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Summary. The recent demonstration that the human colon ade-
nocarcinoma cell line Caco-2 was susceptible to spontaneous
enterocytic differentiation led us to consider the question as to
whether Caco-2 cells would exhibit sodium-coupled transport of
sugars. This problem was investigated using isotopic tracer flux
measurements of the nonmetabolizable sugar analog a-methyl-
glucoside (AMG). AMG accumulation in confluent monolayers
was inhibited to the same extent by sodium replacement, 200 uM
phlorizin, 1 mM phloretin, and 25 mM D-glucose, but was not
inhibited further in the presence of both phlorizin and phloretin.
Kinetic studies were compatible with the presence of both a
simple diffusive process and a single, Na*-dependent, phlorizin-
and phloretin-sensitive AMG transport system. These results
also ruled out any interaction between AMG and a Na*-indepen-
dent, phloretin-sensitive, facilitated diffusion pathway. The
brush-border membrane localization of the Na*-dependent sys-
tem was inferred from the observations that its functional differ-
entiation was synchronous with the development of brush-bor-
der membrane enzyme activities and that phlorizin and phloretin
addition 1 hr after initiating sugar transport produced immediate
inhibition of AMG uptake as compared to ouabain. Finally, it
was shown that brush-border membrane vesicles isolated from
the human fetal colonic mucosa do possess a Na*-dependent
transport pathway(s) for b-glucose which was inhibited by AMG
and both phlorizin and phioretin. Caco-2 cells thus appear as a
valuable cell culture model to study the mechanisms involved in
the differentiation and regulation of intestinal transport func-
tions.
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Introduction

The demonstration that the human colon adenocar-
cinoma cell line Caco-2 [10] is susceptible to sponta-
neous enterocytic differentiation [31] has recently
designated this cell line as the most relevant in vitro
model for studies related to both differentiation and
regulation of intestinal absorbo-digestive functions

[36]. Confluent monolayers of Caco-2 cells were
first reported to exhibit morphological, immunocy-
tochemical and biochemical differentiation patterns
characteristic of mature enterocytes [31]. Dome for-
mation [15, 31, 35} and electrical parameter mea-
surements [15] were also compatible with the uni-
form presence of tight junctions and appreciable
cell polarization. However, the question as to
whether Caco-2 cells would exhibit Na*-coupled
transport systems with characteristics similar to
those found in intestinal brush-border membranes
has not been clearly answered yet. Electrical pa-
rameter measurements have shown a small Na*-
coupled alanine flux but this system was not inves-
tigated further [15]. Na'-dependent phosphate
transport has also been reported to be present in the
apical membrane of Caco-2 cells [27]. However, the
existence of a Na*-coupled sugar transport system
seems to be denied by the absence of effects on
membrane conductance or depolarization following
mucosal addition of glucose or phlorizin [15]. This
result is surprising in view of the high rate of glu-
cose utilization in these cells [37].

In an effort to better characterize sugar trans-
port functions in Caco-2 cells, we have undertaken
systematic studies with nonmetabolizable sugar an-
alogs using isotopic tracer flux measurements as an
alternative approach to previous electrophysiologi-
cal studies [15]. In the present paper, we report
some characteristics of a-methylglucoside (AMG)
transport in these cells. Our results clearly demon-
strate that Caco-2 cells do possess a Na*-depen-
dent, phlorizin-sensitive pathway for sugar trans-
port. However, this pathway is also sensitive to
phloretin. The nature of this Nat-dependent sugar
transport system was thus investigated and we dem-
onstrate shared properties with a glucose transport
system normally found in brush-border membranes
from 16- to 22-week-old human fetal colons.
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Materials and Methods

CELL CULTURES

The Caco-2 cell line was established from a moderately well-
differentiated human colon adenocarcinoma [10] and was kindly
provided by Dr. J. Fogh (Sloan-Kettering Institute for Cancer
Research, Rye, N.Y.). Cells were seeded at 4 X 10* cells/cm?
and routinely grown at 37°C in either 75 cm? plastic flasks or 35 %
10 mm petri dishes containing Dulbecco’s modified Eagle me-
dium at 25 mM glucose concentration under a 10% CO,-90% air
atmosphere [31]. The medium was supplemented with 15% fetal
bovine serum as suggested by Dr. Fogh (personal communica-
tion), 1% nonessential amino acids and gentamicin 20 pug/ml. The
culture medium was changed daily in all experiments [31]. Cells
were used between the 30th and 50th passages. For subculture or
cell volume measurement, the confluent cells were dispersed by
treatment with 0.05% trypsin and 0.54 mMm EDTA and were di-
luted in the complete culture medium or in the transport medium,
respectively. The number, size distribution, and average volume
of cells were determined with a pulse height analyzer (Nucleus,
Oak Ridge, Tenn.) connected to the output of a Coulter counter.

ENZYMATIC CHARACTERIZATION
OF CULTURED CELLS

Cells were grown in culture flasks for different periods of time.
At days 3 and 5, three and two flasks had to be used, respec-
tively, in order to get enough material for enzyme assays. Cells
were washed in ice-cold isotonic phosphate-buffered saline (pH
7.4) (PBS), scraped with a rubber policeman and resuspended in
5 ml PBS. Homogenization was performed at 4°C for 1 min at full
speed using a Sorvall omnimixer equipped with a micro-attach-
ment device. Enzyme activities were assayed either directly in
the homogenates or in the pellet and supernatant fractions issued
from 1-hr centrifugation of the homogenates at 100,000 X g and
4°C.

