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1 Sulphonylurea drugs have been shown to protect against hypoxic damage in isolated proximal
tubules of the kidney. In the present study we investigated whether these drugs can protect against
hypoxic damage in a whole kidney preparation.

2 Tolbutamide (200 mM) and glibenclamide (10 mM) were applied to the isolated perfused rat
kidney prior to changing the gassing from oxygen to nitrogen for 30 min.

3 Hypoxic perfusions resulted in an increased fractional excretion of glucose (FE % glucose
14.3+1.5 for hypoxic perfusions vs 4.9+1.6 for normoxic perfusions, mean+s.e.mean, P50.05),
which could be completely restored by 200 mM tolbutamide (5.7+0.4 for tolbutamide vs 14.3+1.5
for untreated hypoxic kidneys, P50.01). Furthermore, tolbutamide reduced the total amount of
LDH excreted in the urine (220+100 mU for tolbutamide vs 1220+160 mU for untreated hypoxic
kidneys, P50.01). Comparable results were obtained with glibenclamide (10 mM).

4 In agreement with the e�ect on functional parameters, ultrastructural analysis of proximal
tubules showed increased brush border preservation in tolbutamide treated kidneys compared to
untreated hypoxic kidneys.

5 We conclude that glibenclamide and tolbutamide are both able to reduce hypoxic damage to
proximal tubules in the isolated perfused rat kidney when applied in the appropriate concentrations.
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Introduction

The predominant site of ischaemic renal damage in humans,
experimental animals and isolated kidneys perfused with an
erythrocyte-containing medium, is the proximal tubule

(Lieberthal et al., 1988; Brady et al., 1998; Venkatachalam et
al., 1978). Damage to this site has morphologically been
characterized by blebbing of the apical membrane, loss of

brush border membrane, cytosolic vacuoles and swelling of
mitochondria. Eventually this results in focal cellular loss
leaving a denuded basement membrane and leading to cast
formation in the more distal segments of the nephron (Brady et

al., 1998; Spencer et al., 1991; Molitoris, 1991; Venkatachalam
et al., 1978; Glaumann & Trump, 1975; Mergner et al., 1976).
Isolated kidneys, perfused with an oxygenated cell-free

medium develop a characteristic damage of the medullary
thick ascending limb of Henle (mTAL) with sparing of the
proximal tubule (Brezis et al., 1984).

At the cellular level hypoxic damage to proximal tubules is
accompanied by a rapid fall of intracellular ATP and
potassium levels, while sodium, chloride and calcium
accumulate (Mason et al., 1981; Burke & Schrier, 1996). This

ionic imbalance has been attributed to impaired functioning of
the basolateral Na/K-ATPase, but the contribution of a
potassium conductance in the cellular loss of this ion cannot

be ruled out. An ATP-dependent potassium channel (K-ATP)
has been described at the basolateral membrane of rabbit
proximal tubules, which regulates the recycling of potassium

(Tsuchiya et al., 1992; Mauerer et al., 1998a). This channel is a
likely mediator of hypoxia-induced potassium loss as it is
regulated by intracellular ATP levels; a decline in ATP results

in an increased open probability of the channel. Another
general characteristic is that these channels can be blocked by
oral antidiabetic sulphonylureas, such as tolbutamide and
glibenclamide. However, the potency of these sulphonylurea

drugs varies widely between di�erent tissues (Ashcroft &
Ashcroft, 1990). K-ATP channels of the pancreatic b-cell and
excitable cells such as neurones, and cardiac and smooth

muscle cells, are heteromultimers composed of an inward
rectifying potassium channel (Kir 6.0) and a sulphonylureum
receptor protein (SUR), a member of the ATP binding cassette

(ABC) superfamily (Babenko et al., 1998). Epithelial K-ATP
channels, including renal tubular K-ATP channels, seem to
make up a di�erent class of channels re¯ected by their much
lower a�nities for sulphonylurea drugs (Ashcroft & Ashcroft,

