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The uptake of mye-inositol into rat intestinal brush border membrane vesicles (BBMYV) has been investigated. It is
demonstrated that myo-inositol is transported inte the vesicles by a secondary active process, specifically using the
sodium gradient as the driving force. In the absence of sedium gradient, the transport reaction is still sodium dependent,
and rheogenic, indicating that a myo-inosito! / sodium cotransport is likely to occur. A Kinetic analysis shows an
hyperbolic saturation process with a K of 0.16 + 0.02 mM with respect to myo-inositol and ¥V of 685+ 212
pmol / min per mg protein. The transport is inhibited by D-glucose, phloridzin and few other sugars. The mechanism of
D-glucese inhibition appears to be of the mixed type. Finally, the myo-inositol transport is trans-activated by
myo-inositol itself, but not by D-glucose. It is concluded that myo-inositol is transported into rat intestine BBMV by a
specific transport system, which is also able to bind D-glucose, but not efficiently transport it across the membrane.

Introduction

myo-Inositol is a cyclohexylic polyalcohol, that is
considered an essential dietary factor not only in
mammals [1] but also in birds and teleosts {1,2]. De-
ficiency syndromes have been described in some cases
[2,3]. Its biosynthesis has been described in micro-
organisms and plants [4,5], and also in animal tissues.
but at insufficient levels [6,7]. The biological importance
of myo-inositol lies firsily in the fact that it is present in
the structure of a class of membrar= phospholipids, the
phosphatidylinositols. Furthermcre, some di- and tri-
phosphate esters of myo-inositel, derived from the
metabolism of phosphatidylinositols, have shown a
hormone-like activity, as a second messenger in the cell
cytoplasm.

Since myo-inositol is a vitamin for certain organisms,
it is necessary for them to efficiently absorb the mole-
cule in the intestinal tract, as well as equally efficiently
reabsorb it in the renal tubule. In fact the uptake of
myo-inositol by intestinal segments [8,9] and brush
border membrane vesicles from rabbit kidney [10] and
fish intestine {11} has been studied to some extent.
From these studies with different organs from different
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sources a common feature emerges, ie., the sodium
dependence of the myo-inositol transport and the in-
hibitory interaction of p-glucose, some glucosides and
other sugar related compounds with the transport pro-
cess.

In this paper we have studied the transport of myo-
inositol into brush border membrane vesicles from rat
intestine, in order to characterize the transport process
in this organ and to ciarify its relationship with the
process of glucose transport.

Materials and Methods

Chemicals

myo-[*Hllnositel and p-|*H]glucose were obtained
from Amersham International (U.K.). Al chemicals
used were of analytical grade puriry.

Preparation of membrane vesicles

Sprague-Dawley rats were killed by a blow on the
neck. The intestines were immediately removed and
placed in ice cold NaCl 0.9% solution. After being
washed twice with the same solution, they were everted
and scraped.

Brush border membrane vesicles (BBMV) were pre-
pared within 3 h after death of the animal. Two to three
intestines were used for the BBMV preparation. The
scraping material was resuspended in 60 ml of ice-cold
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buffer containing 300 mM mannitol, 5 mM EGTA, 12
mM Tris (pH 7.1). then diluted 1/5 (v/v) with distilled
water and homogenized with a mixer (Braun Melsun-
gen, F.R.G) for 2 min at maximum speed. Subse-
quently the BBMV were prepared according to the
Mg?*/EGTA method described by Hauser et al. [12],
using a Sorvall RC 5B centrifuge equipped with an S8
34 rotor.

Enzyme assays

The purity of the BBMV preparations was monitored
by measuring the specific activity of alkaline phos-
phatase (EC 3.1.3.1) according to Berner and Kinne
[131.

The specific activity of alkaline phosphatase mea-
sured in the homogenate was 250 + 70 nmoles of sub-
strate consumed/min per mg protein, measured at
37°C, while in the final BBMV pellet the specific
activity was 12( £ 1.8)-times greater than that measured
in the homogenate (enrichment factor). Results are the
mean + S.D. of eight individual experiments.

Enrichment factors of marker enzyme activities of
some contaminants were periodically measured and al-
ways found to be lower than 1. The markers used were:
Na/K-ATPase for the baso-lateral plasma membrane;
KCN-resistant NADH oxidoreductase, for endoplasmic
reticulum; acid phosphatase for lysosomes [14].

