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The effect of anhydro-4-epitetracycline on sodium gradient-dependent D-glucose transport of rabbit renal
brush-border membrane vesicles was studied. The purity of isolated brush-border membrane vesicles as
judged by enzyme activities was not different between normal control and anhydro-4-epitetracycline-adminis-
tered rabbits. There was no difference in estimate of intravesicular volume, either. When NaCl was used for
sodium gradient, the overshoot of D-glucose uptake into brush-border membrane vesicles isolated from
anhydro-4-epitetracycline-treated rabbits was significantly smaller than that of normal control rabbits. In the
cases of NaSCN or Na,SO,, the former was also smaller than the latter, but not significantly so. To avoid
the possible effect of membrane potential on D-glucose uptake, the voltage-clamp method was applied. Even
in the voltage-clamped condition, the overshoot of D-glucose uptake into vesicles from anhydro-4-epitetra-
cycline-treated rabbits was decreased compared to that of normal rabbits. In vitro incubation of brush-border
membrane vesicles with 20 mM anhydro-4-epitetracycline caused no alteration in sodium gradient-dependent
D-glucose uptake. Our results demonstrate that there exists a disorder in sodium gradient-dependent
D-glucose uptake of renal brush-border membrane in anhydro-4-epitetracycline-treated rabbits, and suggest
that this disorder is one of the underlying mechanisms of experimental Fanconi syndrome.

Introduction

The renal Fanconi syndrome is characterized by
a generalized disorder in proximal renal tubule
transport affecting glucose, amino acids and phos-
phate, as well as uric acid, bicarbonate and other
substances [1]. An understanding of the basic un-
derlying mechanisms of the Fanconi syndrome is
important not only to the clinician dealing with
the consequences in the patient, but also to the
renal physiologist and cell biologist attempting to
fathom the cellular processes of membrane trans-
port. Numerous substances have been described

Abbreviation: Hepes, 4-(2-hydroxyethyl)-1-piperazineethane-
sulphonic acid.

which cause the acquired Fanconi syndrome
[2-10]. The use of outdated tetracycline has led to
a reversible Fanconi syndrome [7-10] and the
intoxicating substance has been shown to be
anhydro-4-epitetracycline, formed from tetra-
cycline under the influences of heat, moisture and
low pH [10]. This substance has been used to
experimentally induce a Fanconi syndrome [11,12].
However, the basic underlying mechanisms of this
experimental Fanconi syndrome are still obscure.
Glucose is essentially completely reabsorbed
from the urine in the proximal tubule via a
sodium-coupled secondary active transport system
located in the brush-border membrane [13,14].
Procedures have recently been developed for pre-
paring highly purified membrane vesicles from cell
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surfaces, and a number of transport studies have
been carried out taking advantage of the relative
simplicity of these systems [15]. Therefore, we have
been investigating possible impairment of the
sodium-coupled secondary active D-glucose trans-
port system of brush-border membrane vesicles
isolated from the experimental Fanconi syndrome
induced in rabbits by anhydro-4-epitetracycline.

Materials and Methods

Male albino rabbits, weighing about 2 kg were
catheterized into the urinary bladder and their
urinary glucose was checked. Animals which did
not show glucosuria were used for the study.
Fanconi syndrome was induced by intravenous
injection of 100 mg/kg body weight of anhydro-
4-epitetracycline, which had been dissolved in 10
ml of 0.9% NaCl. 1 h after injection, urine was
collected through the catheter, and glucosuria was
detected in all animals. In some rabbits, urinary
amino acids were analyzed using an amino acids
analyser (Hitachi 835), and they show marked
amino aciduria (unpublished data).

In normal control rabbits, 10 ml of 0.9% NaCl
was injected intravenously. 1 h after injection,
urine was collected and glucosuria was checked,
revealing no glycosuria.

Preparation of brush-border membrane vesicles

Rabbits were killed by decapitation im-
mediately after checking glucosuria. The kidneys
were perfused in situ with Dulbecco’s phosphate-
buffered saline (Gibco Laboratories, Grand Is-
land, NY) until blood-free, and then removed and
placed in ice-cold phosphate-buffered saline.
Cortices were dissected and renal brush-border
membrane vesicles were prepared by the Ca-pre-
cipitation method of Turner et al. [16]. Typically,
the vesicles were preloaded by suspending them in
100 mM mannitol/10 mM Hepes-Tris, (pH 7.4)
(10 mM Hepes buffered with Tris to pH 7.4) to
give a protein concentration of 2—-4 mg/ml. Pro-
tein was measured using the Bio-Rad protein assay
kit (Bio-Rad Laboratories, Richmond, CA) with
bovine y-globulin as the standard.