TRANSPORT STUDIES ON CELL MONOLAYERS

Uptake measurements of AMG were performed with cells at-
tached to the bottom of the petri dishes. The transport medium
contained (in mmol/liter): 137 NaCl, 4.7 KCI, 1.2 KH,PO,, 1.2
MgSO;, 2.5 CaCl,, 10 HEPES buffer (pH 7.2), 4 glutamine, 0.5
AMG and 0.1 mg/ml bovine serum albumin. When sodium con-
centrations were varied, NaCl was replaced isosmotically by
choline chloride. The osmolarity of each medium was maintained
constant at 300 milliosmoles as determined by freezing-point os-
mometry (Advanced Instrument). Monolayers were washed four
times with substrate-free transport medium before incubation at
37°C in 1 ml uptake medium containing 4 uCi of a-methyl-p-(U-
HC)glucopyranoside (sp act 150 mCi/mmol). In preliminary ex-
periments, the transport medium also contained 2.5 uCi of either
D-(1-*H(N))mannitol (sp act 27.4 Ci/mmol) or CH(G))inulin (sp
act 218.2 mCi/g) for extracellular space corrections. They were
later omitted when it appeared that this correction only repre-
sented a few percent of accumulated substrate and that it would
be included in the residual component of transport measured in
the absence of sodium and/or in the presence of 200 uM phlorizin
(see Table 2 and Fig. 3 in the Results section). Experiments were
conducted in the presence or absence of sugar transport inhibi-
tors as indicated in the legends. Inhibitors were prepared as
stock solutions in absolute ethanol and diluted to the desired
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concentrations in the transport medium (final ethanol concentra-
tion less than 1%). Control experiments were run using the same
concentrations of ethanol. Uptake was terminated by adding 2 ml
of ice-cold substrate-free transport medium containing 200 uMm
phlorizin and 200 uMm phloretin. Monolayers were then rinsed
four times with this stop solution to get rid of excess radioactiv-
ity and solubilized in 0.5 ml NaOH 1 N. Aliquots of 0.3 ml were
added to 5 ml Filter Count (United Technologies Packard) for
radioactivity determination using a Minaxi Tri-Carb Series 4000,
model 4450 scintillation counter (United Technologies Packard)
while the remaining was used for protein determination.

TRANSPORT STUDIES ON CELL SUSPENSIONS

Confluent cells in stationary phase of growth (14 days) were
dispersed with 0.05% trypsin and 0.54 mm EDTA, washed in the
substrate-free incubation medium described in the preceding sec-
tion, and harvested by 1-min centrifugation at 1,000 X g. Cells
were resuspended in the same medium to a final concentration of
4 x 107 cells/ml. Samples of 1 ml were then added to 1 ml incuba-
tion medium as to get final conditions similar to those described
for transport on monolayers. At time intervals, 0.2 ml aliquots
were mixed with 1 ml stop solution (same composition as for
monolayers) and the resulting mixture was filtered on prewetted
0.45 um nitrocellulose filters (Sartorius SM 11306). Filters were
washed with 5 ml stop solution, dissolved in mini-vials by 15-min
incubation with 5 ml Filter Count and counted as described for
monolayers.

PURIFICATION OF BRUSH-BORDER
MEMBRANE VESICLES

Confluent cells in stationary phase of growth (14 days) were
rinsed twice in ice-cold PBS and either scraped off the flasks
using a rubber policeman or dispersed with 0.05% trypsin in 0.54
mM EDTA. In both cases, the cells were washed in PBS and
harvested by 1-min centrifugation at 1,000 x g. Pellets were then
homogenized and brush-border membrane purified by the cal-
cium chloride precipitation method of Schmitz et al. [38] using
either 10 [31] or 18 mm [37] CaCl, as described for Caco-2 cells.
Vesicles were obtained by the method of Hopfer et al. [18] with
slight modifications as described recently [2].

Human fetal colons were obtained from the Pathology Ser-
vice of St. Justine Hospital (Montreal, Quebec). For each experi-
ment, 15 to 20 normal fetal colons were pooled. These arrived
once or twice a week in groups of 2 to 4. Upon arrival, the lumen
was flushed with ice-cold isotonic saline. The mucosa was
scraped with a spatula on a cold glass plate, weighted, and frozen
at —70°C until use (up to 3 months for the first received colons).
Brush-border membrane vesicles were prepared as described
above using 10 mMm CaCl, for brush-border membrane purifica-
tion [2, 18, 38].

TRANSPORT STUDIES ON VESICLES

Uptake studies were carried out on brush-border membrane vesi-
cles purified from either 14-day-old confluent cultured cells or
human fetal colonic mucosa by the rapid filtration technique of
Hopfer et al. [18] as described previously for glutamic acid up-
take [2]. Briefly, vesicles were resuspended to a final protein
concentration of 5 to 10 mg/ml in 50 mm Tris-HEPES buffer (pH
7.5) containing 375 mM mannitol and 0.1 mMm MgSO,. Aliquots
(100 wl) were then'added to the incubation medium (400 ul) as to
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Table 1. Growth-related differentiation of soluble (S) and particulate (P) brush-border enzymes in Caco-2 cells?
Enzyme Fraction Days in culture
7 10 12 15 19 23 26
S ND 93+ 1.6 71 = 6° 116 = 6° 97 = 10 66 = 13 63 =22
Sucrase P 33+ 0.5 80 =+ 9° 308 = 29° 326 = 6 311 = 44 244 + 48b 158 + 320
9 = 1) 81 = 1) (74 = 2)p (76 = 4) (79 = 3) 72 4
Maltase S 6.8+ 1.8 62 = 12° 82+ 8 125 = 12b 110 = 16 79 = 10° 70 = 19
P 30 =12 279 =+ 14t 802 * 54b 939 = 6° 1319 = 1520 859 + 18 661 = 420
@8l = 3) 82 = 3) 91+ 1) B8 = 1) 92= 1 @2+ 1 @1 1
Lactase S 53+ 03 83 .5 89 = 9° 136 = 23b 100 = 7° 57+ 7°
P 4.0= 13 16 = 3b 56 x 5P 78 = 2P 71 = 5® 53 & 3b
42 = 9) 66 = 5P (39 = 5 37 4) 42 = 3 43+ 7
Trehalase S ND 42+ 0.2 39 = 3b 57 = 100 45+ 5 21 = 5° 24 + 4
P 22+ 0.5 9.6 = 0.3 113 + 9° 3§+ 2b 35 2 23 1 26 = 2
Amino 71 = 3) (75 1) 40+ 3)° 44 = 4 (52 = 5» 52 4
peptidase S 9 = 3 38 = 7 60 £ 2b 65 = 7 50+ 8 80 = 14b 63 = 6°
P 18 = 5 31 = 8 40+ 5 73 = 6P 93 £ 11b 113 = 14 77 = 16°
68 = 2) 42 =+ 2)p 40 = 4) (53 3)p 65+ 1) (58 = 35)® (59 1

