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Abstract

The presence of a Na�/D-mannose cotransport activity in brush-border membrane vesicles (BBMV), isolated from either
rat small intestine or rat kidney cortex, is examined. In the presence of an electrochemical Na� gradient, but not in its
absence, D-mannose was transiently accumulated by the BBMV. D-Mannose uptake into the BBMV was energized by both
the electrical membrane potential and the Na� chemical gradient. D-Mannose transport vs. external D-mannose
concentration can be described by an equation that represents a superposition of a saturable component and another
component that cannot be saturated up to 50 WM D-mannose. D-Mannose uptake was inhibited by D-mannoseED-
glucosesphlorizin, whereas for K-methyl glucopyranoside the order was D-glucose = phlorizinED-mannose. The initial rate
of D-mannose uptake increased as the extravesicular Na� concentration increased, with a Hill coefficient of 1, suggesting that
the Na� :D-mannose cotransport stoichiometry is 1:1. It is concluded that both rat intestinal and renal apical membrane have
a concentrative, saturable, electrogenic and Na�-dependent D-mannose transport mechanism, which is different from
SGLT1. ß 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

Mannose is a C2 epimer of D-glucose and its trans-
port across epithelial cells was thought to take place
via the glucose transporters. Recently, Halaihel et al.
[1] reported that D-mannose is transported across pig
intestinal brush-border membrane by a Na�-inde-
pendent, di¡usive transport system. However, a
Na�/D-mannose cotransporter was reported to be
present at the apical membrane of dog kidney [2,3],

Caco-2 cells [4] and, while we were preparing the
current manuscript, in the apical membrane of rat
kidney [5]. In both rat and dog kidney, the Na�/D-
mannose cotransport system is saturable and electro-
genic and has a substrate speci¢city and kinetic prop-
erties di¡erent from the SGLT. The Na�-dependent
D-mannose transport system of Caco-2 cells was not
characterized. We have recently shown that the ap-
ical membrane of chicken enterocytes has an active
and electrogenic Na�/D-mannose transport system
[6].

In the current work, we demonstrate that the ap-
ical membrane of rat kidney proximal tubule and rat
small intestine present a Na�/D-mannose cotransport
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system, with properties similar to those described for
the Na�/D-mannose cotransporter of chicken enter-
ocytes.

A preliminary account of the data described here
was given at the 3th `Congreso de la Fesbe' (Spain,
2000).

2. Material and methods

2.1. Brush-border membrane vesicle (BBMV)
preparation

BBMV were isolated from the kidney cortex of
male Wistar rats following the method of Biber et
al. [7]. Brie£y, kidney cortex slices from one rat were
homogenized in 15 ml isolation bu¡er (in mM, 300
mannitol, 5 EGTA, 12 Tris-HCl, pH 7.4) with the
Ystral Polytron on setting 5 for 2 min. 21 ml of cold
bi-distilled water and MgCl2, up to a ¢nal concen-
tration of 10 mM, were added to the homogenate.
The suspension was gently stirred for 20 min and
then centrifuged at 1900Ug for 15 min. The resultant
supernatant was centrifuged at 30 000Ug for 30 min
and the resultant pellet was resuspended in 30 ml of
150 mM mannitol, 6 mM Tris-HCl (pH 7.4), 2.5 mM
EGTA and homogenized with a glass-Te£on potter.
MgCl2, at a ¢nal concentration of 10 mM, was
added to the homogenate. The suspension was gently
stirred for 20 min and then centrifuged at 1900Ug
for 10 min. The resultant supernatant was centri-
fuged at 30 000Ug for 30 min and the resultant pellet
was resuspended in 0.5 ml of the appropriated load-
ing bu¡er. The suspension was made homogeneous
by passing it through a 20-gauge needle several times
and diluted up to 30 ml of the loading bu¡er. The
suspension was centrifuged at 30 000Ug for 30 min.
The isolated apical membranes were made homoge-
neous by passing them through a 25- and a 28-gauge
needle several times, and stored in liquid nitrogen
until use. All the steps were carried out at 4³C.

