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SUMMARY

Biguanides inhibit D-glucose uptake in vesicles from small-intestinal brush
border membranes. Evidence is presented that this inhibition is due to a reduced
concentration of Na™ in the microenvironment of the carrier(s) for D-glucose.
Biguanides do not inhibit the uptake of either D-fructose or L-glucose.

INTRODUCTION

Among the effects of biguanides in mammals is the inhibition of glucose
absorption in the small intestine [I-4]. Actually, this is one of the tissues in which
these drugs are the most concentrated [5-6]. The mechanism(s) whereby biguanides
produce this effect in the small intestine is (are), however, still unclear [7]. In vitro
experiments, mainly with everted rings or sacs of hamster or rat small intestine [3, 4
8, 9], have shown that biguanides require either relatively long incubations or pre-
incubations for their effect.

Not all transport systems are equally inhibited by biguanides. The uptake of
D-glucose and of other glucalogues [3, 4, 8, 9] of myo-inositol [10], of amino acids
[8-10] and of calcium [11] are all inhibited by biguanides, whereas that of D-fructose
is not [4]. Since biguanides are known to become associated with mitochondrial
membranes [12-14], thereby inhibiting oxidative phosphorylation [15-18], and since
all transport systems known to be inhibited by biguanides ultimately require metabolic
energy (they can accumulate the substrate against its electrochemical gradient), the
hypothesis has been put forward that biguanides inhibit these intestinal transport
systems by reducing the ATP at the disposal of the tissue, or by interfering with a
possible second Na pump 8, 9].

However, in view of the fact that biguanides can be taken up by a variety of
membranes, the following additional or alternative possibility should also be consider-
ed: that biguanides may exert an effect on the brush border membrane itself. Vesicles
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from brush-border membranes have proved of considerable value in differentiating
between events occurring at the brush border membrane or elsewhere [19]. In the
last few months, another preparation of membrane vesicles from small intestinal
brush border has become available in which a higher transient ‘““active” accumulation
of glucose can be easily demonstrated (Storelli, C., Kessler, M., Miiller, M., Murer,
H. and Semenza, G., unpublished observations). In the present paper, we have
investigated whether biguanides have any effect on the sugar uptake in these
vesicles.

Our working hypothesis was suggested by the observation that all biguanide-
sensitive transport systems are either sodium-dependent (Na™* being in all likelihood
a co-substrate) [20, 21] (D-glucose, myo-inositol, amino acids) or have a cation as
substrate (calcium). Now, if biguanides dissolve into the lipid leaflet of the brush
border membrane, as they do in mitochondrial and artificial membranes [12-14]
and/or get adsorbed at the lipid/water interface, they introduce fixed positive charges
into it. Net positive charges or neutralisation of negative fixed charges in the mem-
brane will reduce the concentration of sodium and of other cations at the micro-
environment of the membrane carriers as compared with the controls in the absence
of biguanides. Thus, at non-saturating concentrations of the cationic substrate (Ca®™)
or of activator or co-substrate (Na*), this decrease will result first of all in a reduced
degrec of occupancy of the carrier, and thus of its activity. Secondly, this inhibition
should be compensated by increased bulk concentrations of Na*, which presumably
bring back the local Na* concentration to the original levels. Thirdly, the inhibition
by biguanides should be, at identical Na® bulk concentrations, more evident at low
rather than at high ionic strengths, since a high ionic strength should decrease the
potential at the membrane surface [22]. Fourthly, biguanides at intermediate Na*
concentrations should inhibit both concentrative “active” solute transport (i.e., in
the presence of a trans-membrane gradient of fiy,.) and equilibrative solute transport
in the presence of Na™ (but in the absence of trans-membrane gradient of iy, ).
Fifthly, Na*-independent transport processes, e.g., those of D-fructose and of L-
glucose, should not be inhibited by biguanides.

MATERIALS AND METHODS

Brush border vesicles were prepared from rabbit small intestines as described
elsewhere (Storelli, C., Kessler, M., Miiller, M., Murer, H. and Semenza, G., unpub-
lished observations, see also refs 23, 24). In essence, the tissue was homogenized in
hypotonic medium; after addition of Ca?”, the brush-border vesicles were prepared
by differential centrifugation. The vesicles had undetectable levels of cytochrome
oxidase, (Na*-+K*)-ATPase, nucleic acids and had a sucrase specific activity of
approx. 1.4 units/mg protein. Uptake of [1-*H}-D-glucose, [1-!#C]-L-glucose, or
[6->H]-D-fructose (all 1 mM) was measured at 20 °Cin N-2-hydroxyethylpiperazine-
N-2-ethanesulphonic acid (HEPES) Tris buffer, pH 7.5, as described by Hopfer et al.
[19], with the additions or modifications given in the legends.