2 Values shown are the mean * sD of enzyme activities (mU/flask) for three different subcultures. Values in brackets represent the %
enzyme activity recovered in the P fraction. ® Indicates significant differences (P < 0.05) between consecutive days in culture. ND:

not detectable.

get final concentrations of 50 mm Tris-HEPES buffer (pH 7.5),
0.1 mM MgSOy, 75 mM mannitol, {50 mm NaCl or 150 mm KCl,
0.1 mm p-(U-“C)glucose (sp act 350 mCi/mmol), 1% absolute
ethanol, and either 200 wM phlorizin or 1 mm phloretin or 10 mm
AMG or 10 mM leucine. Uptake was conducted at room tempera-
ture (20°C) and, at time intervals, aliquots (50 wl) were sampled
from the incubation mixture, quenched in 1 ml ice-cold stop-
solution containing 200 um phlorizin, filtered on prewetted 0.45
wum nitrocellulose filters and washed with 4 ml stop solution.
Filters were dissolved and counted as described for suspended
cells.

ASSAYS

Disaccharidase activities (maltase, lactase, sucrase, trehalase)
were assayed by the method of Dahlgvist [6] as modified by
Lloyd and Whelan [22]. y-Glutamyltransferase activity was as-
sayed by the method of Naftalin et al. [29]. Leucylnaphthyl-
amide-hydrolyzing and alkaline phosphatase activities were as-
sayed according to Goldbarg and Rutenburg [12] and Eichholz
[7], respectively. Na* K*-ATPase was assayed as described by
Post and Sen [32] and the phosphate liberated during the reaction
by the method of Fiske and Subbarow [9]. Protein was assayed
according to Lowry et al. [23] using crystalline bovine serum
albumin as standard.

PRESENTATION OF DATA

Enzyme activities are expressed as milliunits per mg of protein:
one unit is defined as the activity which hydrolyzes 1 pmol of
substrate per minute under the experimental conditions. Intra-
cellular accumulation of AMG is expressed as nmol solute up-
take per mg protein. Unidirectional influx was estimated by ei-
ther linear regression of accumulation time courses over the
period 0 to 60 min (nmol per mg protein per min) or by one time-

point analysis (nmol per mg protein per 30 min) as indicated in
the legends.

Values shown in Figures and Tables are the mean * sp for
at least three different experiments with cells from different pas-
sages. Statistical analyses were performed with Statcalc [21] us-
ing an Apple Ile microcomputer. Comparisons were done by
one-way analysis of variance and significant differences were
estimated from the drawn Bonferroni confidence intervals (P <
0.03).

MATERIALS

Cell culture media and plastic wares (Falcon) were obtained from
Gibco Laboratories and Becton Dickinson Labware, respec-
tively. Radioisotopes were purchased from New England Nu-
clear (D-mannitol, D-glucose, inulin) or Amersham (AMG).
Phlorizin, phloretin and ouabain were obtained from Sigma
Chemical Co. All other chemicals were of the highest purity
available.

Results

EnzyMaTic CHARACTERIZATION
OF CULTURED CELLS

The growth-related appearance of different en-
zymes which have been specifically localized to the
brush-border membrane of the functional entero-
cyte [24, 38] is shown in Table 1. Enzyme activities
were assayed in supernatant (S) and pellet (P) frac-
tions issued from 1-hr centrifugation of cell homog-
enates at 100,000 X g. Only alkaline phosphatase
and y-glutamyltransferase were entirely recovered
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Fig. 1. Growth-related differentiation of brush-border membrane
enzymes in Caco-2 cells. Proteins (M) and enzymes were assayed
in the membrane fraction as described in the text. Values are the
mean * sp evaluated on three different subcultures for maltase
(), alkaline phosphatase (@), sucrase (O), y-glutamylirans-
ferase (A), and aminopeptidase (0J)
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in the particulate fraction (not shown for this rea-
son) while Table 1 shows that partition between sol-
uble and membrane forms of the enzymes varied
from one species to the other. In stationary cultures
(15 to 23 days), maltase, sucrase and aminopepti-
dase were mostly found associated with the mem-
brane fraction (88-92, 74-79, and 53-65%, respec-
tively) while other disaccharidases, lactase and
trehalase, were mostly soluble (37-42 and 40-52%,
respectively). It also appears from Table 1 that the
proportion of enzyme activities recovered in the
membrane fraction is not constant during the cul-
ture. In general, higher membrane-associated activ-
ities preceded or paralleled the peak activity in the
particulate fraction.

