed
that uptake was inhibited by ouabain and vanadate, suggest-
ing the involvement of (Na-K)-ATPase. A study using iso-
lated basolateral membrane vesicles from rat intestine did
find evidence for saturable uptake of Zn'* and the concen-
tration at which uptake was half-maximal (24 pM) was sim-
ilar to the concentration at which basolateral uptake was
half-maximal in this study (49 uM). Again, perhaps the
reason for the discrepancy between this study and Raf-
faniello et al.’' has to do with the amount of free ion
present. Free ionic Zn may be able to diffuse across the cell,
whereas ligand-complexed Zn may not be able to. Thus, it
is possible that when large amounts of the free ion are
present, basolateral uptake of Zn by a facilitated process is
negligible compared with uptake due to diffusion. How-
ever, if the affinity for Zn by a carrier is greater than the
affinity for Zn by ligands present in the medium, then even
though the total amount of carrier-mediated transport of Zn
is small, it represents the majority of Zn taken into the cell
from the basolateral side.

Such a hypothesis could also explain why basolateral to
apical transcellular movement in this study occurred at a
much lower rate than apical to basolateral movement,
whereas the reverse was true for the study of Raffaniello et
al.’® The previous investigators showed an approximately
1.8-fold greater rate of basolateral to apical transport for the
first 50 minutes. The rate of apical to basolateral transport
through 6 hours in this study, however, was 15-fold greater
than the rate of basolateral to apical transport. Serosal to
luminal transfer of Zn has been reported,®° but Steel and
Cousins® concluded that, whereas much Zn may enter the
enterocyte from the vascular system, relatively little is
transferred to the lumen. Results of this study support this in
that Zn moved into the cell from the basolateral side but
very little Zn moved out of the cell on the apical side,
resulting in a primarily apical to basolateral transfer of Zn.

Previous studies have examined the subcellular distribu-
tion of Zn and the association of Zn with proteins in animal
gut tissue. CACO-2 cells synthesize Mt,*® but there have
not been reports of the kinetics of protein bound Zn or of the
efflux of endogenous Zn. The movement of endogenous
%Zn out of CACO-2 cells was different depending on



whether it moved across the apical or basolateral mem-
brane. Endogenous radioactive Zn quicklsy equilibrated with
medium in the apical environment, but 657n was released at
a slower rate to the basolateral compartment and the %*Zn in
the basolateral compartment never did equilibrate with that
inside the cell. Although such kinetics does not show the
mechanism of Zn release, it does suggest that the basolat-
eral membrane is a greater barrier to Zn efflux than the
apical membrane. This is consistent with the finding of
saturable uptake by the basolateral membrane but concen-
tration-dependent uptake by the apical membrane. The in-
volvement of the basolateral membrane in controlling Zn
release from the enterocyte has been noted previously.*'

When cytosol was subjected to HPLC chromatography,
the major change seen with time was a decrease in the
amount of 53Zn associated with the HMW peak and random
proteins, especially for cells grown in the normal media.
CACO-2 cells grown in 100 uM Zn have a large portion of
intracellular Zn associated with HMW proteins and about
50% of the intracellular Zn associated with Mt.*' The
present data show that over time Zn is removed from HMW
proteins, either to outside the cell or to LMW proteins.
Hoadley et al.® suggested that the association of Zn with Mt
was a major determinant of the amount of Zn free to move
to the vascular system. Hempe and Cousins>? have postu-
lated that the cysteine-rich intestinal protein (CRIP) com-
petes with Mt for Zn, and thus modulates the amount of Zn
free to move across the cell and out across the basolateral
membrane.

In conclusion, this study has found that, similar to Raf-
faniello et al.,>® CACO-2 cells have distinct mechanisms of
uptake and transport at the basolateral and apical mem-
branes. However, we have shown that in the presence of
serum, which contains many Zn ligands, Zn movement in
an apical to basolateral direction does not exhibit saturation
kinetics. Uptake of Zn from the basolateral side does satu-
rate under the same conditions, suggesting a greater affinity
for Zn by the carrier present on that side than for Zn ligands
in the serum. Further we have found that the efflux of
endogenous Zn occurs differently at the apical and basolat-
eral membranes.

.

Acknowledgments

We gratefully acknowledge the assistance of Eugene Ko-
rynta in the preparation of figures and tables, the assistance
of Patrick Monroe in the care of cultured cells, and the
assistance of Marie Swenson in the typing of the manu-
script.

