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Changes in Renal Brush-Border Sodium-Dependent Transport Sys-
tems in Gentamicin-Treated Rats

Soong Yong Suhl, Do Whan Ahn, Kyoung Ryong Kim, Jee Yeun Kim, and Yang Saeng Park
Department of Physiology, Kosin Medical College, Pusan 602 —030, Korea

To elucidate the mechanism of gentamicin induced renal dysfunction, renal functions and activities of
various proximal tubular transport systems were studied in gentamicin-treated rats (Fisher 344). Gentamicin
nephrotoxicity was induced by injecting gentamicin sulfate subcutaneously at a dose of 100 mg/kg - day
for 7 days. The gentamicin injection resulted in a marked polyuria, hyposthenuria, proteinuria, glycosuria,
aminoaciduria, phosphaturia, natriuresis, and kaliuresis, characteristics of aminoglycoside nephropathy.
Such renal functional changes occurred in the face of reduced GFR, thus tubular transport functions
appeared to be impaired. The polyuria and hyposthenuria were partly associated with a mild osmotic
diuresis, but mostly attributed to a reduction in free water reabsorption. In renal cortical brush-border
membrane vesicles isolated from gentamicin-treated rats, the Na" gradient dependent transport of glucose,
alanine, phosphate and succinate was significantly attenuated with no changes in Na+-inde'pendent transport
and the membrane permeability to Na“. These results indicate that gentamicin treatment induces a defect
in free water reabsorption in the distal nephron and impairs various Na'-cotransport systems in the proximal

tubular brush-border membranes, leading to polyuria, hyposthenuria, and increased urinary excretion of
Na® and other solutes.
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INTRODUCTION

Use of aminoglycoside antibiotics in the treatment
of Gram-negative bacterial infections has been com-
plicated by nephrotoxic potential (Kaloyanides &
Pastoriza-Munoz, 1980; Humes & O’Connor, 1988).
The most prominent feature of aminoglycoside ne-
phrotoxicity is proximal tubular dysfunction. It has
been documented in humans and in experimental ani-
mals that gentamicin treatment results in glycosuria,
aminoaciduria, phosphaturia, proteinuria (with A,-mi-
croglobulinuria), and transport defects consistent with
Fanconi-like syndrome (Ginsberg et al, 1976; Luft et
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al, 1978; Schentag et al, 1978; Cronin et al, 1980;
Humes & O’Connor, 1988; Levi & Cronin, 1990).
The mechanisms with which gentamicin induces these
changes have not been entirely elucidated. Recent
study by Levi and Cronin (1990) suggested that
alterations in transport mechanisms in renal tubular
brush-border membranes are involved. They observed
in the renal cortical brush-border membrane vesicles
(BBMYV) isolated from gentamicin treated rats that
the activities of Na' gradient-dependent phosphate
transport (Na'-Pi cotransport) and pH-gradient de-
pendent Na® transport (Na'-H" antiport) are signifi-
cantly impaired. The present study provides evidences
that similar changes occur in proximal tubular Na'-
dependent transport systems for glucose, amino acid
and dicarboxylate as well.
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METHODS
Animals

Male Fisher 344 rats of 150~200 g were used.
Gentamicin nephrotoxicity was induced by daily s.c.
injections of gentamicin sulfate at a dose of 100
mg/kg - day for 7 days. The control animals were in-
jected with saline. ‘

Urine and blood analysis

Animals were kept in metabolic cages and were
denied food and water for 24 hr. Urine was collected
under mineral oil and was analyzed for Na'/K'
(Radiometer Flame Photometer FLM3), osmolality
(Advanced Osmometer 3D2), creatinine (Wako Tech-
nical Bulletin No. 271-10509, Japan), glucose (Wako
Technical Bulletin No. 270-66509), amino acids (LKB
alpha plus amino acid analyzer), inorganic phosphate
(Fiske & SubbaRow, 1925), protein (Bradford, 1976)
and urea (Sigma Technical Bulletin No. 640). In
some animals, blood samples were collected from the
tail or heart and analyzed for creatinine and glucose.