1990; Quast, 1996). Although recent reports describe the
expression of SUR in mouse and rat kidney, including
proximal tubules, its contribution to the regulation of

basolateral potassium conductance is at present unknown
(Beesley et al., 1999; Tanemoto et al., 2000).*Author for correspondence: E-mail: F.Russel@farm.kun.nl
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An important role for K-ATP channels in the pathophy-
siology of hypoxic damage is well established in cerebral and
cardiac ischaemia (Smits et al., 1996; Hearse, 1995; Takaba et

al., 1997; Heurteaux et al., 1993). To our knowledge the only
data available on the function of K-ATP channels in renal
ischaemia come from a study by Reeves & Shah (1994), who
showed that hypoxic damage to isolated rabbit proximal

tubules, as assessed by measurement of DNA damage and
LDH leakage, could be reduced by 500 mM glibenclamide.
However, the e�ect of sulphonylurea in a whole kidney could

be very di�erent, because such a preparation comprises tubular
and vascular structures, both of which contain K-ATP
channels. We investigated whether sulphonylurea drugs,

applied in concentrations capable of inhibiting tubular
epithelial K-ATP channels, can protect against hypoxic injury
in whole organ kidney experiments. In the present study we

found such a protective e�ect for both tolbutamide and
glibenclamide in the isolated perfused rat kidney.

Methods

Materials

Pluronic F-108 was obtained from BASF (Arnhem, The
Netherlands). All other chemicals were of analytical grade

and obtained either from Sigma (St. Louis, MO, U.S.A) or
Merck AG (Darmstadt, Germany).

Drugs

Tolbutamide was purchased from Sigma (St. Louis, MO,
U.S.A.) and dissolved in NaHCO3/NaOH (ratio 4.5 : 0.5) and

glibenclamide was purchased from Aldrich (Zwijndrecht, The
Netherlands) and dissolved in NaHCO3. Pancreatic K-ATP
channels can be inhibited by nanomolar concentrations of

sulphonylurea drugs and therapeutic unbound concentrations
are in this concentration range (Balant, 1981). Instead,
epithelial K-ATP channels seem to be less sensitive and need

micromolar concentrations of sulphonylurea drugs to be
inhibited (Ashcroft & Ashcroft, 1990; Quast, 1996). Therefore,
tolbutamide was added to the perfusate at a concentration of
200 mM and glibenclamide at an equipotent concentration of

10 mM.

Experimental procedure

The procedures for isolation and perfusion of the rat kidney
were approved by the local Ethics Committee on animal

experimentation and are described in detail elsewhere (Cox et
al., 1990). Brie¯y, male Wistar-Hanover rats (200 ± 300 g) were
anaesthetized with pentobarbitone intraperitoneally (6 mg ±

100 g) after which the right kidney was exposed and the right
renal artery and ureter were canulated without interruption of
¯ow. The kidney was excised and placed in a perfusion
chamber with a constant temperature (37.58C) and the renal

artery canula was connected to a circulating perfusate volume
of 400 ml for 30 min. After this stabilization period the kidney
was connected to a perfusate volume of 240 ml and the

experimental procedure was started (0 ± 10 min: control values,
10 ± 40 min: stabilization with sulphonylurea drug or solvent,
40 ± 70 min: hypoxia, 70 ± 100 min: reoxygenation, 100 ±

110 min: removal of sulphonylurea drug or solvent, 110 ±
140 min: end values). During the stabilization period perfusate
¯ow was set to values resulting in a perfusate pressure of
90 mmHg recorded just proximal to the kidney. After starting

the experimental period no adjustments in perfusate ¯ow were
made. The perfusion ¯uid was oxygenated with a 95% O2/5%
CO2 mixture during both the stabilization period and

experimental period. Perfusate was pregassed in a reservoir
and saturated with 95% O2/5% CO2 by use of a membrane
oxygenator. For hypoxic perfusions gassing was changed to
95% N2/5% CO2 for 30 min. All studies were performed with