Determination of enzyme activities
The activities of enzymes known to be char-

acteristics of brush-border microvilli (alkaline
phosphatase, trehalase, y-glutamyl transpeptidase
and 5’-nucleotidase), basal-lateral membrane
((Na* + K*)-ATPase), mitochondria (succinate
dehydrogenase) and endoplasmic reticulum (glu-
cose-6-phosphatase) were measured. Alkaline
phosphatase was measured by the method of Kind
and King [17]; trehalase was measured according
to the method of Carnie et al. [18], and liberated
glucose was assayed using the Glucose glucose
oxidase-Perid test (Boehringer-Mannheim Co.,
Mannheim); y-glutamyl transpeptidase was as-
sayed by the method of Orlowski and Meister [19];
(Na*+ K*)-ATPase was assayed according to the
method of Morel and co-workers [20] and liberated
phosphate was assayed by the method of Fiske
and SubbaRow [21]; 5’-nucleotidase and glucose-
6-phosphatase were assayed by the method of
Aronson and Touster [22]; and succinate dehydro-
genase was assayed by the method of Baginsky
and Hatefi [23].

Measurement of D-glucose uptake

Uptake of D-glucose was measured by the Milli-
pore filtration technique [24]. A 50 pl aliquot of
vesicles was placed in a glass test-tube and at time
zero a 100 ul aliquot of incubation medium was
added. Typically the incubation medium was 100
mM mannitol /10 mM Hepes-Tris (pH 7.4) con-
taining NaCl and '*C-labelled p-glucose to give a
final concentration of 100 mM NaCl and 0.1 mM
D-glucose. Brush-border membrane vesicles and
incubation medium were preincubated at 37°C,
and incubation was carried out at 37°C. After an
appropriate time the reaction was terminated by
the addition of 1.5 ml ice-cold stop solution (150
mM NaCl/0.3 mM phlorizin /10 mM Hepes-Tris
(pH 7.4)). The vesicles were immediately filtered
through a Millipore filter (HAWP 0.45 pm) under
light suction, and then washed with an additional
4.5 ml of stop solution. All incubation was carried
out in triplicate at least. The filter, which retained
brush-border membrane vesicles, was dissolved in
a liquid scintillation fluid, and then the radioactiv-
ity was measured along with samples of the in-
cubation medium and appropriate standards.

Chemicals
Anhydro-4-epitetracycline was prepared by the



method of McCormick et al. [25] and purified by a
high-performance liquid chromatography. D-
['*C]Glucose was obtained from New England
Nuclear Corp. Phlorizin was from Sigma Chemical
Co. and valinomycin was from P-L Biochemicals
Inc. Other chemicals were highest purity available
from commercial sources. All solutions were
filtered before use. Results were presented as mean
+ S.E. and were evaluated statistically by indepen-
dent r-test.

Results

Effect of anhydro-4-epitetracycline adminsitration on
enzyme activity of renal homogenate and brush-
border membrane

Table I shows the enzyme activity of renal
homogenate and of isolated brush-border mem-
brane vesicles from control and anhydro-4-epite-
tracycline-treated rabbits. The enrichment of
brush-border marker enzymes was approx. 10-fold
relative to renal cortical homogenate. Contamina-
tion by basal-lateral membrane, endoplasmic re-
ticulum and mitochondria, as assayed by (Na™+
K *)-ATPase, glucose-6-phosphatase and succinate
dehydrogenase, was quite low. Moreover, no en-
zyme activities of renal homogenate and brush-
border membrane vesicles from anhydro-4-epite-
tracycline-administered rabbits were inhibited or
activated significantly compared to those from
control rabbits.