Preparations of plasma membrane vesicles from re-
nal cortex

Renal brush-border and basolateral membrane vesi-
cles (BBMV and BLMV) were prepared from renal
cortex by Percoll gradient centrifugation (Kinsella et
al, 1979; Scalera et al, 1981) and magnesium precipi-
tation (Booth & Kenny, 1974), as described in detail
in a previous paper (Lee et al, 1990). The composi-
tion of vesicle buffer was 100 mM mannitol, 100 mM
KCl, and 10 mM Hepes/Tris, pH 7.4. Purity of the
BBMYV and BLMV fractions was evaluated by ana-
lyzing activities of alkaline phosphatase (Wako Tech-
nical Bulletin No. 270-04609), a maker enzyme of the
brush-border membrane (BBM), and Na'-K'-ATPase
(Jorgensen & Skou, 1971), a marker enzyme of the
basolateral membrane (BLM). In the control group,
the average specific activity of alkaline phosphatase
in two separate batches of BBMV fraction (32.5 K-A
unit/mg protein - hr) was 8.4-fold greater than that in
the homogenate (3.9) and the Na'-K'-ATPase activity
in the BLMV fraction (78.7 mol/mg protein - hr) was
8.3-fold greater than the homogenate value (9.5).
However, the BBMV fraction was enriched in Na'-

K'-ATPase (13.0 mol/mg protein - hr) 1.4-fold and
the BLMV fraction was enriched in alkaline phos-
phatase (9.1 K-A unit/mg protein - hr) 2.4-fold, indi-
cating that each fraction was slightly contaminated
with opposite side membranes. Similar results were
observed in the gentamicin group vesicles (alkaline
phosphatase: 1.2, 11.2, and 2.5 K-A units/mg protein -
hr in the homogenate, BBMV and BLMYV, respec-
tively; Na'-K'- ATPase: 9.3, 14.0 and 70.0 mol/mg
protein - hr in the homogenate, BBMV and BLMV, res-
pectively), although the alkaline phosphatase activity
in each fraction was somewhat lower than the cor-
responding value in the control group, as observed by
others (Knauss et al, 1983; Levi & Cronin, 1990).

Determination of substrate transport in membrane
vesicles

Uptake of substrate by membrane vesicles was
determined by a rapid filtration method (Hopfer et al,
1973). A 60 ul aliquot of vesicles (6~8 mg protein/
ml) was incubated in 9 volumes of medium con-
taining 100 mM NaCl or KCl, 100 mM mannitol, 10
mM Hepes/Tris (pH 7.4), and a substrate (D-[“C]—
glucose, L-[**C]-alanine, (**C}-succinate, *POq, or ”Na)
at 25°C. At appropriate intervals, a 100 g1 aliquot was
removed and quickly filtered through Millipore filter
(type HA, pore size 0.45 um), which was soaked
overnight in distilled water prior to use. The filter
was washed with 5 ml of ice-cold stop solution (incu-
bation medium without substrate). The radioactive
materials in the filter was dissolved into 6 ml of
Lumagel (Lumac, AC Landggaf, the Netherlands) and
the radioactivity was counted on a liquid scintillation
counter (Packard Tricarb 4530 C). Nonspecific bind-
ing of the radioactive material to the membrane was
determined by incubating vesicles in distilled water
containing 0.1% deoxycholate and radioactive sub-
strate. The value of nonspecific binding was subtracted
from the experimental value, and the vesicular uptake
was expressed as pmol/mg protein for a given time.

All the radioactive compounds used were pur-
chased from New England Nuclear (Boston, MA).

Statistical analysis
All results were presented as the mean=+SE and

statistical evaluation of data was done using the
Student’s t-test (unpaired comparison).
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RESULTS

Renal functions

Table 1 summarizes the effect of gentamicin treat-
ment on urine flow (V), urine osmolality (Uosm), and
urinary excretions of various solutes. Subcutaneous
injections of gentamicin at a dose of 100 mg/kg - day
for 7 days resulted in a marked increase in V and
a decrease in Ugm. The average V in gentamicin-
treated animals - day) was 3.5-fold greater (P<
0.001) and the Ugsm (852+103 mosm/kg H,O) was
62% lower (P<0.001) than the respective value in
control (saline-treated) animals (V, 13.84 +0.63; Ugsm,
2239+ 106). The excretion of total osmotic sub-
stances (Ugsm © V) was, however, not significantly dif-
ferent between the two groups (31.2+2.5 and 41.5+
6.5 mosm/kg - day in control and gentamicin group,
respectively), thus the gentamicin-induced polyuria
and hyposthenuria appeared to be attributed mainly to
an increase in water excretion.