a cell-free Krebs-Ringer-Henseleit based perfusate, containing
2.5% Pluronic F-108 as an oncotic agent and 20 mg/ml
cyanocobalamin for the continuous colorimetric determination

of the GFR (Cox et al., 1990). Urine samples were collected
during the whole experimental period over 10 min intervals
and analysed for glucose, sodium, potassium and lactate

dehydrogenase (LDH). Tolbutamide (200 mM), glibenclamide
(10 mM) or their respective solvents were added to the
perfusion medium 30 min before the onset of the hypoxic

perfusion to make sure no changes in perfusion pressure
(RPP), perfusate ¯ow (RPF) or GFR were recorded upon
addition of the drug. A few experiments were also done with
100 mM glibenclamide, but this concentration turned out to be

harmful, as assessed by an increase in morphological as well as
functional damage compared to the hypoxic kidneys. Drugs
were removed after 30 min reoxygenation by changing the

reservoir with new drug-free perfusate and at the same time
disconnecting the closed circulation for 10 min and discarding
the venous e�uent (which was subsequently substituted by

drug-free perfusate to the reservoir to keep the same total
amount of perfusate circulating).

Functional analysis

During the experimental period RPP, RPF, GFR, urine ¯ow,
urine pH and water reabsorption (R % H2O) were recorded

continuously. Overall tubular functioning was assessed by
calculation of fractional sodium excretion (FE % Na), while
proximal tubular reabsorptive capacity was assessed by

calculating the fractional excretion of glucose (FE % glucose),
both at 10 min intervals. In order to study the e�ect of
tolbutamide and glibenclamide on hypoxic perfused kidneys

values of the last three sampling intervals (110 ± 120, 120 ± 130
and 130 ± 140 min values) for GFR, FE % Na, FE % glucose
and R % H2O were averaged and compared with the
corresponding untreated hypoxic end-values. The solvents for

tolbutamide or glibenclamide had no e�ect on recorded and
measured parameters and these experiments were therefore
grouped as hypoxia. Tubular epithelial cell damage was

characterized by measurement of the total amount of LDH
excreted in the urine during the experiment.

Morphological analysis

Morphological analysis was performed on normoxic and

hypoxic perfused kidneys in order to make sure the method
used to induce hypoxic damage would result in a proximal
damage as in clinical and experimental ischaemia.

For light microscopic assessment kidney fragments were

®xed in Bouin's solution, dehydrated, and embedded in
paraplast, and 2 mm sections were stained with haematoxylin
and eosin, Periodic Acid Schi�, and Silver methenamine

(Assmann et al., 1983). For electron microscopy, small pieces
of cortex were ®xed in 2.5% glutaraldehyde dissolved in 0.1 M

sodium cacodylate bu�er, pH 7.4, for 4 h at 48C, and washed

in the same bu�er. The tissue fragments were both ®xed in
cacodylate-bu�ered 1% OsO4 for 2 h, dehydrated, and
embedded in Epon 812. Ultrathin sections were cut on an
ultratome (LKB Instruments, Bromma, Sweden) and stained
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with 4% uranyl acetate for 45 min and with lead citrate for
2 min at room temperature. The sections were examined in an
electron microscope (Jeol 1200 EX, Japan) (Assmann et al.,

1983). Evaluation of light and electron microscopic prepara-
tions was done in a blinded fashion by an experienced renal
pathologist.

Chemical analyses

Sodium and potassium were determined by ¯ame photometry.

Glucose was determined with a commercial glucose kit
(GLUCO-QUANT, Boehringer, Manheim, Germany). Lac-
tate dehydrogenase was determined routinely at the Clinical

Chemistry Laboratory of the University Hospital Nijmegen.