The data presented in Fig. 1 correlate the en-
zyme specific activities found in the membrane frac-
tion of cell homogenates with the cell growth char-
acteristics. This last parameter is well described by
the quantity of proteins per flask recovered in the
particulate fraction which closely followed the cell
number per flask (not shown) and represented a
constant proportion of total cell proteins along the
culture (45 = 5%, mean * sb of the 24 time points
of this experiment). The protein curve in Fig. 1
(closed squares) shows that proliferation started by
day 3 to reach a stationary phase by day 12. How-
ever, the protein content decreased by day 23, a
time at which the monolayer began to detach from
the edges of the flasks. It should, however, be noted
that confluency was reached by day 7 or 8 as evi-
denced by the presence of domes on the monolayer,

——

Fig. 2. Time course of 0.5 mm AMG
accumulation in Caco-2 cells. Sugar
accumulation was performed as described in
the text in the absence of inhibitors (@) and in
the presence of 200 uM phiorizin (A) or
phloretin (O). Points shown are the mean =
sD evaluated on three different subcultures. It
should be noted that linearity is respected up

ool

to 60-min incubation (coefficient of correlation
o > 0.99 in the three cases)

T
150

T
180

TIME (min)



A. Blais et al.: Sugar Uptake in Human Intestinal Cells

in accordance with previous reports [15, 31]. Figure
I also reveals that peak activities in the cell mem-
brane fraction varied for the different enzymes con-
sidered. Trehalase (not shown, but see Table 1)
peaked first at day 12, followed by sucrase (open
circles), lactase (not shown, but see Table 1) and
alkaline phosphatase (closed circles) at day 15, by
maltase (open triangles) and y-glutamyltransferase
(closed triangies) at day 19, and by aminopeptidase
(open squares) at day 23.

AMG AcCUMULATION IN FOURTEEN-DAY-OLD
MoNOLAYERS OF Caco-2 CELLS

Figure 2 shows the time course of AMG accumula-
tion in 14-day-old confluent Caco-2 cell mono-
layers. In the absence of inhibitors (upper curve), it
is readily apparent that the rate of sugar uptake pro-
ceeded linearly up to 60-min incubation but de-
creased thereafter. Moreover, steady-state distribu-
tion of tracer was not reached even after 3-hr
incubation. Figure 2 also shows that AMG accumu-
lation was considerably depressed by phlorizin ad-
dition to the incubation medium (lower curve). A
similar inhibition of AMG transport was also ob-
tained after isotonic substitution of NaCl by choline
chloride (Table 2). With an average cell volume of
3.66 = 0.20 pl/mg protein (mean = Sp for seven
determinations at day 14), ratios of intracellular-to-
extracellular concentrations of AMG can be esti-
mated and values of 3.80 = 0.35 and 9.13 *+ (.35
were obtained after 1- and 3-hr incubation in the
absence of inhibitor, respectively. In the presence
of phlorizin, ratios of 0.52 =+ 0.04 and 1.07 = 0.18
can be calculated at each corresponding time and it
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thus appears from Table 2 that active AMG trans-
port was completely abolished by either phlorizin
addition or complete sodium replacement.

In order to delineate more closely the pathways
for AMG transport, we also have analyzed the ef-
fect of phloretin on sugar accumulation. Figure 2
shows that a 200-uM concentration of this inhibitor
(middle curve) produced a partial decrease in both
the initial rate of uptake and the overall accumula-
tion of sugar. Active AMG transport was still ob-
served in these conditions as accumulation ratios of
1.80 = 0.14 and 4.22 + 0.21 can be estimated after
1- and 3-hr incubation, respectively. Finally, it ap-
pears from Table 2 that the combined addition of
phlorizin and phloretin to the incubation medium
did not produce any further inhibition as compared
to the maximum inhibition produced by phlorizin
alone or to Na*-free conditions. It thus seems ap-
propriate to define the baseline value (simple diffu-
sion) by the mean of these last three experimental
conditions (Table 2). After correction for this value,
a 60.7% inhibition by phloretin of Na*-dependent
AMG transport can be determined (Table 2).

The sensitivity to phlorizin and phloretin was
further documented by studying the effect of differ-
ent concentrations of the two inhibitors on the ini-
tial rates of AMG accumulation and by comparing it
with the inhibition produced by addition of cold D-
glucose to the incubation medium. The results of
this study are shown in Fig. 3 and it clearly appears
that both p-glucose and sugar transport inhibitors
could produce complete inhibition of sugar accumu-
lation. However, different Is, were found for these
three substances. On a molar basis, phlorizin is the
more potent inhibitor followed by phloretin and
then p-glucose.

Table 2. Unidirectional rates of AMG accumulation in Caco-2 cells in different experimental condi-

tions?
Experimental Initial rates of Inhibition Inhibition of Na*-
conditions a-MG accumulation (%) dependent flux (%)
(nmol/mg proteinmin)
NaCl (n = 6) 0.1136 = 0.0090 — —
NaCl + phloretin (n = 4) 0.0525 = 0.0037° 53.8 60.7
NaCl + phlorizin (n = 5) 0.0125 = 0.0016><4 89.0 100
NaCl + phloretin 0.0126 = 0.0003>4 88.9 100
+ phlorizin (n = 4)
Choline chloride (n = 2) 0.0130 = 0.0008b-c.d 88.6 100

2 Initial rates were estimated by linear regression of accumulation time courses over the time period 0
to 60 min. Values shown are the mean * sb of » determinations on different subcultures. ® and ¢
indicate significant differences (P < 0.05) relative to NaCl and NaCl + phloretin, respectively. ¢
indicates values which are not significantly different (P > 0.05).
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i Fig. 3. Inhibition of 0.5 mm AMG influx in
Caco-2 cells as a function of pD-glucose (4),
phlorizin (@) and phioretin (O)

concentrations. Mean unidirectional influxes
+ sp were estimated by one time-point