The urinary excretion of creatinine (U - V) was
not significantly changed, indicating that the rate of
creatinine production in the body was not altered by
gentamicin. However, the creatinine clearance deter-
mined at the end of 7 day treatment appeared to be
markedly reduced (P <0.001) in the gentamicin group
(1.85%0.65 l/kg - day) as compared with the controls
(4.36+0.37). This indicated that GFR was signifi-

cantly reduced by gentamicin.

Despite this reduction in GFR, the urinary excre-
tion of sodium (Un, * V), potassium (Ug - V), phos-
phate (Upi - V) and glucose (Ug - V) was markedly
increased in gentamicin-treated animals. The average
increase was 3.4-fold in sodium (2.86 +-0.18 mEq/kg

- day in gentamicin group vs. 0.85£0.15 in controls,
p<0.001), 1.8-fold in potassium (5.01 =1.11 vs. 2.83
+0.32 mEq/kg - day, p<<0.10), 1.9-fold in phosphate
(46.59+6.61 vs. 24.09+1.89 mEq/kg - day, p<0.01),
and 85-fold in glucose (209.2+43.0 vs. 2.471+0.28
mg/kg - day, p<0.001). The urinary excretion of urea
(Uy - V) was, however, not significantly changed.

Table 2 shows that renal excretion of amino acids
was also increased in gentamicin-treated animals.
Although the degree of increase varied with amino
acid, the gentamicin treatment increased excretion of
all 16 amino acids examined, indicating that the renal
transport systems for neutral, acidic and basic amino
acids were universally impaired.

Transport of glucose, alanine, phosphate, and suc-
cinate in renal brush-border membrane vesicles

The foregoing results indicated that the gentamicin
treatment enhanced the urinary excretions of glucose,
amino acids and phosphate. Since these substances
are normally reabsorbed in the proximal tubule by
Na'-coupled transport mechanisms, we next exam-

Table 1. Effect of gentamicin treatment on renal functions in rats

Control (n=7)

Gentamicin (n=7)

Day O Day 7 Day 0 Day 7
V (ml/kg - day) 9.51+0.71 13.84+0.63 9.36+0.67 47.89+£3.44*
Uosm (mosm/kg H,0) 2733+115 2239+106 2822+102 852+103*
Uy + V (mg/kg - day) 2528£1.39 27.901+0.84 23.18+£1.66 29.23£2.64
Uwm - V (mosm/kg - day) 25.6+1.7 312+£25 265+24 41.5+6.5
Una + V (mEqg/kg - day) 0.50£0.05 0.85+0.15 0.58+0.11 2.86+0.18*
Uk - V (mEqg/kg - day) 2.69+0.26 2.83+0.32 2.69£0.31 5.01+0.10
Upi - V (mg/kg - day) 23.51+£2.02 24.09+1.89 26.49+2.35 46.5916.61*
U, + V (mg/kg - day) 1.97+0.19 2.47+0.28 2.39+0.15 209.2+£43.0*
U, - V (mmol/kg - day) 14.20£1.05 17.16 2 1.61 14.95+1.40 13.37+3.31
Co (/kg - day) 4.36+£0.37 1.85+0.65

Note. Gentamicin group animals were subcutaneously injected with gentamicin sulfate at a dose of 100 mg/kg - day
for 7 days. Values represent means & SE. *Significantly different from the respective control value (p<0.05).
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Table 2. Effect of gentamicin treatment on renal excretion of amino acids in rats

Excretion (umole/kg - day)