Statistics

Data are expressed as means+standard error of the mean
(s.e.mean). Student's t-test for unpaired data was used to
detect a di�erence between single comparisons ± between the

mean end-values for untreated hypoxic perfusions versus
normoxic perfusions. The statistical signi®cance of the
protective e�ect of tolbutamide and glibenclamide was

assessed by ANOVA followed by a Student t-test with
Bonferroni correction for multiple comparisons.

Results

Light microscopic assessment of kidneys perfused under
normoxic conditions showed severe damage of the medullary
thick ascending limb (mTAL), as reported previously for cell-
free perfused isolated kidneys (Brezis et al., 1984). Hypoxic

perfused kidneys showed no or only minor additional damage
of mTAL, but did show an additional damage to proximal
tubules. This proximal damage was light microscopically

characterized by focal e�acement and thinning of the brush
border membrane in a heterogeneous manner (data not
shown). Some proximal tubules seemed completely intact

while others shed their brush borders entirely into the luminal
cavity or even disrupted from the basement membrane.

More detailed assessment of proximal tubules from hypoxic
kidneys by electron microscopy showed severe loss of the

apical brush border, blebbing of apical membranes, vacuoliza-
tion and swelling of mitochondria while normoxic kidneys
showed only varying degrees of vacuolization (Figure 1A, B).

As with light microscopic assessment of kidneys, a hetero-
geneous picture emerged from analysing di�erent areas of the
kidneys. Complete cellular destruction was seen as well as

entirely intact proximal tubular cells. The degree and extent of
proximal tubular damage of tolbutamide treated kidneys
resembled that of hypoxic untreated kidneys, although more

intact brush border fragments were seen (Figure 1C). It is
technically di�cult to quantify brush border preservation, but
these results support the observed functional improvement
described below.

Upon starting the hypoxic perfusion of the isolated kidneys,
a sharp increase was seen in GFR, RPP and diuresis (Figure 2).
Diuresis increased over more than seven times basal values,

which was accompanied by severe natriuresis. GFR values at
the end of the experimental period did not signi®cantly di�er
between normoxic and hypoxic perfused kidneys (Table 1),

indicating full restoration of haemodynamic and glomerular
functions. However, sodium and water reabsorption did not
recover completely in hypoxic perfused kidneys as compared
to normoxic perfused kidneys (Table 1), indicating sustained

functional tubular damage due to the hypoxic period. Addition
of tolbutamide or glibenclamide to the perfusate did not
in¯uence perfusate ¯ow or perfusate pressure and both drugs

had no signi®cant e�ect on GFR, FE % Na and R % H2O, as
compared to untreated hypoxic kidneys (Table 1).

A

B

C

Figure 1 Electron microscopy images (35006) of proximal cells
from normoxic perfused kidney (A) showing only vacuolization, and
hypoxic perfused kidney (B) showing severe loss of brush border,
apical blebbing, mitochondrial swelling and vacuolization. Tolbuta-
mide treated hypoxic kidneys (C) showed a pattern similar to
untreated hypoxic kidneys, although more intact brush border
membranes were observed. The bar represents 3 mM.
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Proximal reabsorptive capacity was assessed by measure-
ment of fractional glucose excretion (FE % glucose). Hypoxic
perfusion resulted in a sharp decline in proximal reabsorptive

capacity, which did not completely return to baseline upon
reoxygenation (Figure 2). Therefore, end-values for FE %
glucose following hypoxic perfusions were signi®cantly

di�erent from normoxic end-values (Figure 3). Both tolbuta-
mide and glibenclamide reduced fractional glucose excretion in
hypoxic perfused kidneys signi®cantly, compared to untreated

hypoxic perfused kidneys (Figure 3).
This diminished reabsorptive capacity of the proximal

tubule in hypoxic perfused kidneys was accompanied by a
concurrent increase in urinary LDH excretion which returned

to baseline levels after the hypoxic period (leading to ¯attening

Figure 2 Mean values and s.e.mean for GFR, normalized RPP, diuresis, FE % Na, FE % glucose and cumulative urinary LDH
excretion for normoxic (n=5) and hypoxic (n=9) perfusions plotted against time. The hypoxic period started at 40 min and ended
at 70 min.