TABLE 1
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Effect of anhydro-4-epitetracycline administration on
D-glucose uptake into brush-border membrane
vesicles

The time-course of D-glucose uptake into
brush-border membrane vesicles is illustrated in
Fig. 1. Three different sodium salts, NaSCN, NaCl
and Na,SO,, were used to attain on initial 100
mM Na gradient between extravasicular and in-
travesicular space. In all cases, a transient over-
shoot of intravesicular D-glucose content was ob-
served. However, the overshoot was biggest in
NaSCN, and smallest in Na,SO,. This difference
in the magnitude of the overshoot is ascribed to
the permeability of the anion of sodium salts [16].
When NaCl was used, the uptake of D-glucose at
10 s and 20 s into renal brush-border membrane
vesicles isolated from the anhydro-4-epitetra-
cycline-treated rabbits was significantly lower
compared to that into control vesicles. The uptake
at 5 s was also lower, although not significantly so.
When NaSCN or Na,SO, was used, no significant
change in the uptake of D-glucose between the
vesicles isolated from anhydro-4-epitetracycline-
treated rabbits and control rabbits was detected.
However, the mean uptake of D-glucose into
anhydro-4-epitetracycline-treated brush-border
membrane vesicles in the first half-minute was less
than that into control vesicles. When choline chlo-
ride was substituted for the sodium salts, the up-
take of D-glucose into anhydro-4-epitetracycline-
treated vesicles was not different from that into
control vesicles. Intravesicular volume, estimated

EFFECT OF ANHYDRO-4-EPITETRACYCLINE ADMINISTRATION ON ENZYME ACTIVITIES OF RENAL CORTICAL

HOMOGENATE AND BRUSH-BORDER MEMBRANE

Data are expressed as pmol/mg protein per min. All results are from ten determinations.

Enzyme Homogenate Brush-border membrane
control anhydro-4-epitetracycline control anhydro-4-epitetracycline

Alkaline phosphatase 0.198 +0.011 0.184+0.010 1.692+0.119 1.500+0.134
Trehalase 0.126 £0.010 0.143+0.015 1.105+0.123 1.255+0.169
v-Glutamyl transpeptidase 0.798 +0.037 0.711£0.047 7.908 +0.647 7.0124+0.694
5’-Nucleotidase 0.033+0.003 0.031+£0.004 0.209+£0.029 0.169+0.015
(Na* +K™*)-ATPase 0.056 +0.005 0.062 +0.006 0.009 £0.003 0.011+0.005
Glucose-6-phosphatase 0.098 +0.005 0.084 +0.006 0.060 £ 0.004 0.052 +0.008
Succinate dehydrogenase 0.020+0.002 0.022 +0.001 0.005 +0.001 0.006 +0.001
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Fig. 1. Time-course of D-glucose uptake into brush-border
membrane vesicles. Brush-border membrane vesicles were pre-
loaded with 100 mM mannitol /10 mM Hepes-Tris (pH 7.4);
and incubation medium was 100 mM mannitol/10 mM
Hepes-Tris (pH 7.4) containing 0.15 mM '*C-labelled D-glu-
cose and 150 mM NaCl (O, @), 150 mM NaSCN (a, a), 75
mM Na,SO, (O, W) or 150 mM choline chioride (v, ¥). Open
symbols represent uptake into vesicles from normal control
rabbits (n = 5) and closed symbols represent uptake into vesicles
from anhydro-4-epitetracycline-treated rabbits (n = 5).
Asterisks indicate significant difference between uptake into
vesicles from control rabbits and that of anhydro-4-epitetra-
cycline-treated rabbits (P < 0.05).

from equilibrated D-glucose uptake at 60 min, was
affected neither by anhydro-4-epitetracycline ad-
ministration nor by salt substitution.

Effect of anhydro-4-epitetracycline administration on
D-glucose uptake into voltage-clamped brush-border
membrane vesicles

Fig. 2 shows the time-course of D-glucose up-
take into voltage-clamped brush-border membrane
vesicles. The vesicles used in this experiment were
preloaded with 100 mM KSCN and 12.5 pug
valinomycin/mg protein to clamp the transmem-
brane potential at zero. The uptake of D-glucose
into the brush-broder membrane vesicles isolated

Uptake (nmol / mg protein )