1000 analysis (30 min) on three different
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Fig. 4. Kinetics of AMG transport in Caco-2
cells. Initial rates of AMG accumulation were
estimated by one time-point analysis (30 min)
as a function of substrate concentrations in
the absence of inhibitors (O) or in the
presence of 1 mM phlorizin (O). Total
accumulation corrected for the diffusional
component is also shown (@). Values are the
mean *+ SD of three to nine determinations on
one to three different subcultures. Drawn
lines correspond to the best fit of the data
according to values of parameters shown in
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KINETICS OF AMG TRANSPORT
IN FOURTEEN-DAY-OLD MONOLAYERS
of Caco-2 CELLS

As linearity with incubation time was observed up

to 60 min, the kinetics of AMG accumulation were

analyzed by one time-point analysis (30 min) over
the range of substrate concentrations 0.2 to 16 mm.
The results of this study are presented in Fig. 4

- the text

where it can be appreciated that total AMG trans-
port (upper curve) did not saturate over the range
studied. When AMG transport was recorded in the
presence of 1 mM phlorizin, the lower curve was
obtained which could be fitted to a straight line (cor-
relation coefficient 0.99). This component of AMG
transport is thus compatible with a simple diffusive
pathway with a K, of 1.11 = 0.03 nmol/mg protein/
30 min/mM. This value agrees well with the accu-
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Fig. 5. Hofstee plot of AMG transport in Caco-2 cells. Condi-
tions were as in Fig. 4 and regression was performed using Stat-
calc on the data points obtained after correction for the diffu-
sional component of transport

mulation of 0.57 = 0.06 nmol/mg protein of AMG as
recorded after 30-min incubation in the presence of
phlorizin in the conditions of Fig. 2. When this dif-
fusive component was subtracted from the total up-
take, it then appeared that saturation of AMG trans-
port could be observed (Fig. 4, middle curve). This
saturating component of AMG transport was found
to linearize (correlation coefficient 0.89) according
to Hofstee analysis (Fig. 5) and thus is compatible
with a single transport system corresponding to Mi-
chaelis-Menten kinetics with K, and V,, of 3.1 = 0.2
mM and 13.2 = 0.5 nmol/mg protein/30 min, respec-
tively. It can also be appreciated that the data from
Fig. 4 were satisfactorily fitted according to above
parameter values (lines shown correspond to calcu-
lated values).

UPTAKE STUDIES IN BRUSH-BORDER MEMBRANE
VESICLES ISOLATED FROM Caco-2 CELLS AND IN
CeLL SusPENSIONS OF Caco-2 CELLS

The membrane localization of the Na*-dependent
sugar transport pathway present in Caco-2 cells can
theoretically be determined directly using mem-
brane vesicles [18]. However, our attempts to dem-
onstrate p-glucose transport in brush-border mem-
brane vesicles isolated from Caco-2 cells have failed
so far. By the techniques described under Materials
and Methods, it, however, appeared that brush-bor-
der membrane purifications were successful (su-
crase enrichment factor of 15- to 17-fold over the
starting homogenate). As the first step in the isola-
tion procedure involved cell harvesting by either
scraping with a rubber policeman or trypsin-EDTA
treatment, experiments were conducted in order to
test transport functions in cell suspensions obtained
by both procedures. In both cases, AMG accumula-
tion could be recorded for up to 5 min of incubation
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Fig. 6. Growth-related differentiation of AMG transport in
Caco-2 cells. Unidirectional influxes of 0.5 mm AMG were esti-
mated by linear regression of accumulation time courses over the
time period 0 to 60 min. Values shown in the absence of inhibitor
(®) and the presence of 200 uM phloretin (O) have been cor-
rected for the diffusional component measured in the presence of
1 muM phlorizin (B) and represent the mean = sp of three deter-
minations on different subcultures

with the radioactive substrate but collapsed very
rapidly thereafter (results not shown). Thus, sus-
tained transport activities cannot be obtained in
these conditions.

GROWTH-RELATED DIFFERENTIATION
OF AMG TRANSPORT

The membrane localization of the Na*-dependent
transport pathway for AMG accumulation in conflu-
ent Caco-2 cells was indirectly analyzed by follow-
ing the kinetics of evolution of both the phlorizin-
and phloretin-sensitive unidirectional influxes dur-
ing the culture. The results of this experiment are
presented in Fig. 6 where it can be appreciated that
the two transport activities (corrected for the diffu-
sional component) appeared synchronously during
the differentiation process with a maximum around
day 18 and a small decrease thercafter. However,
the sensitivity to 200 uM phloretin decreased from
949% at day 10 to 57-59% at day 14 and later (Table
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3). Figure 6 also shows that the diffusive pathway
for AMG transport was quite stable during the cul-
ture although decreasing by 39% from day 8-12 to
day 14-22, Finally, the comparison between Fig. 6
and Fig. 1 clearly indicates that the phlorizin- and
phloretin-sensitive pathway for sugar accumulation
closely followed the growth-related differentiation
of brush-border membrane enzyme activities.

ENERGETICS OF AMG ACCUMULATION
IN FOURTEEN-DAY-OLD MONOLAYERS
oF Caco-2 CELLS

The membrane localization of the Na*-dependent
pathway for AMG accumulation was further ana-

Table 3. Fraction of Na*-dependent AMG influx inhibited by
200 uM phloretin during Caco-2 cell differentiation®

Days in Inhibition of a-MG accumulation
culture by 200 um phloretin (%)
0{#n=273 94.0 = 3.5

12(n=23) 80.9 = 9.2°

14 (n=4) 58.8 + 6.8b¢

18 (n=3) 57.1 £ 4.4

22 (n=3) 58.6 £ 2.3¢

2 Values were derived from the data shown in Fig. 6 and repre-
sent the mean * SD of n determinations. ® and © indicate signifi-
cant differences (P < 0.05) between consecutive days and values
which are not significantly different (P > 0.05), respectively.

