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Inhibition of alkaline phosphatase activity and D-glucose uptake in rat renal
brush-border membrane vesicles by aminoglycosides
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The binding of aminoglycoside antibiotics to, and their effects on, the plasma membrane were studied using
isolated rat renal brush-border membrane vesicles. Dibekacin was noted to bind with brush-border mem-
brane vesicles having a single class of many binding sites. *H-labeled dibekacin binding was inhibited
competitively by unlabeled dibekacin, gentamicin or amikacin. The inhibition constants obtained from the
Dixon plots followed the order of gentamicin = dibekacin > amikacin. The alkaline phosphatase activity of
brush-border membrane vesicles was inhibited by gentamicin significantly, as was also observed by a
histochemical study. Sodium-dependent D-glucose uptake by brush-border membrane vesicles was signifi-

cantly inhibited by the addition of gentamicin.

Introduction

The clinical use of aminoglycoside antibiotics is
limited, due to their nephrotoxic effects [1,2].
Though the detailed mechanisms of nephrotoxic-
ity are still unclear, nephrotoxicity initially starts
by accumulation of antibiotics in renal proximal
tubular cells [3]. Aminoglycosides have been found
to be taken up by tubular cells by pinocytosis
through the brush-border membrane {4,5]. In a
previous report of ours [6], the binding of dibe-
kacin to the brush-border membrane and baso-
lateral membrane vesicles was demonstrated, and
aminoglycosides shown to accumulate to proximal
tubular cells after passing through the brush-
border membrane. This membrane of renal prox-
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imal tubular cells is important for secretion and
reabsorption processes. Many kinds of enzymes
and carriers are located in the brush-border mem-
brane to maintain various complicated functions.

In the present paper, an examination was made
of the affinity of aminoglycosides toward brush-
border membrane vesicles, the effects of gentami-
cin on the membrane-bound enzyme, alkaline
phosphatase, and the uptake of D-glucose or in-
organic phosphorus (P,) by brush-border mem-
brane vesicles.

Materials and Methods

Materials. Dibekacin and *H-labeled dibekacin
(66.0 pCi/mg) were kindly provided by Meiji
Seika Kaisha Ltd. (Tokyo). Gentamicin and
amikacin were obtained from Shionogi
Pharmaceutical Co. Ltd. (Osaka) and Banyu
Pharmaceutical Co. Ltd. (Tokyo), respectively.
14C labeled D-glucose (144 mCi/nmol) and
[**Plorthophosphoric acid (carried free) were
purchased from New England Nuclear. All other
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reagents were of the best grade available. Male
Wistar rats (200-250 g) were purchased from
Shizuoka Agricultural Co. (Shizuoka).

Preparation of membrane vesicles. Brush-border
membrane vesicles were prepared from rat kidney
cortex by the calcium precipitation method [7].
The activity of the marker enzyme, alkaline phos-
phatase, was enriched by about 9 times that of the
homogenate. The activities of cytochrome ¢
oxidase, N-acetyl-8-D-glucosaminase and glucose-
6-phosphatase activities in the brush-border mem-
brane fraction were lower than those in the homo-
genate, (Na* + K*)-ATPase activity was very low
and, consequently, contamination of the baso-
lateral membrane was negligible. The membrane
preparation was suspended in 20 mM Tris-Hepes
buffer (pH 7.0) containing 250 mM mannitol.

Binding study. The binding affinity of aminog-
lycosides toward brush-border membrane vesicles
was determined by observing the inhibitory effects
of cold aminoglycosides on the binding of *H-
labeled dibekacin, using the rapid filtration tech-
nique. 30 pl of a brush-border membrane vesicle
suspension were incubated at 37°C for 30 min
with 30 pl of *H-labeled dibekacin and an equal
volume of unlabeled aminoglycosides (final concn.,
10, 20, 50, 100 and 200 pM). 2 ml of ice-cold
Tris-Hepes buffer were added followed by rapid
filtration (Millipore, HA-type, 0.45 pm). The
vesicles trapped on the filter were washed twice
with 2.0 ml of the ice-cold buffer. The filter was
dried and the radioactivity was counted by a
liquid scintillation counter (Aloka 903) using
toluene cocktail as the scintillator. Non-specific
binding of the radioactivity to the filter was de-
termined separatedly and subtracted from each
experimental value.