Amino Acid Control (n=4) Gentamicin (n=5)
Day 0 Day 7 Day 0 Day 7

Glycine 9.05+1.16 11.48+1.71 8.78+0.55 30.65 +7.03*
Alanine 2.65+0.43 2.9810.38 2.67+0.26 12.19+2.93*
Valine 0.52+0.31 0.00+0.00 0.55£0.40 7.33+2.19%
Leucine 2.02+0.34 2.05+0.15 2.50+0.22 17.46 +3.97*
Threonine 2.52+0.40 2.71+0.60 2.48+0.06 19.61 +4.13*
Serine 1.95+0.37 2224051 2.47+0.20 11.37+£2.93*
Glutamic acid 5.49+0.63 5.37+0.23 5.31+0.23 52.85+13.84*
Tyrosine 3.73£0.77 3.61t0.15 5.05+094 9.871+2.11*
Phenylalanine 0.66+0.31 0.17+0.19 0.41+0.28 8.34 +2.26*
Glutamine 2.53+0.84 3.44+1.27 3.54+0.33 18.20+6.65*
Lysine 3.38£0.42 4.24+0.31 4.33+0.23 39.214+6.33*
Arginine 0.83+0.15 1.34+0.59 1.04+0.48 8.80+2.13*
Cystine 2.48+0.35 245+0.11 2.82+0.21 3.56+0.46
Methionine 2.57+0.87 1.36+0.12 2.62+0.66 6.77 +2.55*
Proline 1.11+0.14 1.31+0.09 1.04+0.10 5.90+1.30*
Histidine 1.27X0.15 1.34+0.20 1.53+0.14 8.551+2.43*

Note. Gentamicin group animals were subcutaneously injected with gentamicin sulfate at a dose of 100 mg/kg - day
for 7 days. Values represent means+SE. *Significantly different from the respective control value (p<0.05).

ined if these systems were impaired by gentamicin
treatment. At the end of 7 day drug treatment animals
were sacrificed and renal plasma vesicles were iso-
lated.

Fig. 1.shows time courses of D-glucose uptake by
renal BBMVs of control (saline-treated) and gen-
tamicin-treated rats. Vesicles containing 100 mM
mannitol, 100 mM KCl, and 10 mM Hepes/Tris (pH
7.4) were incubated in a medium containing 100 mM
NaCl, 100 mM mannitol, 10 mM Hepes/Tris (pH 7.4)
and 50 uM D-glucose (with 3 uM D—[MC]glucose),
thus the imposed Na* gradient was 100 mM. In con-
trol vesicles, the inwardly directed Na™ gradient mar-
kedly stimulated D-glucose uptake over that obser-
ved in the absence of Na' (K" containing medium),
showing a characteristic “overshoot” of the Na'-driven
transport process. In vesicles of gentamicin-treated
animals, however, the initial rate of D-glucose uptake
was markedly attenuated and overshoot phenomenon
was not apparent. The Na'-independent component of
D-glucose uptake was not different between the two
groups.

In order to evaluate the effect of gentamicin treat-
ment on the D-glucose facilitated transport in the
basolateral membrane we examined the D-glucose
uptake by BLMV. The results, however, indicated
that there was no significant changes in the genta-
micin group (Data not shown).

Fig. 2 illustrates time courses of L-alanine uptake
by renal cortical BBMVs of control and gentamicin-
treated rats. In the presence of a 100 mM inwardly-
directed Na" gradient, the L-alanine uptake increased
rapidly showing a definite overshoot both in the con-
trol and gentamicin groups. However, the rate of
uptake and the degree of overshoot appeared to be
significantly reduced in the gentamicin group. The
Na'-independent L-alanine uptake was not different
between the two groups.

Fig. 3 compares time courses of phosphate uptake
by renal cortical BBMVs of control and gentamicin
treated rats. The Na'-gradient driven uphill transport
was drastically inhibited in the gentamicin group with
no change in Na'-independent transport.

Fig. 4 depicts the effect of gentamicin treatment on
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Fig. 1. Effect of gentamicin treatment on D-glucose
transport system in renal cortical brush-border membrane.
D-glucose uptakes by BBMVs of control and gentamicin-
treated (100 mg/kg - day for 7 days) rats were measured
at 25°C in the presence and absence of 100 mM inward-
ly-directed initial Na" gradient as a function of time. The
medium contained 50 yM D-glucose, 3 uM D-[14C]—g1u—
cose and 2 yM valinomycin. Data represent mean SE
of 3 determinations from the same batch of vesicles
derived from 10 rats in each group. For all data points
the SE was less than the radius of symbol. All values
of uptake for gentamicin group in Na'-containing medi-
um at times other than 60 min were significantly different
(p<0.001) from the corresponding control values.

succinate uptake by renal cortical BBMVs, Again, the
Na'-dependent transport component appeared to be
markedly reduced in the gentamicin group.