ADDITION
OF
INHIBITORS

a-MG ACCUMULATION (n moles/mg protein)

/I i’f[/r/I
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lyzed by comparing the kinetics of transport inhibi-
tion by phlorizin and phloretin with those by oua-
bain. In the experiments presented in Fig. 7, AMG
accumulation was followed for up to 1 hr in the
absence of inhibitors. Phlorizin, phloretin and oua-
bain were then added to different petri dishes and
their effects followed during the next 3 hr. When
compared to the control situation (no inhibitor
added over the same time period), it is readily ap-
parent from Fig. 7 that ouabain (open circles) and
phloretin (open triangles) decreased the rate of
AMG accumulation while phlorizin (closed trian-
gles) completely inhibited it. However, as com-
pared to ouabain, phloretin produced a greater in-
hibition on the influx rate but never produced com-
plete inhibition of sugar accumulation over the time
period studied. The effect of higher concentrations
of phloretin (1 mm) could not be tested and com-
pared to phlorizin as such conditions induced cell
detachment from the petri dishes for incubation pe-
riods in excess of 30 min. The low rates of AMG
efflux following complete inhibition by phlorizin
should also be noted in Fig. 7.

GLUCOSE UPTAKE BY BRUSH-BORDER MEMBRANE
VESICLES ISOLATED FROM THE HUMAN
FerAL CoLoON

As demonstrated by others, cancerous Caco-2 cells
present some functional properties. which are nor-
mally associated with colon cells of human fetuses

Fig. 7. Inhibitor-induced alterations in AMG

. }/I’MI t 1
{/

4

accumulation by Caco-2 cells. Phlorizin (A),
phloretin (A), and ouabain (O) at
concentrations of 200 uM, or equivalent
ethanolic solution (@) were added 1 hr after
initial exposure of the cells to 0.5 mM AMG
as indicated by the arrow. Values shown are
the mean =+ sp for three determinations on
different subcultures

(=9

T T
210 240

TIME (min)
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under 24 weeks of age (31, 43]. If true, the human
fetal colon should exhibit (a) sugar transport path-
way(s) with characteristics similar to those found in
Caco-2 cells. This hypothesis was thus tested using
brush-border membrane vesicles isolated from the
human fetal colonic mucosa. Two experiments
were carried out under identical conditions and with
identical results. One experiment is reported in Fig.
8, which allows the following conclusions to be
drawn. First, the presence of a Na*-gradient (out-
side > inside) stimulated D-glucose uptake (upper
line, closed circles) as compared to a K* gradient
(lower line, open circles), thus showing the Na*-
dependency of uptake. However, a transient accu-
mulation over equilibrium uptake values (over-
shoot) was hardly detectable in these vesicles.
Next, introducing either phlorizin (200 wM) or
phloretin (1 mMm) in the incubation medium com-
pletely abolished the Na*-dependent stimulation of
uptake (lower curve, closed and open triangles for
phlorizin and phloretin, respectively), thus showing
complete inhibition of Na*-dependent transport by

20004

1500+

GLUCOSE UPTAKE (cpm)

1000

500-1
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both inhibitors. Finally, the Na*-dependent uptake
of D-glucose was completely inhibited by addition
of 10 mM AMG in the incubation medium (lower
curve, closed squares) while completely insensitive
to the same concentration of L-leucine (upper
curve, open squares), thus showing the specificity
for a sugar transport pathway and ruling out sub-
strate competition for the driving force (electro-
chemical Na*-gradient). It should also be noted that
the curves drawn in Fig. 8 extrapolated through the
origin and that similar equilibrium values were ob-
tained in all experimental conditions, thus showing
the absence of binding to the membranes and of
membrane disruption by any of the tested sub-
stances, respectively.

The last question to be answered concerned the
purity of the vesicle preparations used in these stud-
ies. This was addressed by assaying sucrase and
Nat,K*-ATPase in both homogenates and vesicle
fractions in order to evaluate the enrichment in
brush-border and basolateral membranes, respec-
tively. It was found that the brush-border mem-

>

L .

1 ! 90

TIME (min}

Fig. 8. Glucose uptake by brush-border membrane vesicles isolated from the human fetal colonic mucosa. Uptake of 0.1 mM D-glucose
was analyzed in sodium-gradient conditions (150 mMm) in the absence (@) or presence of 200 um phlorizin (A), 1 mM phloretin (A), 10
mM AMG (M), 10 mM L-leucine (), and compared to similar potassium gradient conditions (O). Curves shown have been obtained by
polynomial fitting of the data points. Statistical analysis could not resolve the lower curve in more than one component. Values shown
are from a typical experiment out of two performed under identical conditions
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brane marker sucrase purified 20-fold over the start-
ing homogenate while the basolateral marker
Na*,K*™-ATPase showed a negative enrichment of
0.6-fold.

Discussion

In their first report on the enterocyte-like differenti-
ation and polarization of Caco-2 cells in culture,
Pinto et al. [31] have measured growth-related ac-
tivities of alkaline phosphatase, sucrase and amino-
peptidase after partial purification of brush-border
membranes. Though clearly showing the synchro-
nism between morphological and functional differ-
entiation of the brush-border membrane, this proce-
dure may, however, have masked the real evolution
of enzyme activities during culture. For example,
enzymic proteins may have been synthesized before
confluency and thus not been accounted for after
isolation of brush-border membranes. Also, the
varying composition of the brush-border membrane
during the differentiation process [31] may have
been accompanied by changes in membrane sensi-
tivity to calcium, thus leading to different yields in
the membrane fraction as function of time in cul-
ture. To circumvent these problems, we have ana-
lyzed enzyme activities in supernatant (soluble) and
pellet (membrane) fractions issued from [-hr cen-
trifugation at 100,000 X g of cell homogenates. The
work of Pinto et al. [31] was also extended to in-
clude other known brush-border membrane en-
zymes like maltase, lactase, trehalase and y-gluta-
myltransferase [24, 38].