Small intestinal BBMV were obtained following
the method described by Stieger and Mu«rer [8].
The jejunum of two rats were rinsed with ice-cold
0.9% NaCl solution and everted. The mucosa was
scraped o¡ and put in 60 ml of 300 mM mannitol,
5 mM EGTA, 12 mM Tris-HCl pH 7.1 and the
mixture diluted six times with ice-cold water and

then homogenized in a Ystral Polytron on setting 4
for 2 min. MgCl2 was added to a ¢nal concentration
of 10 mM and after 20 min the homogenate was
centrifuged for 15 min at 2300Ug. The supernatant
was centrifuged for 30 min at 21 000Ug. The result-
ing pellet was resuspended in 35 ml of 60 mM man-
nitol, 5 mM EGTA-Tris pH 7.1 and homogenized
with a glass-Te£on potter. After the addition of
MgCl2 to a ¢nal concentration of 10 mM, the solu-
tion was allowed to stand for 20 min and then the
two centrifugations above were repeated. The vesicles
were resuspended in 35 ml of the bu¡er needed for
the experiment, homogenized with a glass-Te£on
potter and centrifuged for 40 min at 21 000Ug. Fi-
nally, the vesicles were resuspended in a small vol-
ume of the loading bu¡er and made homogeneous by
passing them through a 25- and a 28-gauge needle
several times, and stored in liquid nitrogen until use.
All the steps were carried out at 4³C.

Unless otherwise stated the BBMV were loaded
with a pH 7.5 bu¡er consisting in 140 mM mannitol,
50 mM K-gluconate and 50 mM HEPES-Tris.

Protein was measured by the method of Bradford
[9], using Q-globulin as the standard.

2.2. Sugar uptake studies

Sugar uptake was measured at 25³C by a rapid
¢ltration technique as described [10]. Except where
indicated otherwise, the uptake bu¡er consisted of
140 mM mannitol, 50 mM Na-gluconate, 50 mM
HEPES-Tris (pH 7.5) and either 0.1 WM D-
[3H]mannose or the desired K-[14C]methyl glucopyr-
anoside (K-MG) concentration. The amount of pro-
tein in the assay tube ranged from 100 to 150 Wg/100
Wl of uptake bu¡er.

2.3. Materials

D-[3H]Mannose and K-[14C]methyl glucopyrano-
side (carrier free) were purchased from Amersham.
The other compounds and salts used were obtained
from Sigma (Madrid, Spain).

2.4. Statistical analysis

Individual experiments were carried out in tripli-
cate. Data are presented as mean þ S.E.M. In the
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¢gures vertical bars, that represent the S.E.M., are
absent when they are less than symbol height. Com-
parison between di¡erent experimental groups was
evaluated by two-tailed Student's t-test.

3. Results

3.1. E¡ect of osmolarity on D-mannose uptake

The binding of D-mannose to the membranes was
calculated as the uptake of D-mannose by the BBMV
at in¢nite osmolarity, that is, when there is no intra-
vesicular space. Uptake of D-mannose in both intes-
tinal and renal BBMV was a linear function of the
inverse of the extravesicular osmolarity (Fig. 1), in-
dicating that D-mannose is transported into an os-
motically active space. The binding represents 32%
and 13% of the D-mannose uptake measured in the
standard conditions in intestinal and renal BBMV,
respectively.

3.2. Mannose uptake vs. time

The time course of D-mannose uptake into either
renal or intestinal BBMV (Fig. 2) revealed that D-
mannose transiently accumulates in the vesicular
space. Mannose uptake overshot the ¢nal steady-
state equilibrium value by a factor of approx. 2 in
both jejunum and kidney cortex. No overshoot was
observed when uptake was measured in nominally
Na� free conditions (Na� was replaced by K�).

3.3. E¡ect of sugars and sugar transport inhibitors on
either D-mannose or K-methyl glucopyranoside
uptake into BBMV

D-[3H]Mannose and K-[14C]MG uptake into intes-
tinal and renal BBMV was measured in the absence
and presence of the compounds listed in Table 1. The
results show that D-[3H]mannose uptake into renal
and intestinal BBMV was inhibited by D-man-
nosesD-glucosesphlorizin, whereas K-MG uptake
decreased as follows: phlorizin = D-glucosesD-man-
nose.