T i
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Fig. 2. Time-course of D-glucose uptake into voltage-clamped
brush-border membrane vesicles. Brush-border membrane
vesicles were preloaded with 300 mM mannitol, 10 mM
Hepes-Tris (pH 7.4), 100 mM KSCN and 12.5 pg valinomy-
cin/mg protein. Incubation medium was 300 mM mannitol, 10
mM Hepes-Tris (pH 7.4), 100 mM KSCN containing 150 mM
NaCl and 0.15 mM '4C-labelled p-glucose. Open circles and
closed circles represent uptake into vesicles from control rab-
bits (» = 8) and that of anhydro-4-epitetracycline-treated rab-
bits (n =8), respectively. Asterisks indicate significant dif-
ference between uptake into vesicles of normal rabbits and that
of anhydro-4-epitetracycline-treated rabbits (P < 0.05).

from anhydro-4-epitetracycline-treated rabbits was
significantly less than that from control rabbits at
5s, 10's, 20 s and 30 s. The estimate of intravesicu-
lar volume was not affected by anhydro-4-epitetra-
cycline administration.

Effect of incubation of brush-border membrane
vesicles with 20 mM anhydro-4-epitetracycline on
D-glucose uptake

Addition of 20 mM anhydro-4-epitetracycline
(the final concentration) to an incubation medium
had no effect on D-glucose uptake into brush-
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Fig. 3. Effect of incubation of brush-border membrane vesicles
with 20 mM anhydro-4-epitetracycline on D-glucose uptake.
Preloading medium and incubation medium were identical to
those used in Fig. 2, except that 30 mM anhydro-4-epitetra-
cycline was added to incubation medium in closed circles.
Open triangles represent uptake into vesicles preincubated with
20 mM anhydro-4-epitetracycline for 60 min. Open circles
represent the control. Vesicles were prepared from the same
normal rabbit. Each point represents the mean of five measure-
ments.

border membrane vesicles isolated from a control
rabbit. Preincubation of brush-border membrane
vesicles of a normal rabbit with 20 mM anhydro-
4-epitetracycline for 60 min also had no effect
(Fig. 3).

Discussion

The term Fanconi syndrome describes a dis-
turbance of the renal tubular function char-
acterized by generalized hyperaminoaciduria, renal
glycosuria and hyperphosphaturia, as well as renal
loss of potassium, bicarbonate and water {1]. The
basic underlying mechanisms of Fanconi syn-
drome have been attractive subjects, but the un-
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derlying mechanisms still remain obscure. Numer-
ous substances are known to cause an acquired
Fanconi syndrome [2-10]. The experimental
Fanconi syndrome induced by these substances
has been ‘used investigating the mechanisms of
Fanconi syndrome. Solutes such as glucose [13,14],
phosphate [26], bicarbonate [27] and amino acids
[28] are known to be reabsorbed from the urine in
the proximal renal tubule via the brush-border
membrane. One possible mechanism is the dis-
ordering of solute reabsorption through brush-
border membrane. Recently, methods for purifica-
tion of renal brush-border membrane vesicles have
been established and they have made it possible to
study the transport of many solutes across the
brush-border membrane without the interference
of the cellular metabolism or of the basal lateral
membrane [14,15]. However, Silverman reported
that D-glucose uptake into brush-border mem-
brane vesicles isolated from dogs with experimen-
tal Fanconi syndrome induced by maleic acid was
not decreased compared with that from normal
control dogs [29]. Moreover, Bergerson et al. [30]
reported that in rats with Fanconi syndrome in-
duced by maleic acid, the net influx of amino acids
appeared normal at proximal nephron (using mi-
croinjection technique) and the efflux of molecules
from the cell appeared enhanced through the prox-
imal and the distal tubule (using stop-flow tech-
nique).

However, the underlying mechanisms of other
types of experimental Fanconi syndrome still re-
main unknown. In the present study, we investi-
gated the effect on  D-glucose uptake into
brush-border membrane vesicles in the experimen-
tal Fanconi syndrome rabbits induced by
anhydro-4-epitetracycline. The use of brush-border
membrane vesicles has the advantage of permitting
the study of solute transport independent of the
possible effect of anhydro-4-epitetracycline on the
cellular metabolism and, even more important, on
solute transport across the basal lateral membrane.

Effect of anhydro-4-epitetracycline administration on
enzyme activity

Our results indicate that the activities of marker
enzymes of brush-border membrane and other cel-
lular fractions in renal cortical homogenate and in
isolated brush border membrane vesicles were not
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affected by anhydro-4-epitetracycline administra-
tion. Therefore, these results suggest that renal
brush-border membrane vesicles from anhydro-4-
epitetracycline-treated rabbits can be isolated by
the same Ca-precipitation methods that have been
used with normal rabbits.