It first appears that alkaline phosphatase and
v-glutamyltransferase were the only two enzyme
activities found exclusively associated with the
membrane fraction. The other enzyme activities
partitioned to different degrees between particulate
and soluble fractions according to enzyme species
and time in culture (Table 1). It should be noted that
soluble forms of brush-border membrane enzymes
have already been reported in large amounts in the
neonatal small intestine [11, 39, 41] and during or-
gan culture of the small intestine [3]. They have also
been characterized in intestinal tissues and found to
present some differences with their brush-border
counterparts [4, 25]. However, their origin and role
are only speculative [3, 4, 25, 41].

It also appears that the membrane-bound en-
zymes have their own pattern of differentiation (Fig.
1), in agreement with previous studies in organ cul-
ture [3, 8, 17, 26] and the demonstration for inde-
pendent development [13, 28], regulation {34] and
biosynthesis [16, 30] of brush-border enzymes. The
only common characteristics for all enzyme species
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are their almost complete absence and their maxi-
mum expression before day 7 and between days 12
to 23 in culture, respectively. The functional differ-
entiation of Caco-2 cells is thus a growth-related
phenomenon. The apparition of brush-border mem-
brane enzymes is associated with the polarization of
the epithelial monolayer (as evidenced by dome for-
mation around the 7th day in culture) and their mat-
uration is achieved during the stationary phase of
growth (as evidenced by constant protein recovery
per culture flask, Fig. 1). These results thus agree
with the previously reported growth characteristics
of Caco-2 cells and the timing for functional differ-
entiation of the brush-border membrane during cul-
ture [31].

The question as to whether Caco-2 cells would
exhibit Na*t-coupled transport of solutes has been
answered positively for alanine [15] and inorganic
phosphate [27] but negatively for glucose [15]. This
last result was reinvestigated in this paper using iso-
topic tracer flux measurements of AMG. Our
results clearly demonstrate the presence of both
Nat-independent and Na*-dependent pathways for
sugar transport in Caco-2 cells. The first one is
likely to represent simple diffusion as shown by ki-
netic (Fig. 4) and inhibition (Table 2 and Fig. 3)
studies. The unicity, membrane localization and na-
ture of the second one are, however, more difficult
to ascertain as this component was found to be in-
hibited by both phlorizin and phloretin but, in any
case, its presence in Caco-2 cells is a conclusion at
variance with that of Grasset et al. [15]. This appar-
ent discrepancy could be resolved by postulating a
slowly functioning carrier which, for this reason, is
not detectable by electrical parameter measure-
ments [15]. Such an explanation would be consis-
tent with the observation made by these authors
[15] that 25 mM alanine only produced a very small,
although statistically significant, increase in short-
circuit current, close in fact to the lower limit of the
sensitivity of the measurement method.

Phloretin sensitivity of glucose transport has
usually been associated with the presence of a Na*-
independent, facilitated diffusion pathway in the ba-
solateral membranes of mature enterocytes [19].
The existence of such a pathway for AMG transport
in Caco-2 cells is, however, ruled out by the follow-
ing observations. First, inhibition by Na replace-
ment or phlorizin (Table 2) was identical with that
by phloretin or p-glucose (Fig. 3). Next, phloretin
inhibition was not additive to the maximum inhibi-
tion that was achieved with phlorizin alone (Table
2). Finally, the Na*-independent, phlorizin-insensi-
tive component of AMG transport behaves as a sim-
ple diffusive process as shown by the lack of both
intracellular substrate accumulation (Fig. 2) and
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saturation with substrate concentrations (Fig. 4). It
must then be concluded that AMG transport in
Caco-2 cells is specific to a Na*-dependent path-
way(s) as was found in chicken enterocytes [20].
This conclusion agrees with the low efflux rates that
were recorded after inhibition by phlorizin (Fig. 7)
but does not rule out the existence of a Na*-inde-
pendent, phloretin-sensitive pathway in Caco-2
cells. Other substrates are now being tested in
search of such a pathway and preliminary results
indicate that 2-deoxyglucose can be successfully
employed for this purpose.

The presence in Caco-2 cells of a single, Na*-
dependent AMG transport system which is sensi-
tive to both phlorizin and phloretin is compatible
with the following observations. First, complete in-
hibition of AMG accumulation was achieved by
high concentrations of D-glucose, phiorizin, and
phloretin (Fig. 3). Next, kinetic studies are compati-
ble with the presence of only one transport system
for the phlorizin-sensitive component of AMG uni-
directional influx (Figs. 4 and 5). Finally, the
growth-related functional differentiation of Na*-de-
pendent AMG transport was identical for the phlor-
izin- and phloretin-sensitive components (Fig. 6).
However, the sensitivity to phloretin was also re-
lated to cell growth as the percent inhibition by a
suboptimal concentration of phloretin decreased
from day 10 to days 14 to 22 (Table 3). Although this
behavior could reflect heterogeneity in sugar trans-
port functions in the early phase of the differentia-
tion process, it could as well be interpreted as being
part of the maturation process of the Na*-depen-
dent carrier. More studies will be needed to clarify
this point.

The brush-border membrane localization of the
Na*-dependent AMG transport system observed in
Caco-2 cells would be compatible with the known
properties of this transport system in mature en-
terocytes (Na*-dependency, phlorizin-sensitivity)
[407 and its substrate specificity for AMG [20]. Such
a view is strengthened by the immediate inhibition
of AMG uptake induced by phlorizin and phloretin
addition 1 hr after initiating sugar transport (Fig. 7).
Moreover, a toxic effect of phloretin that would de-
plete the ATP energy stores and consequently de-
crease the sodium electrochemical gradient avail-
able for transport can be ruled out when considering
the sustained increase in AMG accumulation after
phloretin addition. This behavior also contrasts
with the complex inhibition pattern produced by
ouabain addition (Fig. 7) that must be the conse-
quence of a progressive loss in the energy available
for active transport through the dissipation of the
Nat-electrochemical gradient that follows inhibi-
tion of Na*,K™-ATPase by ouabain in these cells
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(15, 35]. This comparison thus rules out a possible
action of phloretin through inhibition of the
Na* ,K*-ATPase.