Fig. 1. External osmolarity and D-[3H]mannose uptake into
BBMV. Medium osmolarity was increased by the addition of
mannitol. Uptake of 0.1 WM D-[3H]mannose was measured dur-
ing 30 min in the presence of extravesicular Na�. The composi-
tion of the bu¡ers is given in Section 2. Mean values þ S.E.M.,
n = 3.

Fig. 2. Time course of D-[3H]mannose uptake into BBMV. 0.1
WM D-[3H]mannose uptake was measured in either the absence
(Na� isosmotically replaced by K�) or the presence of extrave-
sicular Na� as a function of time. Mean values þ S.E.M., n = 3.

Table 1
E¡ects of several compounds on either D-mannose or K-MG
uptake

Modi¢ers Relative uptake (%)

D-[3H]mannose D-K-[14C]MG

Kidney
None 100 100
Mannose (5 mM) 20 þ 2.0* 87 þ 2#

Glucose (5 mM) 39 þ 3.0* 13 þ 0.1*
Phlorizin (0.1 mM) 71 þ 6.0# 7 þ 0.05*
Intestine
None 100 100
Mannose (5 mM) 46 þ 6.0* 96 þ 2
Glucose (5 mM) 52 þ 6.0* 7 þ 0.01*
Phlorizin (0.1 mM) 87 þ 5.0 4 þ 0.01*

Uptake of either 0.1 WM D-[3H]mannose or 0.1 WM D-K-
[14C]MG was measured during 30 s in the absence and presence
of the indicated unlabeled modi¢ers. Labeled sugar uptake ob-
tained in the absence of modi¢ers was set at 100%. Values are
means þ S.E.M. of four separate membrane vesicle preparations.
*P6 0.001, #P6 0.05 as compared with control (100% uptake).
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3.4. E¡ect of Na� chemical gradient and electrical
membrane potential on sugar uptake into BBMV

D-[3H]Mannose uptake into BBMV was measured
in the presence and absence of an inwardly directed
electrochemical Na� gradient. Electrical membrane
potential was created by an outwardly directed K�

gradient in the presence of valinomycin. When re-
quired, membrane voltage across the membranes
was brought to zero by equal internal and external
K� concentrations in the presence of valinomycin.
An inside directed Na� gradient was created by add-
ing 50 mM Na� to the extravesicular bu¡er, being
the intravesicular bu¡er nominally Na� free. Na�

chemical gradient was abolished by Na� removal
from the extravesicular solution.

Fig. 3 shows that in both intestinal and renal
BBMV membrane voltage clamped conditions inhib-
ited D-mannose uptake and this inhibition was fur-
ther increased by Na� free conditions.

3.5. Kinetic study of the D-mannose uptake

D-Mannose uptake into BBMV was measured in
the presence of increasing concentrations of unla-
beled D-mannose, varying from 0.1 to 80 WM. The
shape of the curve (Fig. 4) suggests the existence of a
saturable process and the values ¢t best (r = 0.997) a
transport model describing a single saturable trans-
port system plus a nonsaturable di¡usion compo-
nent:

v � �V maxS=Km � S� � KdS

Fig. 3. 30 s sugar uptake into BBMV in the presence and ab-
sence of electrical membrane potential and/or Na� chemical
gradient. The BBMV were loaded with a bu¡er consisting of
(in mM): 140 mannitol, 50 KG and 50 HEPES-Tris (pH 7.5).
The uptake bu¡er contained (in mM): 50 HEPES-Tris (pH
7.5), 0.045 valinomycin, 1034 D-[3H]mannose, and either 140
mannitol, 50 NaG (electrochemical Na� gradient, black bar);
40 mannitol, 50 NaG, 50 KG (chemical Na� gradient, hatched
bar) or 140 mannitol, 50 KG (absence of electrochemical Na�

gradient, stippled bar). Mean values þ S.E.M., n = 4.
*P6 0.001, as compared with electrochemical Na� gradient
conditions. NaG, Na-gluconate; KG, K-gluconate. Ki and Ko

above the bars indicate the relative [K�] (i.e. membrane poten-
tial).