Histochemical staining of alkaline phosphatase.
The rats were injected with gentamicin (120 mg/kg
per day) of saline (control) intraperitoneally on
each of 7 days, and then killed. The kidney was
removed and fixed with 10% formaline/1%
calcium chloride solution at 4°C for 24 h, and
then washed several times with 30% sucrose con-
taining arabic gum (1%) at 4°C. The cortex sec-
tions, 4 pum thickness, were incubated for 10 min
at room temperature in a reaction mixture con-
taining 0.05 M 2-amino-2-methyl-1,3-propandiol
(pH 9.75), 0.05% (w/v) 3-hydroxy-2-anthranoic

acid 2-methyl anilide phosphate, 0.25% (v/v) di-
methyl formamide and 0.1% (w/v) Fast blue RR
salt. The sections were washed thoroughly with
distilled water, post-stained with 1% methyl green
in 0.1 M veronal acetate buffer (pH 4.0), dehy-
drated by ethanol and embedded in gelatin.
Transport of glucose and phosphorus. The effects
of gentamicin on the uptake of D-glucose or P, by
brush-border membrane vesicles in the presence
and absence of a sodium gradient were studied by
rapid filtration at 25°C. In the sodium gradient
([Na™];, <[Na*],,)-dependent uptake studies, 30
pl of the pre-incubated brush-border membrane
vesicle suspension was added to 170 ul of the
incubation medium consisting of 20 mM Tris-
Hepes (pH 7.0), 50 mM mannitol and 100 mM
NaCl containing '*C-labeled D-glucose (final
concn., 50 pM) or *P (final concn., 100 pM). In
the equilibrated-sodium concentration ((Na™],, =
[Na*],,) uptake studies, the vesicles were sus-
pended in the incubation medium and pre-in-
cubated for 30 min so as to equilibrate the sodium
concentration across the membrane. The pre-in-
cubated suspension (30 pl) was added to 170 ul of
the incubation medium containing '*C-labeled
glucose (final concn., 50 uM) or **P (final concn.,
100 uM). At the specified time, incubation was
terminated by the addition of 2.0 ml of ice-cold
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Fig. 1. Effect of unlabeled aminoglycosides on >H-labeled
dibekacin binding to brush-border membrane vesicles. Values

shown represent the mean+ S.E. of three experiments. ®,
gentamicin; A, dibekacin; B, amikacin.
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Fig. 2. Dixon plots of the effect of unlabeled gentamicin (GM), dibekacin (DKB) and amikacin (AMK) on 10 (O, a,0) and 20 pM

(®, a, W) *H-labeled dibekacin binding to brush-border membrane vesicles. Values shown represent the mean+S.E. of three

experiments. The inhibition constants (K;) were 41.82+6.16 for gentamicin, 42.66 +11.32 for dibekacin and 59.37 +3.03 uM for

amikacin. Statistical difference of K, was calculated by Student’s r-test, and K; values between gentamicin and amikacin were
significantly different (P < 0.05).

incubation medium and was filtered off rapidly.

Analytical methods. Protein content was de-
termined by the method of Lowry et al. [8], using
bovine serum albumin as the standard. Alkaline
phosphatase activity was assayed with p-
nitrophenyl phosphate as the substrate [9]. (Na*
+ K*)-ATPase [10], N-acetyl-B-D-glucosamini-
dase [11], cytochrome ¢ oxidase [12] and glucose-
6-phosphatase [13] activities were measured by
methods previously reported.