Pre zin determination

Protein content was determined by the Bradford
method {15}, using the Bio-Rad kit (Bio-Rad, Rich-
mond, CA, U.S.A)) and y-globulin as a standard.

Uptake studies

Uptake studies were carried out using the rapid
filtration technique as described elsewhere [16).

Briefly, 16 ul of membrasie vesicles were mixed with
90 ul of incubation medium. At the time indicated, 20
pl of the mixture (equivalemt to 100 pg of membrane
protein) were directly pipet'ed onto the Millipore filter
(45 pm pore size). The filier was immediately rinsed
with 5 ml of ice-cold iscionic stop solution of the
following composition: 150 faM NaCl, 2 mM Hepes-Tris
(pH 7.5).

For kinetic studies the procedure was modified as
follows. 10 pl of membrane protein (100 pg) were
added to 20 pl of incubation medium. At the time
indicated 1 m! of ice-cold siop solution was added to
the incubation test tube, mixed on a vortex mixer and
pipetted onto the filter. Thereafter 5 ml of stop solution
were pipetied onto the fiiter to wash the aspecific radio-
activity bound.

The radioactivity trapped on the filters was measured
by standard liquid scintillation techniques. Membrane
free incubation media were used as blanks; counts of

the samples were at least 3-times higher than those of
the blanks.

Each experiment was performed at least four times;
only the results of a typical experiment are shown.

Where indicated parallel experiments, in the absence
of sodium, were carried out to estimate the sodium-in-
dependent uptakc and subtracted from the uptake mea-
sured in the presence of sodium.

Experiments wers always performed in triplicate, data
are generally expressed as pmol/mg protein per 30 s of
incubation. Experimental scatter of triplicates was al-
ways less than 10% of the mean values reported.

In most experiments the incubation time was 30 s,
which was sufficiently short to ensure that measurement
took place during the linear part of the uptake. In fact,
in control experiments in the presence of NaCl. the
myo-inositol uptake was measured as a function of time
at various substrate concentrations, in the range 0.025-2
mM, In the most unfavorable case (at the maximal
concentration used) the uptake was linear up to 50 s
(not shown).

The kinetics of the myo-inositol uptake was analyzed
with the aid of a personal computer.

Where indicated, valinomycin in 95% ethanol was
added to the membrane vesicles prior to incubation at
10 pg/mg protein. Ethanol did not exceed 1% (v/v) in
the final incubation media and was added in control
experiments at the same concentration.

Resuits

A first step in the characterization of the myo-in-
ositol transport process across the brush border mem-
brane vesicles has been to verify whether it is sodium
dependent, and whether it uses the transmembrane
sodium electrochemical gradient as a driving force for a
secondary active transport process.

In Fig. 1 the time course of the /nyo-inositol trans-
port into the brush border membrane vesicles from rat
intestine is reported. In the absence of sodium, myo-in-
ositol uptake into the vesicles occurs to a relatively low
extent. In the presence of a 100 mM Na* gradient
across the membrane, the uptake is much higher, and
initially reaches levels higher than the equilibrium (over-
shoot), indicating a transient concentrative uptake and
hence the presence of an active transport system. When
the sodium gradient is abolished by loading vesicles
with NaCl at the same concentration as that externally
applied, the overshoot is not present but myo-inositol
transport still occurs. The extent of the transport in
these conditions is sigmficantly higher than the sodium
independeint uptake,

The significance of this difference has been verified
by cvaluating the vptake at 30 s from four different
experiments: the up:iake in the presence of sodium was
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Fig. 1. Time course of the myo-inositol transport. A part of the
membrane vesicles was suspended in 300 mM mannitol, 20 mM
Hepes-Tris (pH 7.5), and incubated in media containing 100 mM
mannitol, 20 mM Hepes-Tris (pH 7.5) and 100 mM NaCl (@) or 100
mM KCI (). A second aliquot of membrane vesicles was suspended
in 100 mM mannitol, 100 mM NaCl, 20 mM Hepes-Tris (pH 7.5) and
incubated in media of the same composition (a). All incubation media
contained 0.1 mM myo-[*Hlinositol.

found to be 103 & 20% (mean value + S.D.) higher than
that in the absence of sodium.
" These data indicate that the myo-inositol transport is
sodium dependent and that the sodium gradient is used
to take up myo-inositol against its concentration gradi-
ent. The effect of sodium is strictly specific. In fact
none of the various cations tested (Table 1) are able to
substitute for Na* in stimulating myo-inositol trans-
port.