Table 1 E�ect of sulphonylurea drugs on hypoxia-induced
changes in renal functional parametersa

GFR FE % Na R % H2O

Normoxia
Hypoxia
Tolbutamide
and hypoxia

Glibenclamide
and hypoxia

357+18
322+19
391+21

372+33

1.9+0.2
7.2+1.4**
5.4+0.5

4.8+0.5

94+0.4
88+1.5**
90+0.7

90+0.6

aEnd-values (mean 110 ± 140 min) are presented for GFR,
FE % Na and R % H2O as mean+s.e.mean (n=4±6).
**P<0.01 for hypoxia versus normoxia. Tolbutamide was
used in a concentration of 200 mM and glibenclamide in a
concentration of 10 mM.
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of the cumulative excretion curve of Figure 2). This resulted in
a higher cumulative amount of LDH excreted in the urine as

compared to normoxic perfusions (Figure 4). While 200 mM
tolbutamide reduced the total amount of LDH excreted in the
urine signi®cantly the reduction in urinary LDH excretion seen

with 10 mM glibenclamide failed to reach the level of 5%
(b=0.35) signi®cance (Figure 4).

In order to further improve the observed protection with

10 mM glibenclamide we increased the applied concentration to
100 mM. This concentration is often used in experimental
studies to inhibit epithelial K-ATP channels on isolated cells
(Ashcroft & Ashcroft, 1990; Quast, 1996). However, in the

isolated perfused kidney instead of protection, aggravation of
hypoxic damage was observed as indicated by the reduced end-
values for GFR (167+42 ml min71, n=4, P50.05) and

increased end-values for FE % Na (17.5+2.0, n=4,
P50.01). Furthermore, this higher concentration of glib-
enclamide increased fractional glucose excretion (21.7+1.0,

n=4, P50.01) and urinary LDH excretion (2394+266 mU,
n=4, P50.01) indicating tubular damage.

Discussion

We showed a protective e�ect of the sulphonylureas,

tolbutamide and glibenclamide, on morphological and func-

tional parameters in hypoxic perfused rat kidney as reported
previously for glibenclamide in isolated proximal tubules.

Proximal tubules are the most injured sites in clinical and

experimental renal ischaemia. Isolated kidneys perfused with a
medium devoid of an oxygen carrier develop a characteristic
damage to the medullary thick ascending limb of Henle
(Alcom et al., 1981; Brezis et al., 1984). However, Shanley et al.

(1986a) showed an additional injury to proximal tubules in
isolated cell-free perfused rat kidneys when medium was
gassed with 95% N2/5% CO2 for 45 min. The results of the

present study are in agreement with these ®ndings. Hypoxic
perfusions were damaging to proximal tubules, according to a
reduced glucose reabsorption associated with an increase in

LDH excretion. At the ultrastructural level this damage
showed the characteristic features of that seen in clinical and
experimental renal ischaemia (Shanley et al., 1986a; Brady et

al., 1998; Spencer et al., 1991; Venkatachalam et al., 1978
Glaumann & Trump, 1975; Mergner et al., 1976). A similar
heterogeneously distributed damage has been observed before
in experimental studies by other investigators (Shanley et al.,

1986a,b; Brezis et al., 1985). A profound morphological
analysis of the injury to proximal tubules in the study of
Shanley et al. (1986a) revealed a great variability in tubule

responses to hypoxia with even complete protection to injury
in peri-arterial zones, apparently due to gradients of
oxygenation.

Normalization of GFR to baseline levels towards the end of
the experiment indicates that the observed decrease in end-
values for sodium, glucose and water reabsorption are due to a

diminished tubular reabsorptive capacity, rather than an
increased tubular load due to impaired ®ltration.