Results

Effects of cold aminoglycosides on the binding of
'H-labeled dibekacin

The binding of *H-labeled dibekacin to brush-
border membrane vesicles decreased with increas-
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ing concentration of unlabeled aminoglycosides,
gentamicin, dibekacin and amikacin (Fig. 1). Di-
xon plots indicated these aminoglycosides to in-
hibit this binding competitively (Fig. 2).

Inhibition of alkaline phosphatase activity in brush-
border membrane vesicles

The effects of gentamicin on the membrane-
bound enzyme, alkaline phosphatase, was investi-
gated. The activity of this enzyme was signifi-
cantly inhibited by 1072 or 10* M gentamicin
(Table I).

Histochemical observation of alkaline phosphatase
The effects of gentamicin administration on the

alkaline phosphatase activity of the kidney cortex

were studied histochemically. As shown in Fig. 3,

Fig. 3. Light micrographs of alkaline phosphatase activity of kidney cortex ( X 8). (A) Saline administered, (B) gentamicin (120 mg /kg
per day, 7 days) administered.
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TABLE 1

EFFECT OF GENTAMICIN ON ALKALINE PHOS-
PHATASE OF BRUSH-BORDER MEMBRANE VESICLES

Values shown represent the mean + S.E. of three experiments.
* P <005 ** P<0.01.

Concn. (M) % of control
Control 100.0+5.3
10°°¢ 96.5+3.4
1073 95.4+2.9
1074 840475 *
1072 712469 **

there was activity in the brush-border membrane
of the proximal tubule (Fig. 3 (A)). It decreased
with the administration of gentamicin to the rat
(Fig. 3 (B)). This activity was clearly inhibited,
particularly near the renal capsule.
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Fig. 4. D-Glucose uptake by brush-border membrane vesicles

in the presence (@, 4) and absence (O, a) of 1 mM gentamicin.

Values shown represent the mean +S.E. of three experiments.

®, O, presence of sodium gradient ((Na* ], <[Na* ] ,.); 4, 4,

equilibrated sodium ([Na*];,, = [Na*],,) * P < 0.05;
** p < (.01
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Fig. 5. P; uptake by brush-border membrane vesicles in the

presence (@) and absence (O) of 1 mM gentamicin under the
sodium gradient (Na* ], < [Na*]_,.).

Effects of gentamicin on D-glucose and P, transport

The effects of gentamicin on the transport of
D-glucose and P; across brush-border membrane
vesicles were studied. The overshoot phenomenon
of D-glucose uptake was detected in the presence
of a sodium gradient ((Na*],, <[Na™*],,,), but the
extent of which decreased by about 50% in the
presence of gentamicin (Fig. 4 (A)). Further, the
initial uptake of D-glucose in the presence of the
sodium gradient decreased significantly with the
addition of gentamicin (Fig. 4 (B)). However, the
D-glucose uptake by the vesicles at the equi-
librated sodium concentration ([Na*],, =
[Na*],,) was not influenced by gentamicin. On
the other hand, with or without gentamicin, no
significant difference could be observed in P, up-
take in the presence of the sodium gradient,
[Na+]in < [Na+]out (Flg 5)

Discussion

The kidney is one of the major sites for the
toxicity of aminoglycosides, and nephrotoxicity
appears to start through interactions between
aminoglycosides and the plasma membrane of re-
nal proximal tubular cells [1,2]. Membrane vesicles
have been widely used as a model system for
studying renal functions and properties [14-16].
This approach helps to obviate complications en-



countered in studying nephrotoxicity in vivo or in
whole cell systems.

3H-labeled dibekacin binding to brush-border
membrane vesicles has already been examined as a
function of concentration, and saturation in re-
gions of high dibekacin concentrations was ob-
served [6]. Discrimination between *H-labeled di-
bekacin binding and uptake into brush-border
membrane vesicles has been attempted by chang-
ing the medium osmolarity. About 50% of *H-
labeled dibekacin was found to bind to the surface
of the brush-border membrane and about 50% to
be incorporated into the vesicles [6].