References

1 Williams, J.P. (1984). Zinc: what is its role in biology? Endeavor 8,
65-70

2  Hambridge, K., Casey, C., and Krebs, N. (1986). Zinc. In Trace
Elements in Human and Animal Nutrition (W. Mertz, ed.), 5th ed,
Vol 2, Academic Press, Inc., Orlando, FL USA

3 Coppen-Jaeger, D. and Wilhelm, M. (1989). The effects of cad-
mium on zinc absorption in isolated rat intestinal preparations. Biol.
Trace Elem. Res. 21, 207-212

4 Davies, N. (1980). Studies on the absorption of zinc by rat intestine.
Br. J. Nutr. 43, 189-203

17

18

19

20

21

22

23

24

25

26

27

28

Zinc transport by CACO cells: Finley et al.

Schwarz, F.J. and Kirchgener, M. (1977). Studies on the homeo-
static regulation of the zinc metabolism by zinc infusions. Res. Exp.
Med. 170, 241-251

Smith, K.T., Cousins, R.J., Silbon, B., and Failla, M.L. (1978).
Zinc absorption and metabolism by isolated, vascularly perfused rat
intestine. J. Nutr. 108, 18491857

Smith, K. and Cousins, R. (1980). Quantitative aspects of zinc
absorption by isolated, vascularly perfused rat intestine. J. Nusr.
110, 316-323

Hoadley, J.E., Leinart, A.S., and Cousins, R.J. (1988). Relation-
ship of %Zn absorption kinetics to intestinal metallothionein in rats:
effect of zinc depletion and fasting. J. Nutr. 118, 497-502

Steel, L. and Cousins, R. (1985). Kinetics of zinc absorption by
lumenally and vascularly perfused rat intestine. Am. J. Physiol. 248,
G46-G53

Bonewitz, R.F., Voner, C., and Foulkes, E.C. (1982). Uptake and
absorption of zinc in perfused rat jejunum: the role of endogenous
factors in the lumen. Nutr. Res. 2, 301-307

Blakenborough, P. and Salter, D. (1987). The intestinal transport of
zinc studied using brush-border membrane vesicles from the piglet.
Br. J. Nutr. 57, 45-55

Menard, M. and Cousins, R. (1983). Zinc transport by brush border
membrane vesicles from rat small intestine. J. Nutr. 113, 1434—
1442

Tacnet, F., Watkins, D., and Ripoche, P. (1992). Studies of zinc
transport into brush-border membrane vesicles isolated from pig
small intestine. Biochim. Biophys. Acta 1024, 323-330
Qestreicher, P. and Cousins, R. J. (1989). Zinc uptake by basolat-
eral membrane vesicles from rat small intestine. J. Nutr. 119, 629—
646

Pham, T., Kim, Y., Song, M., and Heng, M. (1991). Factors af-
fecting zinc flux rates of rat intestinal segments mounted into ussing
chambers. Biochem. Arch. 7, 213-219

Pattinson, S. and Cousins, R. (1986). Kinetics of zinc uptake and
exchange by primary cultures of rat hepatocytes. Am. J. Physiol.
250, E677-E685

Stacey, N. and Klaassen, C. (1981). Zinc uptake by isolated rate
hepatocytes. Biochim. Biophys. Acta 640, 693697

Ackland, M.L. and McArdle, H. J. (1990). Significance of extra-
cellular zinc-binding ligands in the uptake of zinc by human fibro-
blasts. J. Cell. Physiol. 145, 405-413

Ackland, M., Danks, D., and McArdle, H. (1988). Studies on the
mechanism of zinc uptake by human fibroblasts. J. Cell. Physiol.
135, 521-526

Bobilya, D., Briske-Anderson, M., and Reeves, P. (1992). Zinc
transport into endothelial cells is a facilitated process. J. Cell. Phys-
iol. 151, 1-7

Bobilya, D., Briske-Anderson, M., Johnson, L., and Reeves, P.
(1991). Zinc exchange by endothelial cells in culture. J. Nutr. Bio-
chem. 2, 565-569

Nicklin, P., Irwin, W., Hassan, I., and Mackay, M. (1992). Proline
uptake by monolayers of human intestinal absorptive (CACO-2)
cells in vitro. Biochim. Biophys. Acta 1104, 283-292