ATP-regulated potassium channels at the basolateral
membrane of proximal tubules have been identi®ed in rabbit,

frog (Rana) and salamander (Ambystoma) using whole-cell and
single channel patch clamp techniques (Tsuchiya et al., 1992;
Robson & Hunter, 1997; Mauerer et al., 1998a). Channel

activity was inhibited at micromolar concentrations of
sulphonylurea drugs. Interestingly, Mauerer et al. (1998b)
found a much more potent inhibition in cell-attached patches

compared to the more often used inside-out patches. Out of six
cell-attached recordings 10 mM glibenclamide exerted an
83+2% inhibition in three patches and 100 nM glibenclamide
exerted a 70+3% inhibition in three other patches (Mauerer et

al., 1998b). These ®ndings suggest an augmentation of
sulphonylurea potency by a cytosolic component, which may
be an advantage of isolated cell and whole organ experiments.

It could also provide an explanation for the relatively low
concentrations needed in this study to reduce hypoxic damage
in comparison with inhibitory concentrations for K-ATP

channels in isolated membrane patches. Although these
channels have not yet been described in rat proximal tubules,
their existence seems likely, considering their pivotal role in

recycling of potassium in concert with Na/K-ATPase activity
(Tsuchiya et al., 1992). Whole organ experiments usually
permit only limited conclusions as to the precise site of action
of the applied drug. However, the most likely target for

tolbutamide and glibenclamide would be proximal tubular
basolateral K-ATP channels, although other targets, especially
chloride channels, cannot be excluded (Rabe et al., 1995;

Sheppard & Welsh, 1992; Reeves, 1997; Waters et al., 1997).
Tolbutamide and glibenclamide may also act at nephron

segments other than proximal tubules, since K-ATP channels

have also been described at the luminal site of medullary thick
ascending limbs and cortical collecting ducts were they
contribute to potassium recycling and secretion (Quast,
1996). It seems likely that the recently cloned subfamily of

Figure 3 End-values (mean 110 ± 140 min) for fractional excretion of
glucose (FE % glucose) for normoxic and hypoxic perfused kidneys
and for hypoxic kidneys treated with tolbutamide or glibenclamide.
Data are expressed as mean+s.e.mean (n=4±6), for tolbutamide or
glibenclamide treated kidneys versus hypoxia alone (**P50.01).

Figure 4 Cumulative urinary excretion of LDH (mU) for normoxic
and hypoxic perfused kidneys and for hypoxic kidneys treated with
tolbutamide or glibenclamide. Data are expressed as mean+s.e.mean
(n=4± 6), for tolbutamide or glibenclamide treated kidneys versus
hypoxia alone (*P50.05).

Sulphonylurea drugs reduce renal hypoxic damage1682 R. Engbersen et al

British Journal of Pharmacology, vol 130 (7)



renal outer medulla potassium channels (ROMK) encodes for
these luminal K-ATP channels (Ho et al., 1993). Expression in
Xenopus oocytes of ROMK protein alone gave rise to a

current, which was poorly inhibited by glibenclamide
(Ki4mM), while co-expression with the ABC-superfamily
member CFTR resulted in much higher a�nities (Ki&1 mM)
for this drug (McNicholas et al., 1996). However, this higher

susceptibility of ROMK to glibenclamide inhibition was lost
under phosphorylating conditions (i.e. upon addition of PKA
and MgATP), suggesting limited relevance of this observation

under physiological conditions (McNicholas et al., 1996).
Nevertheless, it seems likely that tolbutamide and glibencla-
mide acted directly on proximal tubules since they protected

glucose reabsorption and at the same time reduced LDH
excretion. In summary, this study describes for the ®rst time, a
protective e�ect of the K-ATP channel inhibitors tolbutamide

and glibenclamide on hypoxic renal damage in a whole-organ
experiment. The most likely target for both sulphonylureas
would be the basolateral K-ATP channel of proximal tubules,
but further studies are required to elucidate the exact site of

action.

Dr K.J. Assmann from the Department of Pathology is gratefully
acknowledged for his evaluation of light microscopic and electron
microscopic preparations.
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