In this study, we examined the affinity of
aminoglycosides to the brush-border membrane
and changes brought about in the functions of this
membrane by aminoglycosides. Dixon plots of
3H-labeled dibekacin binding to brush-border
membrane vesicles in the presence of unlabeled
gentamicin, dibekacin or amikacin indicated that
these compounds inhibited the binding competi-
tively (Fig. 2). It thus appears that they must have
the same binding site(s) on brush-border mem-
brane vesicles. Affinity toward the binding site of
the brush-border membrane was in the order of
gentamicin = dibekacin > amikacin (Fig. 2). This
order is consistent with that of aminoglycoside
nephrotoxicity as reported on the basis of in vivo
experimental results [17,18]. Differences in affinity
toward the brush-border membrane may reflect
the intensity of aminoglycoside nephrotoxicity.

Alkaline phosphatase has been reported to be
localized in the brush-border membrane, tightly
interacting with phosphatidylinositol, and to be
liberated from brush-border membrane by phos-
pholipase C [19,2]. Sastrasinh et al. [21] have
reported that aminoglycosides have high affinity
to phosphatidylinositol. Thus, gentamicin prob-
ably binds to the phosphatidylinositol of the
brush-border membrane and inhibits the
neighbouring alkaline phosphatase activity (Table
I). In consideration of this, inhibition of alkaline
phosphatase in Table I may require a gentamicin
concentration higher than that expected from the
affinity of gentamicin toward the binding site
(Fig. 2). This inhibition was also observed by a
histochemical study (Fig. 3). The physiological
role of alkaline phosphatase in the brush-border
membrane still remains unclear. Previously, Pet-
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iclere and Plante [22] proposed the hypothesis that
alkaline phosphatase performs some roles in the
renal transport of P,. However, some investigators
report alkaline phosphatase to be incapable of
this, since its enzymatic removal from the
brush-border membrane by phosphatidylinositol-
specific phospholipase C has no effect on P, up-
take [19]. Recently, Beliveau and Brunette [23]
presented evidence that alkaline phosphatase may
be a phosphate-binding protein. P, is reabsorbed
from the renal proximal tubule by a sodium-de-
pendent, carrier-mediated transport system [24],
and its transport by isolated renal brush-border
membrane vesicles has been studied by Hoffmann
et al. [25]. Thus, we investigated the effects of
gentamicin on P, uptake in brush-border mem-
brane vesicles. On treating the vesicles with
gentamicin, no change could be noted in the
sodium-dependent P, uptake (Fig. 5).

The initial uptake of sodium-dependent D-glu-
cose decreased significantly by gentamicin, but at
60 min it was essentially the same irrespective of
the sodium gradient ([Na*}],, <[Na*], and
[Na*], =[Na™],, (Fig. 4). There is thus the pos-
sibility that gentamicin does not alter the intraves-
icular volume of brush-border membrane vesicles.
Two explanations are possible: (1) gentamicin di-
rectly interacts with the glucose carrier in the
brush-border membrane to inhibit the glucose up-
take, or (2) gentamicin affects D-glucose uptake
indirectly through stimulation of sodium uptake.
However, since sodium-dependent P, uptake was
not changed by gentamicin treatment, the latter
possibility appears unlikely. That D-glucose up-
take into brush-border membrane vesicles de-
creased by gentamicin is consistent with the path-
ogenesis that glycosuria developed following
gentamicin administration to dogs {26]. The up-
take of D-glucose decreased by gentamicin may
possibly be due to failure of the p-glucose carrier
to function in brush-border membrane or some
alteration in the membrane structure that would
affect the carrier function.

During the preparation of this manuscript,
Horio et al. [27] reported gentamicin to inhibit
sodium-dependent D-glucose transport in rabbit
kidney brush-border membrane vesicles. This find-
ing may possibly help elucidate the mechanism(s)
of nephrotoxicity induced by aminoglycosides.
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