The foregoing results indicate that the Na’-depen-
dent transports of glucose, alanine, phosphate and
succinate were attenuated in the vesicles of genta-
micin-treated animals. Since the cotransport of these
substances with Na® depends on the electrochemical
potential gradient for Na’, it would decrease if the
Na' gradient was more rapidly dissipated in the gen-
tamicin group vesicles. To evaluate this possibility,
Na uptake by BBMVs was determined in the pre-
sence of 1 mM Na' and absence of substrate in the
medium. The results indicated that gentamicin treat-
ment had no apparent effect on the dissipation of the
Na" gradient (Fig. 5).
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Fig. 2. Effect of gentamicin treatment on L-alanine trans-
port system in renal cortical brush-border membrane.
L-alanine uptakes by BBMVs of control and gentamicin-
treated (100 mg/kg - day for 7 days) rats were measured
at 25°C in the presence and absence of 100 mM in-
wardly-directed initial Na" gradient as a function of time.
The medium contained 6 gM L-["*C]-alanine and 4 M
valinomycin. Data represent mean+SE of 3 determina-
tions from the same batch of vesicles derived from 10
rats in each group. In the data point where no vertical
bar is shown the SE is less than the radius of the symbol.
All values of uptake for gentamicin group in Na'-con-
taining medium at times other than 60 min were sig-
nificantly different (p<0.001) from the corresponding
control values.

DISCUSSION
Glucose transport

Under normal conditions, the filtered glucose is
mostly reabsorbed in the proximal tubule. This pro-
cess occurs in two steps. The filtered glucose first
enters the tubular cell by Na'-glucose cotransport
mechanism at the BBM; it then leaves the cell at the
BLM via the facilitated diffusion mechanism that is
Na" independent (Ullrich, 1983; Burg, 1986).

In the present study, gentamicin treatment to rats
resulted in a marked glycosuria (Table 1), as ob-
served in other studies (Ginsburg et al, 1976; Luft et
al, 1978; Cronin et al, 1980). This occurred with no
significant increase in plasma glucose level, indi-
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Fig. 3. Effect of gentamicin treatment on phosphate
transport system in renal cortical brush-border membrane.
Phosphate uptakes by BBMVs of control and gentamicin-
treated (100 mg/kg - day for 7 days) rats were determined
at 25°C in the presence and absence of 100 mM in-
wardly-directed initial Na" gradient as a function of time.
The medium contained 100 gM KH,’PO,. Data represent
mean*+SE of 4 determinations from the same batch of
vesicles derived from 10 rats in each group. All values
of uptake for gentamicin group in Na'-containing medi-
um at times other than 60 min were significantly different
(p<0.001) from the corresponding control values.

cating that the glucose reabsorption in the renal tu-
bule was attenuated. Vesicle experiments indicated
that the first step of renal glucose reabsorption was
impaired. In BBMVs isolated from gentamicin treated
rats, the Na'-dependent glucose uptake was markedly
attenuated (Fig. 1), whereas the Na'-independent glu-
cose uptake (Fig. 1) and the permeability of the BBM
to Na" (Fig. 5) were not significantly changed. It is,
therefore, apparent that the Na‘-glucose cotransporter
activity was specifically impaired.

The mechanism with which gentamicin affected the
cotransporter is not clearly understood. According to
Horio et al. (1986), a direct exposure of rabbit renal
BBMV to gentamicin, in vitro, also inhibits the Na'-
coupled glucose transport, and the inhibition is due
to a reduction in Vmax with no change in Km. It is,
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Fig. 4. Effect of gentamicin treatment on succinate
transport system in renal cortical brush-border membrane.
Succinate uptakes by BBMVs of control and gentamicin-
treated (100 mg/kg - day for 7 days) rats were deter-
mined at 25°C in the presence and absence of 100 mM
inwardly-directed initial Na' gradient as a function of
time. The medium contained 10 gM ["*C]-succinate and
4 yM valinomycin. Data represent mean+SE of 4 deter-
minations from the same batch of vesicles derived from
10 rats in each group. All values of uptake for gentamicin
group in Na'-containing medium at times other than 60
min were significantly different (p <0.001) from the cor-
responding control values.