Radioactive compounds were obtained from Amersham, Bucks.; biguanides
were a gift from Professors A. Pletscher, T. Hiirlimann and F. Gey, Hoffmann-La
Roche, Basel. All other compounds were obtained from commercial sources and
were of the highest purity available.
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RESULTS AND DISCUSSION

The preparation of brush border membrane vesicles (Storelli, C., Kessler, M.,
Miiller, M., Murer, H. and Semenza, G., unpublished observations) used in the
present study can produce a transient ““active” accumulation of substrates which is
higher and longer lasting than that produced by other kinds of brush border mem-
brane vesicles. This property — which is probably due to a lower permeability for
Na* - has allowed the unequivocal demonstration of the accumulation of amino
acids in brush border vesicles [23] and was essential in the investigation of the mutual
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Fig. 1. Time course of D-glucose uptake in vesicles from brush border membranes, with or without
biguanides, in the presence of transmembrane Afina +. (A), The vesicles were preincubated in 1 mM
HEPES /Tris buffer, pH 7.5+2.5 mM phenethyl-biguanide+ 100 mM mannitol at approximately
0 °C for either 1 min (x) or 90 min (@). The incubation proper was carried out at 20 °C in a
medium containing 10 mM HEPES/Tris, pH 7.5--2.5 mM phenethyl-biguanide-4-10 mM NaCl+
90 mM choline chloride+1 mM D-glucose+1 mM L-glucose. (L-glucose uptake was measured
routinely, but it is reported in some of the figures only). The controls (O) were treated similarly,
except that no biguanide was present in either preincubation or incubation; they yielded the same
uptake values whether preincubated or not. (B), Reversibility of biguanide inhibition. The vesicles
were preincubated for 90 min at approximately 0 °C without biguanide (their uptake is indicated by
), or in the presence of 2.5 mM phenecthyl-biguanide as in Fig. 1A, and either incubated without
washing (@) or after spinning them down for 20 min at 20 000 X g and resuspending them in bigu-
anide-free medium (). In the experiment reported, the incubation was carried out in 10 mM NaCl
(without choline chloride), which would have revealed biguanide inhibition better (see Figs 2B and
D). (C), p-glucose uptake in the presence of 1 mM (x) or 2.5mM (@) of phenethyl-biguanide, or
with no biguanide (Q). Preincubation for 10 min as above; incubation in 10 mM NaCl without
choline chloride at 37 °C. (D), Comparison among three biguanides. A, dimethyl biguanide; x,
butyl-biguanide; @, phenethyl-biguanide; O, no biguanide. During preincubation (at about 0 °C for
90 min) the biguanide concentration was 5 mM; during incubation (in 10 mM NaCl+90 mM choline
chloride, as in Fig. 1A), it was 2.5 mM.
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interaction phenomena between the Na-dependent D-glucose and L-amino acid
transport system (24).

The efficiency of this preparation is also shown by the experiments reported in
Figs 1(A-D) and 2(C): transient accumulation of D-glucose can be demonstrated
with a transmembrane gradient of NaCl as low as from 10 mM (outer medium) to 0
(inner medium).

The experiments reported are all representative. Within the same vesicle
preparation the results showed a very small scatter; however, it should be pointed
out that quantitative variation was found among the various vesicle preparations,
both in the absolute uptake values and in percent inhibition by biguanides. Thus,
comparisons were always made among experiments carried out with the same vesicle
preparation. Each point in the figures reported is the average of 2-3 determinations,
never differing by more than a few percent.

8]
O

;50

£ o
£ (A) 2 (8)
= S S .
# o= - Fo
in out in out
SN} NaCl O 100 mM NaCl O 25 mM
Chol.Ct O O Chol.CL O 75 mM
3 3
- e
3 Bl o
o 2] 2{ /p—
£ \ 4 / \
~ ~
[t S 4 §?
£ £
[ =
(¢] ——— ~— (e} ——— v
o 1 2 3 Time (min) 90 o1 2 3 Time (min) 80
s 50 s 50
2 . 2
S N © £ S~ (D)
S I T = T
T o s 0 - -
in out - in out
NaCt O 10mM . 0 NaCt O 25mM
o5 Chol.CL O 90mM 3 Chol.C1O ©
2 2 .
<% a -
o 24 ng .\
E o——o\ < |é \9
ke 1 /"—“' :::9 g 1
E o/ c
0t o r
01 2 3 Time (miny 90 01 2 3 Time (min) €0