Effect of anhydro-4-epitetracycline administration on
D-glucose uptake into brush-border membrane
vesicles

The overshoot of intravesicular D-glucose con-
tent in the anhydro-4-epitetracycline-treated rab-
bits was significantly smaller than that in control
rabbits when chloride salt was used to obtain the
sodium gradient. However, no difference in
sodium-independent (choline chloride-dependent)
D-glucose uptake or in the estimate of intravesicu-
lar volume between the brush-border membrane
vesicles of anhydro-4-epitetracycline-treated rab-
bits and that of normal rabbits was detected.
These results suggest that sodium gradient-depen-
dent D-glucose uptake into brush-border mem-
brane vesicles was inhibited in anhydro-4-epitetra-
cycline-treated rabbits.

When NaSCN was used for sodium gradient,
the overshoot of intravesicular D-glucose in anhy-
dro-4-epitetracycline-treated rabbits was smaller
than that in control rabbits, but not significantly
so. In this condition, SCN ion is considered to be
more permeable than Na* ion, and SCN diffusion
potential (inside negative) would facilitate D-glu-
cose uptake [16]. Therefore, D-glucose uptake
would be too rapid to detect any significant dif-
ference between the uptake into brush-border
membrane vesicles isolated from anhydro- 4-
epitetracycline-treated rabbits and that from nor-
mal rabbits. On the other hand, sulphate ion is
considered to be less permeable than sodium ion,
and Na™ diffusion potential (inside positive) would
suppress D-glucose uptake [16]. Therefore, D-glu-
cose uptake would be too slow and the overshoot
would be too small to detect any significant dif-
ference when Na,SO, was used.

Effect of anhydro-4-epitetracycline administration on
D-glucose uptake into voltage-clamped brush-border
membrane vesicles

As discussed above, the sodium-coupled D-glu-
cose transport is affected greatly by membrane

potential, and this phenomenon complicates inves-
tigation. We solved this problem by using the
voltage-clamp method [16]). Brush-border mem-
brane vesicles were suspended in 100 mM KSCN
and 12.5 pg valinomycin/mg protein, and the
incubation medium also contained 100 mM KSCN.
Therefore, the membrane potential could be held
at zero.

As shown in Fig. 2, the overshoot of D-glucose
content in anhydro-4-epitetracycline-treated rab-
bits was significantly smaller than that in control
rabbits under the voltage-clamped condition and
the estimate of intravesicular volume was not dif-
ferent between the two groups. We confirmed that
sodium gradient-dependent D-glucose uptake into
brush-border membrane vesicles was inhibited by
anhydro-4-epitetracycline administration.

Effect of incubation of brush-border membrane
vesicles with 20 mM anhydro-4-epitetracycline on
D-glucose uptake

Another question is whether anhydro-4-epite-
tracycline inhibits the sodium gradient-dependent
D-glucose uptake directly or indirectly. Neither the
addition of 20 mM anhydro-4-epitetracycline to
incubation medium nor the preincubation of
brush-border membrane vesicles with 20 mM
anhydro-4-epitetracycline affected the sodium
gradient-dependent D-glucose uptake of brush-
border membrane vesicles isolated from a normal
rabbit. A much lower concentration (1 mM
anhydro-4-epitetracycline) had no effect on D-glu-
cose uptake, either (unpublished data). Therefore,
either anhydro-4-epitetracycline would inhibit
sodium gradient-dependent D-glucose uptake
through affecting cellular metabolism or some
metabolite of anhydro-4-epitetracycline would be
a direct inhibitor of D-glucose transport.

Our investigation demonstrated the disorder of
sodium gradient-dependent D-glucose uptake of
brush-boder membrane vesicles in Fanconi syn-
drome rabbits induced by anhydro-4-epitetra-
cycline. This disorder must be one of the underly-
ing mechanisms of experimental Fanconi syn-
drome by anhydro-4-epitetracycline. Anhydro-4-
epitetracycline has unique properties as a trans-
port inhibitor and may be a useful tool not only
for elucidating the pathophysiology of Fanconi
syndrome but also for investigating the cellular
processes of membrane transport.
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