therefore, possible that during long-term exposure,
gentamicin accumulated in the kidney directly inter-
acts with the BBM, attenuating the cotransporter
function. The gentamicin may directly alter the ef-
fective carrier number or turnover rate, or indirectly
through alterations in membrane lipid composition.
With respect to the latter possibility, it is known that
1) renal BBM has a high phosphatidylserine content
and a high cholesterol-to-phospholipid ratio (Moritoris
& Simon, 1985), and alterations in these lipid compo-
sitions affect Vmax of the Na'-glucose cotransport
without changing Km (Moritoris & Kinne, 1987), and
2) gentamicin inhibits phospholipase-C in the proxi-
mal tubular BBM (Schwertz et al, 1984) and induces
changes in phospholipid composition with preferential
increase in phosphatidylinositol, phosphatidylcholine,
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Fig. 5. Effect of gentamicin treatment on Na® permea-
bility of renal cortical brush-border membrane. Na up-
takes by BBMVs of control and gentamicin-treated (100
mg/kg - day for 7 days) rats were determined at 25°C in
the presence of 1 mM inwardly-directed initial Na" gra-
dient and in the absence of substrate. The medium con-
tained 1 4M “NaCl. Data represent mean + SE of 3 deter-
minations in each group.

and phosphatidylserine (Feldman et al, 1982; Knauss
et al, 1983). Certainly, many more studies are re-
quired to precisely delineate the modification of Na'-
glucose cotransporter activity by gentamicin. Regard-
less of the mechanism, however, the present study
clearly demonstrated that gentamicin treatment im-
pairs the first step of the renal glucose reabsorption
and this may be the most important etiologic mech-
anism of gentamicin-induced renal glycosuria.

Transport of alanine, phosphate and succinate

Under normal conditions, amino acids in the glo-
merular filtrate are mostly reabsorbed in the proximal
tubule by their respective Na'-coupled transport
mechanisms in the BBM (Burg, 1986). In the present
study, gentamicin treated rats showed increase in
urinary excretion of various amino acids (Table 2)
and their renal BBM showed a significantly impaired
Na'-alanine cotransport activity (Fig. 2). We, there-
fore, believe that one mechanism of the gentamicin-
induced aminoaciduria is a defect in cotransport sys-

tems for amino acids in the renal tubular BBM.
Again, the nature of interaction between gentamicin
and the cotransporters is not understood.

Over 80% of inorganic phosphate filtered through
glomeruli are normally reabsorbed in the renal tubule,
almost all of this occurring in the proximal tubule
(Greger et al, 1977; Ullrich et al, 1977, Bauman et
al, 1985). Filtered phosphate initially moves from the
lumen into the tubular cell via the Na'-Pi cotransport
mechanism in the BBM, then it diffuses across the
BLM into the blood (Hammerman, 1986), the first
process being the rate-limiting step (Gmaj & Murer,
1986; Biber, 1989). In the present study, gentamicin
administrations to rats caused a significant increase
in phosphate excretion (Table 1) and a decrease in
Na'-Pi cotransport activity in the BBM (Fig. 3).
Similar results have been observed by others (Levi
& Cronin, 1990) in gentamicin treated Sprague Dawley
rats. Since, in the above study, the Vmax of Na’-Pi
cotransport and the Na'-dependent phosphonoformic
acid binding were reduced in the BBMV of genta-
micin treated rats, the authors presumed that the num-
ber of Na'-Pi cotransport units was diminished by
gentamicin, However, the mechanism whereby genta-
micin induces such changes has not been ascer-
tained.

Krebs cycle intermediates filtered through glo-
meruli are reabsorbed in the proximal tubule (Glollman
et al, 1963; Simpson, 1983). Studies involving renal
membrane vesicles indicated that transport of dicar-
boxylates, such as succinate, in the renal BBM is
mediated by the Na'-dicarboxylate cotransporter (Wright
et al, 1980; 1982). The results of the present study
indicated that the activity of this cotransporter is
inhibited by gentamicin. In the BBMV of gentamicin
treated rats the Na'-dependent succinate uptake ap-
peared to be markedly attenuated (Fig. 4). We, there-
fore, speculate that a large amounts of Krebs cycle
intermediates may be lost into urine in gentamicin
treated animals.

In conclusion, the present study shows that genta-
micin treatment in rats impairs various Na'-dependent
secondary active transport systems in the renal tubu-
lar brush-border membrane, which may lead to in-
creased urinary excretions of Na" and other solutes.
The subcellular mechanisms by which these changes
are induced remain to be elucidated.
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