In Fig. 2 the myo-inositol transport is measured in
the presence of 100 mM NaC! equilibrated acrcss the
membrane, 100 mM KCl inside the vesicles and the

TABLE 1
Cation depend of the my

itol uptake

Membrane vesicles, suspended in 300 mM mannitol, 20 mM Hepes-
Tris (pH 7.5), were incubated in media containing 100 mM manmtol,
20 mM Hepes-Tris (pH 7.5), 0.1 mM myo-{*Hjinositol and 100 mM of
various chloride salt indicated in the table.

Cations pmol/mg protein per 30 s
Na* 25.0
K* 5.2
NHy 27
Ro' 51
Cs* 5.0
“holine 4.5
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Fig. 2. Rheogenicity of the myo-inositol transport. Membrane vesicles,
suspended in 100 mM mannitol, 100 mM NaCt, 1060 mM XCI, 20 mM
Hepes-Tris (pH 7.5} with (a} or without (a; valinomycin, were in-
cubated in 100 mM mannitol, 100 mM NaCl, 10 mM KCL 20 mM
Hepes-Tris (pH 7.5), 0.1 mM myo-{*Hiinositol {final external con-
centration). The data shown were subtracted for the sodium-indep=n-
dent uptake (see Methods).

ionophore valinomycin in the incubation medium. An
electric potential, negative inside, is created by the
movement of K outside the membrane which is in
turn generated by the specific ionophore. It can be
observed that under these conditions the myo-inositol
transport is increased as compared with the uptake
measured in the absence of valinomycin. On the base of
five different experiments, the increase at 30 s is signifi-
cant, being 79 + 18% (mean value + S.D.). We can de-
duce that the transport is electiogenic, i.e., that positive
charges move from outside to inside the vesicles. The
obvious conclusion is that the system transporting
myo-inositol operates a substrate/ sodium cotransport,
as do most of the carriers localized in the luminal
plasma membrane.

A kinetic analysis of the myo-inositol transport as a
function of the substrace concentration shows a Na-de-
pendent proces: approaching saturation, ini front of the
linear trend of the Na-independent uptake, which ap-
pears as a diffusional process (Fig. 3A). The net
sodium-dependent uptake, calculated as the difference
between the two experimental curves, is reported in an
Eadie-Hofstee plot (Fig. 3B). It apparently follows a
Michaelis-Menten kinetics, with a ¥, of 80 pmol /min
per mg protein and a K. of 0.15 mM. Mean values
S.D., calculated from five different experiments, are:
Viax 685 £ 21.2 pmol/min per mg protein and K
0.164 + 0.019 mM.
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TABLE H

Specificity of the myo-inositol transport: inhibition by glucosides
Membraics suspended in 300 mM mannitol 20 mM Hepes-Tris (pH
7.5). 100 mM KCl and valinomycin were incubated in media contaiii-
ing (final extravesicular concentrations): 100 mM mannitol, 100 mM
KCl. 100 mM NaCl, 20 mM Hepes-Tris (pH 7.5), 0.1 mM myo-
[*HJinositol and 1 mM of the various glucosides indicated. The data
are expressed as percentages of the control, after subtraction of the
sodium independent uptake (see Methods).

Inhibitor (1 mM) myo-[*H]Inositol uptake

(% of control)

Control 100
p-Glucose 54
L-Glucese 98
Phloridzin 17
p-Fructose 98
Methyl 8-p-glucoside 67
-Fucose 99
p-Xylose 97
3-0-Methylglucose 98

The ability of glucose and various glucosides to in-
hibit the transport of myo-inositol has been tested in
experiments where the assayed compounds were present
at the concentration of 1 mM, with respect to 0.1 mM
concentration of myo-incsitol. The results of a typical
experiment are shown in Table II. D-Glucose gives an
inhibition of about 50%, phloridzin over 80%. Among
the other sugars tested, only methyl B-D-glucoside has
an appreciable inhibitory effect.

The inhibitory efiect of phloridzin, (a specific inhibi-
tor of the glucose carrier), together with that of p-glu-
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TABLE 1H
Uptake of myo-inositol and of D-glucese: reciprocal inhibition

Membrane vesicles, suspended in 300 mM mannitol, 100 mM KCl, 20
mM Hepes-Tris (pH 7.5) and valinomycin were incubated in media
containing (final concentrations) 100 mM mannitol, 100 mM KCl,
100 mM NaCl, 20 mM Hepes-Tris (pH 7.5) and either (.1 mM
myo-[*Hlinositol (first column) or 0.1 mM b-[’H]glucose (second
column), plus the inhibitor as indicated. The data are expressed as
percentages of the cuntrol, after subtraction of the sodium indepen-
dent uptake (see Methods).