Smith, T., Gibson, C., Howlin, B., and Pratt, J. (1991). Active
transport of amino acids by gamma-glutamyl transpeptidase through
Caco-2 cell monolayers. Biochem. Biophys. Res. Commun. 178,
1028-1035

Hu, M. and Borchardt, R.T. (1992). Transport of a large neutral
amino acid in a human intestinal epithelial cell line (Caco-2): uptake
and efflux of phenylalanine. Biochim. Biophys. Acta Mol. Cell Res.
1135, 233-244

Artursson, P. (1990). Epithelial transport of drugs in cell culture. I:
A model for studying the passive diffusion of drugs over intestinal
absorptive (CACO-2) cells. J. Pharm. Sci. 79, 476-482

Halleux, C. and Schneider, Y. (1991). Iron absorption by intestinal
epithelial cells. 1: Caco-2 cells cultivated in serum-free medium, on
a polyetyleneterephthalate microporous membranes, as an in vitro
model. In Vitro Cell. Dev. Biol. 27A, 293-302
Alvarez-Hernandez, X., Nichols, G.M., and Glass, J. (1991).
Caco-2 cell line: a system for studying intestinal iron transport across
epithelial cell monolayers. Biochim. Biophys. Acta 1070, 205-208
Finiey, J., Johnson, P., Reeves, P., Vanderpool, R., and Briske-
Anderson, M. (1994). Effect of bile/pancreatic secretions on absorp-

J. Nutr. Biochem., 1995, vol. 6, March 143



Research Communications

29

30

31

32

33

34

tion of radioactive or stable zinc: in vivo and in vitro studies. Biof.
Trace Elem. Res. 42, 89-95

Han, O., Failla, M., Hill, A., Morris, E., and Smith, J. (1994).
Inositol phosphates inhibit uptake and transport of iron and zinc by
a human intestinal cell line. J. Nutr. 124, 580-587

Raffaniello, R.D., Lee, S., Teichberg, S., and Wapnir, R.A.
(1992). Distinct mechanisms of zinc uptake at the apical and baso-
lateral membranes of Caco-2 cells. J. Cell. Physiol. 152, 356-361
Bobilya, D., Briske-Anderson, M., and Reeves, P. (1993). Ligands
influence Zn transport into cultured endothelial cells. Proc. Soc.
Exp. Biol. Med. 202, 159-166

Hempe, J. and Cousins, R. (1992). Cysteine-rich intestinal protein
and intestinal metallothionein: an inverse relationship as a concep-
tual model for zinc absorption in rats. J. Nutr. 122, 89-95

Pilz, R.B., Willis, R.C., and Seegmiller, J.E. (1982). Regulation of
human lymphoblast plasma membrane 5'-nucleotidase by Zn. J.
Biol. Chem. 257, 13544-13549

Hempe, J. and Cousins, R. (1989). Effect of EDTA and zinc-
methionine complex on zinc absorption by rat intestine. J. Nutr.
119, 1179-1187

144 J. Nutr. Biochem., 1995, vol. 6, March

35

36

37

38

39

40

41

Bates, D. and Watts, D. (1988). Nonlinear Regression Analysis and
Its Applications, pp. 26-28, John Wiley and Sons, New York
Steinhardt, H.J. and Adibi, S.A. (1984). Interaction between trans-
port of zinc and other solutes in human intestine. Am. J. Physiol.
247, G176-G182

Ghishan, F.K. and Sobo, G. (1983). Intestinal maturation: in vivo
zinc transport. Pediatr. Res. 17, 148-151

Song, M., Adham, N., and Ament, M. (1984). Metabolism of zinc-
binding ligands in rat small intestine. Biol. Trace Elem. Res. 6,
181-193

Kowarski, S., Blair-Stanek, C., and Schachter, D. (1974). Active
transport of zinc and identification of zinc-binding protein in rat
jejunal mucosa. Am. J. Physiol. 226, 401-407

Raffaniello, R. and Wapnir, R. (1991). Zinc-induced metallothio-
nein synthesis by CACO-2 cells. Biochem. Med. Metab. Biol. 45,
101-107

Cousins, R. (1989). Theoretical and practical aspects of zinc uptake
and absorption. In Mineral Absorption in the Monogastric GI Tract,
Adv. Exp. Med. Biol. 249, 3-12