Fig. 4. Initial rate (15 s) of D-mannose uptake vs. increasing
concentrations of external D-mannose. The composition of the
intra- and extravesicular bu¡ers was as described in Section 2.
The values for the nonsaturable component (999) were deter-
mined by ¢tting the total transport data (b) to a transport
model describing a single saturable system plus a nonsaturable
component. The theoretically derived nonsaturable component
was subtracted from total transport to calculate the saturable
component (a). (Inserts) Eadie-Hofstee plots of the di¡erence
data. Mean values þ S.E.M., n = 4.
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where v is initial rate of uptake, S is the external D-
mannose concentration, Vmax is the maximal initial
uptake rate, Km is the Michaelis-Menten constant,
and Kd is the apparent di¡usion constant. The calcu-
lated apparent Km and Vmax values for D-mannose
are given in Table 2.

The di¡erence between total D-mannose uptake
and the nonsaturable uptake follows ¢rst-order ki-
netics. Analysis with an Eadie-Hofstee plot (Fig. 4)
yielded a linear relationship, consistent with the ex-
istence of a single saturable D-mannose transporter in
both renal and intestinal BBMV.

3.6. Na+:D-mannose stoichiometry

Na� :D-mannose stoichiometry has been evaluated
by measuring D-[3H]mannose uptake into intestinal
and renal BBMV as a function of extravesicular
Na� concentration, with the membrane voltage
clamped to zero (equal internal and external [K�]
in the presence of valinomycin). The Na� concentra-
tion ranged from 0 to 100 mM, with mannitol replac-
ing Na-gluconate to maintain the extravesicular os-
molality constant. The results (see Fig. 5 and Table
2) revealed that the Hill coe¤cient values were below
1, indicating 1:1 Na� :D-mannose stoichiometry in
both intestinal and renal BBMV.

4. Discussion

The epithelial transport of D-mannose has not re-
ceived much attention and in the small intestine D-
mannose has been considered to be transported by
the D-glucose transporters, but at a low rate [11].
Recent reports, however, have demonstrated the
presence of a Na/D-mannose cotransport system in

the apical membrane of Caco-2 cells [4], dog [2,3],
rat kidney [5] and chicken small intestine [6].

The following observations agree with those re-
ported for dog kidney [2,3] and are consistent with
the presence in the brush-border membrane of rat
small intestine and kidney cortex of a Na�/D-man-
nose cotransporter, which is active, saturable and
electrogenic: (i) D-mannose was taken by an osmoti-
cally active space; (ii) D-mannose was transiently ac-
cumulated by the BBMV only in the presence of
Na� ; (iii) D-mannose uptake was decreased when
either Na� was removed (substituted by mannitol)
from the bathing solutions or when the electrical
membrane potential was clamped to zero, and (iv)
the carrier-mediated D-mannose uptake vs. D-man-
nose concentration in the bu¡er solution follows ¢rst
order kinetics. The Km values are similar to those
reported for D-mannose transport in dog kidney
[2,3] and chicken small intestine [6], but an order of
magnitude lower than that reported for rat kidney
[5]. The Eadie-Hofstee plots of the carrier-mediated
D-mannose uptake (Fig. 4) yielded a linear relation-
ship, consistent with the existence of a single D-man-

Table 2
Kinetic parameters of the D-mannose uptake into BBMV iso-
lated from either rat small intestine or rat kidney cortex

Vmax Km Hill coef.

Intestine 14.3 þ 0.06 14 þ 0.05 1.09
Kidney 14.4 þ 0.01 15 þ 0.02 0.77

The apparent Km (in WM), Vmax (nmol/mg/15 s) and the Hill
coe¤cient (coef.) values were calculated as indicated in Figs. 4
and 5. Mean values þ S.E.M., n = 4.