Inhibitor myo-|*H]Inositol D-[*H]Glucose
(mM) (% of contrel) (% of control)
Control 100 100

Phloridzin (1) 19.5 4.0
myo-Inositol (10) 17.1 100

p-Glucose (10) 420 11.0

cose, could lead to the intcrpretation that the transport
of myo-inositol is mediated 'y the glucose carrier.

In this context, it is important to point out that the
K., for myo-inositol is of the same order of magnitude
as that reported in the literature for the transport of
glucose by its own specific carrier [17], while ¥, is 2-3
orders of magnitude lower. Thus, if the transport of
myo-inositol occurs by the D-glucose transport system,
we have to expect a reciprocal inhibition by the two
substrates. The ability of glucose and ryo-inositol to
inhibit each other has therefore been tested. It can be
seen in Table III that, while 10 mM D-glucose gives a
60% inhibition on the transport of 0.1 mM myo-inositol,
10 mM myo-inositol has no effect on the transport of
0.1 mM Dp-glucose. In addition, 1 mM phloridzin

\ . N
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Fig. 3. Substrate concentration dependence of the myo-inosito) transport. (A) Membrane vesicles were suspended in 300 mM mannitol, 100 mM

KCl, 20 mM Hepes-Tris (pH 7.5} and valinomycin. The uptake at 30 s was started by adding the membrane vesicles to media containing 100 mM

mannitol. 100 mM KCl, 20 mM Hepes-Tris (pH 7.5), myo-{*Hlinositol, at the concentrations indicated, and 100 mM NaCl (®) or 100 mM choline

chloride (4). (B} The Eadie-Hofstee plot has been drawn from the data in A, plotting the rate cbtained in the presence of NaCl minus that in the
presence of choline chloride, for each substrate concentration. ¥ = pmol/mg protein per 30's; ¥/S = pl/mg protein 30 s.



TABLE 1V
Trans effect of myo-inesitol and p-glucose on the myo-inositol uptake

Membrane vesicles were prepared in 300 mM manritol, 100 mM
NaCl, 20 mM Hepes-Tris (pH 7.5) (control) and in part preloaded
with 1 mM mvo-inositol or 1 mM p-glucose. One volume of each pool
of vesicles was mixed with four volumes of the previous buffer
containing in addition 0.2 mM myo-{>HJinositol. The data shown
were obtained by subtracting the sodium-independent uptake (see
Methods).

in/out myo-[*H]Inositol
(mM) (pmol/mg protein per 30 s)
-- Ino 0.2 8.1

Ino 1/ Ino 0.2 14.8

. Ino 0.2
Glue ]/Gluc 02 25

Inoc 0.2

=~/ Gluc02 43

strongly inhibits both processes, but is less effective on
the transport of myo-inositol.

The lack of effect of myo-inositol on the glucose
transport, as well as the difference in the sensitivity to
phloridzin of the two transport phenomena, leads to the
conclusion that myo-inositol is not transported by the
glucose carrier, but by another system that can be
considered specific for it.

The mechanism of the glucose inhibition has been
investigated by means of kinetic data.

A typical experiment showing the dependence of the
transport rate on the substrate concentration, in the
presence of 0.3 mM D-glucose, is reported in Fig. 4 as
an Eadie-Hofstee plot. It is apparent, from the dif-
ference of the V. values, that the inhibition is not of
the competitive type. Although a number of experi-
ments of this type were performed, some uncertainty

0.2 0.3
V/s

Fig. 4. Kinetics of the mye-inositol transport and its inhibition by

p-gluvise. The experimental conditions were as those in Fig. 3 in the

control experiment {O). In addition the kinctics was measured in the

presence o: 0.3 mM D-glucose (@). The data shown as an Eadie-

Hofstee pkt were obtained by substracting the calculated experimen-
tal sodium-independent uptake (as in Fig. 3).
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Fig. 5. Dixon plot of the glucose inhibition on the rate of myo-inositol
transport. Experimental conditions as in Fig. 3, with myo-{'Hlinosito!
at the concentrations of 0.1 mM (©) and 0.3 mM (®) and glucose at
the concentrations indicated. The data shown were obtained by sub-
tracting the sodium-independent uptake (see Methods).