Fig. 2. Effect of 2.5 mM phenethyl-biguanide on concentrative p-glucose uptake at various con-
centrations and Afi-values of NaCl and at different ionic strengths. The vesicles were preincubated
for 90 min at approx. 0 °C in 1 mM HEPES/Tris buffer, pH 7.5+ 100 mM mannitol. Incubation was
at 20 °C carried out in 10 mM HEPES/Tris buffer, pH 7.54-100 mM mannitol +substrates, with the
following additions: 100 mM NaCl (A); or 25 mM NaCl4-75 mM choline chloride (B); or 10 mM
NaCl+90 mM choline chloride (C); or 25 mM NacCl without choline chloride (D). Full circles: in
2.5 mM phenethyl-biguanide in both preincubation and incubation; empty circles: no biguanide
present. The top panels indicate the extent of inhibition as percent of the controls.
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Fig. 3. Inhibition of equilibrative p-glucose uptake (i.e., in the absence of Afin,+) by phenethyl-
biguanide. The vesicles were preincubated for 90 min at approx. 0 °C in 2 mM HEPES/Tris buffer,
pH 7.5--100 mM mannitol+10 or 25 mM NaCl. Incubation at 20 °C was carried out in media of the
same composition, except for the addition of substrates and the increase in buffer concentration to
10 mM. Full circles: in 2.5 mM phenethyl-biguanide in both preincubation and incubation; empty
circles: no biguanide present. A: in 25 mM NaCl. B: in 10 mM NaCl. No choline chloride. The up-

take of D-glucose has reached the equilibrium value at 45 min, as a number of separate experiments
have shown.
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Preincubation, even if short, was found to be necessary for biguanide inhibi-
tion, in agreement with previous reports on everted sacs or rings [3, 4, 8, 9]. Prein-
cubation for 90 min at room temperature was used routinely (Fig. 1A), since it did
not affect our vesicle preparation adversely. The inhibition by biguanide was reversible
upon washing (Fig. 1B) and dose-dependent (Fig. 1C). Not all biguanides were
equally effective: among those tested at 2.5 mM concentration, the inhibition of
concentrative D-glucose uptake is the largest with phenethyl-biguanide (Fig. 1D).
Hereafter, most of our work was carried out with this compound.