Fig. 5. Stoichiometry of Na�/D-mannose cotransport. 0.1 WM
D-[3H]mannose uptake was measured for 30 s as a function of
external Na� concentration. The BBMV were loaded with a
bu¡er containing, in mM: 200 mannitol, 50 KG and 50
HEPES-Tris (pH 7.5). The uptake bu¡er contained (in mM):
50 KG, 0.045 valinomycin, 50 HEPES-Tris (pH 7.5), 1034

D-[3H]mannose, and 0^100 NaG with mannitol replacing NaG
isosmotically. The Na�-dependent D-mannose uptake vs. extra-
vesicular Na� concentration is shown. Mean values þ S.E.M.,
n = 4. (Inserts) Hill (log-log) plots of the data.
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nose transporter in the two BBMV preparations. As
reported for dog kidney [2], the stoichiometry of the
intestinal and renal Na�/D-mannose cotransport, de-
scribed in the current work, is 1:1. Blasco et al. [5]
found a 2:1 stoichiometry for Na�-D-mannose inter-
action in the BBMV isolated from rat kidney.

The characteristics above described for both intes-
tinal and renal D-mannose transport could indicate
that D-mannose is transported by the SGLT trans-
porters. However, the following observations clearly
di¡erentiate the Na/D-mannose transporter from the
SGLTs. Thus, the inhibition of D-[3H]mannose up-
take induced by either cold D-mannose, D-glucose or
phlorizin di¡ers from that induced by the same com-
pounds on K-MG uptake (see Table 1). Also, the
evaluated Vmax for D-mannose (see Table 2) is about
1000 times lower than the Vmax of D-glucose by
SGLT1 (nanomolar range). Another fundamental
di¡erence is that SGLT1 has a 2:1 Na� :D-glucose
stoichiometry [12,13], whereas we found a 1:1
Na� :D-mannose stoichiometry. The SGLT2 and
SAAT1 have a 1:1 Na� :D-glucose stoichiometry
[14^17], but they are low a¤nity glucose transporters
(Km for K-MG is around 2 mM). It is unlikely, how-
ever, that D-mannose is transported by the low a¤n-
ity glucose transporters, because phlorizin inhibits
the SGLT1, SGLT2 and SAAT1 with equal potency
(Ki close to 18 WM) [14^17] and the Na�/D-mannose
transporter described here has low a¤nity for phlor-
izin (see Table 1).

In conclusion, the current work shows that the
apical membrane of rat small intestine and kidney
cortex presents a transporter that catalyzes the
Na�/D-mannose transport, which is di¡erent from
the SGLT1. This transporter has substrate speci¢city
and kinetic properties similar to those described for
the Na�/D-mannose transporter present at the apical
membrane of chicken enterocytes and dog kidney
cortex.
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(1995) 682^686.

[11] U. Hopfer, in: L.R. Johnson (Ed.), Physiology of the Gas-
trointestinal Tract, 2nd edn., Raven Press, New York, 1987,
pp. 1499^1526.

[12] G.A. Kimmich, J. Randles, Am. J. Physiol. 247 (1984) C74^
C82.

[13] W.-S. Lee, Y. Kanai, R.G. Wells, M.A. Hediger, J. Biol.
Chem. 269 (1994) 12032^12039.

[14] M.A. Hediger, Y. Kanai, G. You, S. Nussberger, J. Physiol.
482 (1995) 7S^17S.

[15] B. Mackenzi, M. Panayotova-Heiermann, D.D. Loo, J.E.
Lever, E.M. Wright, J. Biol. Chem. 269 (1994) 22488^22491.

[16] N. Oulianova, A. Berteloot, J. Membr. Biol. 153 (1996) 181^
194.

[17] G. You, W.S. Lee, E.J. Barros, Y. Kanai, T.L. Huo, S.
Khawaja, R.G. Wells, S.K. Nigam, M.A. Hediger, J. Biol.
Chem. 270 (1995) 29365^29371.

BBAMEM 78092 28-5-01

M.C. De la Horra et al. / Biochimica et Biophysica Acta 1512 (2001) 225^230230