persists between a non-competitive and a mixed mecha-
nism of inhibition. We have then measured the myo-in-
ositol transport rate at various inhibitor concentrations.
The results of this experiment are shown in Fig. 5 as a
Dixon plot, where the reciprocal of myo-inositol trans-
port rate is reported as a function of increasing con-
centrations of D-glucose. The two straight lines obtained
at the two different substrate concentrations intersect at
a point far from the abscissa, excluding the non-compe-
titive inhibition with respect to a mixed mechanism.
The K; values for b-glucose, calculated from Eadie-
Hofstee and Dixon experiments [18], are both in the
range of 0.1-G.3 mM.

A further aspect of the transport mechanism that has
been investigated is the effect of the presence of sub-
strate or D-giucose inside the vesicles. In such experi-
ments 100 mM NaCl was present both inside and
outside the vesicles (Table IV). It can be seen that
myo-inositol, at an internal concentration of 1 mM,
strongly activates the uptake, while glucose under the
same conditions has an inhibitory efiect.

Discussion and Conclusions

The data presented in this paper demonstrate that,
apart from an aspecific diffusicnal component, myo-in-
ositol is taken up by isolated rat intestinal BBMV by
means of a specific transport system. This transport
system, like most of those occurring at the brush border
level of the enterocytes, is sodium dependent and usss
the sodium electrochemical gradient as the driving force.
In fact, the electrogenicity of the system suggests that
sodium 1is cotransported with the substrate. A sodi-
um,/myo-inositol cotransport system with similar char-
acteristics has been alrc.dy observed in hamster and
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fowl intestinal segments [8,9], as well as in renal [10]
and in fish [11] intestinal BBMV.

On the basis of the data of hyperbolic saturation
(Fig. 3) and trans-stimulation (Table IV) by myo-in-
ositol, a suitable carrier model can be hypothesised
(with the assumption that, at the concentrations used,
sodium saturates the carrier molecules, so that it does
not limit the kinetics of the carrier myo-inositol interac-
tion). The model involves a fast first step (the binding
of the substrate [and Na™] to the carrier), and a further
slow process involving: (i) rearrangement of the sub-
strate-carrier complex from the “outside’ to the ‘inside’
conformation, (ii) release of the substrate (and Na™),
and (iii) rearrangement of the free carrier molecule in
the opposite direction [19]. The two rearrangement steps
are the rate determining ones. In addition, the effect of
trans-stimulaticn by myo-inositol observed (Table IV)
indicutes that the backvsard movement of the free car-
rier is slower than ¢ forward movement of the
carrier-substrate-Na complex.

As regards the interaction of glucose with the myo-
inositol transport system, in renal BBMV a competitive
inhibition, combined with an effect of dissipation of the
membrane potential, has been suggested [10]. In intesti-
nal segments and BBMV, however, a non-competitive
mechanism of inhibition has been claimed by various
authors, which has been explained in different ways
[8,9.11]. From the present data the inhibition by glucose
appears 10 be of the mixed type. In our experimental
conditions dissipation of the sodium electrochemical
gradient by the glucose transport can be excluded. In
fact the inhibition of the myo-inositol transport has
been observed both in the absence of membrane poten-
tial (clamped to zero by the presence of potassium and
valinomycin), and in the absence of sodium chemical
gradient (Table 1V). Therefore the behaviour of p-glu-
cose as a mixed inhibitor may simply indicate that its
binding to the carrier molecule makes the binding of
niyo-inositol more difficult, and that the ternary com-
plex formed is unable to rearrange itself to the opposite
conformation. Furthermore, the lack of a trans-stimula-
tion effect by D-glucose on the myo-inositol transport
suggests that the glucose-Na-carrier complex is not more
‘mobile’ than the free carrier itseii.

In conclusion, the data presented indicate, in agree-
ment with other authors [8-11), that myo-inositol is

transported across the brush border vesicle membrane
by a specific carrier inhibitable by phloridzin and glu-
cose, whereas mpyo-inositol is not able to interact with
the glucose carrier. On the other hand, D-glucose inter-
acts significantly with the myo-inositol carrier but is
poorly, or not at all, transported by it. This last couclu-
sion definitively rules out the possibility that the myo-
inositol carrier is the same as the glucose carrier which,
as reported [17], is subject to a strong trans-stimulation
effect by p-glucose.
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