Our results on sugar uptake in vesicles from brush-border membranes are in
excellent agreement with the predictions of the working hypothesis (see Introduc-
tion), namely: (i) concentrative D-glucose uptake (in the presence of a transmembrane
gradient of jiy,.) is inhibited by biguanides more at low than at high external bulk
concentrations of NaCl (Figs 2A, B and C); (ii) increased bulk concentrations of
NaCl counteract the inhibition brought about by the biguanides: the p-glucose
uptake in 25 mM NaCl+2.5 mM phenethyl-biguanide approaches that in 10 mM
NaCl with no biguanide (Figs 2B and C). (iii) At constant Na™ and biguanide
concentrations, increasing the ionic strength reduces inhibition by biguanides (Figs
2B and D). (iv) Equilibrative D-glucose uptake (i.e., in the absence of jiy,. gradient)
is also inhibited by biguanides and the inhibition is again dependent on the concentra-
tion of NaCl (Fig. 3). (v) p-Fructose and L-glucose uptakes, which are Na-indepen-
dent, are not affected by biguanides (Fig. 4) We have found also that biguanides at
low Na* concentrations inhibit both binding and uptake of this cation in these
vesicles (data not shown). In addition, our results rule out a number of possible
alternative mechanisms: (i) A first trivial possibility, namely that the inhibition may
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Fig. 4. Lack of inhibition of p-fructose uptake by phenethyl-biguanide. Preincubation and incu-
bation (the latter in 10 mM NaCl+90 mM choline chloride) as in Fig. 2C, except that the substrates
were D-fructose and L-glucose. Full circles: in 2.5 mM phenethyl-biguanides in both preincubation
and incubation; empty circles: no biguanide.
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be simulated by the vesicles being made grossly leaky by the biguanides, can be ruled
out safely because biguanides clearly affected the velocity of glucose uptake rather
than the equilibrium uptake (see top panels in Figs 2 and 3); these equilibrium levels
are a measure of intra-vesicular space, not of substrate binding [19, Storelli, C.,
Kessler, M., Miiller, M., Murer, H. and Semenza, G., unpublished observations)
and because both L-glucose uptake (Figs 1 and 3) and D-fructose uptake were not
inhibited by these drugs (Fig. 4). (ii) The inhibition of concentrative p-glucose trans-
port (in the presence of Ajfiy,+) could be attributed, at least in principle, to an in-
creased Na™-conductance of the membrane: i.e., the primary effect of biguanides
might be that of making the 4jfiy,. dissipate faster. This mechanism is very unlikely
on a priori grounds, the cation conductance of a membrane being, if anything, de-
creased by the introduction of positive fixed charges [25, 26]. Actually, it has been
shown experimentally that biguanides do decrease the conductance for a positively
charged permeant and increase that for a negatively charged permeant [14]. Further-
more, the experiment of Fig. 3 directly rules out an increased Na*-conductance of
the membrane vesicles (and thus a faster dissipation of the fy,. gradient) as the
major mechanism of biguanide effect: 2.5 mM phenethyl-biguanide inhibits both
concentrative D-glucose uptake in the presence of fiy,. gradient (Fig. 2) and non-
concentrative D-glucose equilibration in the absence of fy,. gradient (Fig. 3), i.e.
under both conditions by some 30-45 %, in 10 mM NaCl and by some 10-40 %/ in
25 mM NaCl, depending on the vesicle preparation. (iii) In view of the suggested
direct role of the (Na* 4+ K*)-ATPase in active sugar transport in the small intestine
(““direct coupling”, ref. 27) it may be suggested that the reduced local cation concen-
trations at the membrane surface may inhibit this cation-stimulated ATPase and thus
inhibit D-glucose uptake in this vesicle preparation. However, a role of (Na* -+ K™*)-
ATPase in our vesicles and thus an effect of biguanides on it can be ruled out for the
following reasons: the cation-stimulated ATPase activity of these vesicles is minimal
or nil (Storelli, C., Kessler, M., Miiller, M., Murer, H. and Semenza, G., unpublished
observations); K* was absent from the incubation media; the vesicles were not
supplemented by ATP or any other intermediate; and biguanides (at least butyl-
biguanide) do not inhibit small intestinal (Na*+K™)-ATPase (in guinea-pig) (28).
(iv) The concentrations of all cations (H* included) in the local microenvironment are
likely to be decreased by biguanides. Thus, the possible effect of a local alkalinisation
in the domain of the glucose carrier should also be considered. (Since D-fructose is
transported by a system other than that of D-glucose [Refs 29, 30 and references
therein], the lack of inhibition of fructose uptake by biguanides does not by itself
rule out an effect on D-glucose carrier via alkalinisation).

D-Glucose uptake in 25 mM NaCl+2.5 mM phenethyl-biguanide (Fig. 2, B)
is somewhat larger than that in 10 mM NaCl in the absence of biguanides (Fig. 2, C)
i.e., the inhibition by 2.5 mM phenethyl-biguanide is smaller than that brought about
by a decrease of NaCl bulk concentrations from 25 mM to 10 mM. Now, assuming
that the distribution profile of H* is the same as that of Na™ — whatever function they
follow — we should now compare this biguanide inhibition with that (if any) brought
about by a corresponding decrease in the bulk concentration of H* (i.e., by increasing
the medium pH from 7.5 to not more than 7.9). In actual fact, the uptake of b-glucose
in these vesicles is found to be pH-insensitive from pH 6 to at least 8 (Storelli, C.,
Kessler, M., Miiller, M., Murer, H. and Semenza, G., unpublished observations).
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Thus, the inhibition brought about by 2.5 mM phenethyl-biguanide cannot be
explained by local alkalinisation.

We conclude, therefore, that the effect of biguanides on D-glucose uptake in
this preparation of brush border vesicles is fully accounted for by the working hypo-
thesis described at the beginning of this paper, which is within the framework of the
co-transport theory of Na-activation of glucose/galactose transport across the brush
border pole of small intestinal cells [20, 21].

An alternative or additional, albeit less probable, mechanism could also
explain our data: biguanides may interact directly with some negatively charged
groups in the carrier proteins. Such hypothetical interactions, though, would have
not to be possible in the D-fructose carrier.

Finally, we want to point out that the proposed mechanism for biguanide
inhibition of Na-dependent transport systems in isolated vesicles from brush border
membranes need not be the sole, or even the overriding mechanism in the effect of
biguanides in the small intestine, let alonetin the whole organism [2, 31-34]. It is
quite likely, rather, in view of the many effects of these drugs, that other mechanisms
are operative as well. An assessment of the contribution of the individual factors
was outside the scope of the present investigation.
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