The brush-border membrane localization of the
Na*-dependent AMG transport system in Caco-2
cells is also compatible with the observation that the
functional differentiation of AMG transport (Fig. 6)
was synchronous with the development of brush-
border membrane enzyme activities (Fig. 1). This
behavior is quite different from the development
pattern reported for Na*-dependent transport of
phosphate in these cells [27] which showed de-
creased activity from plating to confluency and min-
imal activity during the stationary phase of growth
(see Fig. 4 in [27]). It thus appears that the apical
phosphate carrier demonstrated with brush-border
membrane vesicles isolated from Caco-2 cells may
not represent the only and major Na*-dependent
pathway in these cells before and even after con-
fluency. Our own attempts to demonstrate the pres-
ence of a Na*-dependent, phlorizin- and phloretin-

sensitive transport pathway for bD-glucose in

brush-border membrane vesicles isolated from con-
fluent Caco-2 cells have failed so far. This negative
result could argue against the apical localization of
this transport system as discussed above. We, how-
ever, do not think that this is necessarily the case as
suspensions of isolated cells also failed to show sus-
tained AMG accumulation for time periods longer
than 5-min incubation. It thus appears that carrier
stability in the membrane, whatever its membrane
localization, would represent instead the major
problem in these studies. Whether this instability is
the result of cell polarity and/or cell contact disrup-
tion or sensitivity to trypsin and/or EDTA remains
to be answered. This is in contrast to the situation
demonstrated in our experiments and those of other
laboratories [27, 31, 37] for brush-border membrane
enzyme activities which survived both monolayer
disruption and membrane purification. This is also
at variance with the results reported for phosphate
transport in Caco-2 cells [27]. We have no explana-
tion for these differences but vesicle leakiness and/
or different turnover rates between brush-border
membrane components are possibilities that should
be considered.

The hypothesis that cancerous Caco-2 cells
may present some functional properties normally
associated with fetal colonic cells [31, 43] was in-
vestigated further by analyzing Na*-dependent D-
glucose transport in brush-border membrang vesi-
cles isolated from the human fetal colon. This
preparation showed good enrichment in sucrase ac-
tivity and low contamination by the basolateral
marker Na*,K*-ATPase. The functional character-
istics of p-glucose transport determined in these
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vesicles would thus represent those prevailing in
vivo at the brush-border membrane level in the hu-
man fetal mucosa. Our studies clearly demonstrate
the presence of a Na*-dependent component for p-
glucose uptake, which is completely inhibited by
both phlorizin and phloretin (Fig. 8). p-glucose up-
take was also inhibited to diffusion levels by 10 mm
AMG but was insensitive to the presence of leucine
at the same concentration (Fig. 8). All together,
these data indicate similar functional characteristics
for Na'-sugar cotransport in brush-border mem-
branes of the human fetal colon and Caco-2 cells in
culture. To our knowledge, this is the first demon-
stration of Na*-dependent sugar transport by the
human fetal colon. This finding agrees with the
known enterocyte-like properties of this tissue dur-
ing the middle trimester of fetal life [13] and the
recent report that the colon of 20-day-old fetal rats
demonstrates Na*-dependent, phlorizin-sensitive
transport of p-glucose [33].

Whether Caco-2 cells may represent mature en-
terocytes [31], colonic crypt cells [14, 15] or fetal
colonic cells [31, 37, 43] is still a matter of contro-
versy. This issue cannot be resolved by our studies
as phloretin inhibition of Na‘t-dependent sugar
transport system(s) demonstrated in Caco-2 and hu-
man fetal colonic cells may not represent a decisive
criterion as to the nature of the transport system(s)
involved. In this context, it should be noted that
phloretin sensitivity of Na*-dependent sugar trans-
port in the adult small intestine was reported in
hamster [1, 5] and rabbit [42] but not in chicken [20]
and, to our knowledge, was never assessed in hu-
mans. Kinetic analysis have shown that phlorizin, a
fully competitive and phloretin, a fully noncompeti-
tive inhibitor compete mutually for the transport
system [5, 41]. These observations thus suggested
common step(s) in their mechanisms of inhibition
and sugar- and phenol-binding sites on the carrier
have been postulated [1, 5, 41]. However, it also
appears that phloretin only inhibited Na*-energized
D-glucose uptake in the rabbit, so that phloretin
may not interact directly with the transporter per se
[41]. Whatever the exact molecular mechanism for
phloretin inhibition of the apical, Na*-dependent
sugar transport system, it thus seems that phloretin
inhibition could well represent a more general phe-
nomenon than usually recognized and that it may
vary according to the animal species considered [1,
20]. It follows from these considerations that
phloretin inhibition of Na*-dependent sugar trans-
port does not represent a discriminating criterion as
to the nature and membrane localization of this sys-
tem. Work is now under progress in our laboratory
to determine the mechanism of inhibition of Na*-
dependent AMG transport by phlorizin and
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phloretin in Caco-2 cells and to test for the phloretin
sensitivity of Na*-dependent sugar transport in the
adult human small intestine.

In summary, we have demonstrated the pres-
ence in Caco-2 cells of a Na*-dependent sugar
transport system with properties similar to those
normally found in brush-border membranes of 16-
to 22-week-old human fetal colon. Caco-2 cells thus
appear as a valuable model to study the mecha-
nisms involved in the differentiation and regulation
of intestinal transport functions.
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