
Abstract

Aims/hypothesis. Augmented formation of reactive
oxygen species (ROS) induced by hyperglycaemia
has been suggested to contribute to the development
of diabetic nephropathy. This study was designed to
evaluate the influence of streptozotocin (STZ)-
induced diabetes mellitus, as well as the effects of
preventing excessive ROS formation by α-tocopherol
treatment, on regional renal blood flow, oxygen ten-
sion and oxygen consumption in anaesthetized Wistar
Furth rats.
Methods. Non-diabetic and STZ-diabetic rats were in-
vestigated after 4 weeks with or without dietary treat-
ment with the radical scavenger DL-α-tocopherol (vi-
tamin E, 5%). A laser-Doppler technique was used to
measure regional renal blood flow, whilst oxygen ten-
sion and consumption were measured using Clark-
type microelectrodes.
Results. Renal oxygen tension, but not renal blood
flow, was lower throughout the renal parenchyma of

diabetic rats when compared to non-diabetic control
rats. The decrease in oxygen tension was most pro-
nounced in the renal medulla. Renal cellular oxygen
consumption was markedly increased in diabetic rats,
predominantly in the medullary region. Diabetes in-
creased lipid peroxidation and protein carbonylation
in the renal medulla. Treatment with α-tocopherol
throughout the course of diabetes prevented diabetes-
induced disturbances in oxidative stress, oxygen ten-
sion and consumption. The diabetic animals had a re-
nal hypertrophy and a glomerular hyperfiltration,
which were unaffected by α-tocopherol treatment.
Conclusions/interpretation. We conclude that oxida-
tive stress occurs in kidneys of diabetic rats predomi-
nantly in the medullary region and relates to augment-
ed oxygen consumption and impaired oxygen tension
in the tissue. [Diabetologia (2003) 46:1153–1160]
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and Complication Trial (DCCT) showed that the de-
gree of hyperglycaemia is an important predictor of
subsequent diabetic renal complications [2]. Howev-
er, a unifying mechanism has recently been put for-
ward [3]. According to their hypothesis, normalizing
the increased mitochondrial concentration of reactive
oxygen species (ROS) prevents all major pathways
for diabetes-induced damage. The putative role of
ROS in the development of diabetic complications
has been investigated for several decades [4, 5, 6, 7].
Levels of ROS are increased by metabolic changes in
diabetes, including auto-oxidation and increased ad-
vanced glycation [4, 8]. Unsaturated fatty acids and
proteins are major targets for ROS [9, 10]. ROS cause

There are numerous hypotheses on the mechanisms
involved in the onset and progression of diabetes-in-
duced renal disturbances [1]. The Diabetes Control



vascular endothelium abnormalities, react with nitric
oxide (NO) in a diffusion-limited rate to generate per-
oxynitrite, thus depleting bioavailable NO and in-
creasing the reactivity to vasoconstrictors [9]. Recent
investigations suggest that excessive formation of
ROS may cause vasoconstriction in the renal micro-
vasculature [11].

Renal medullary blood flow is normally low in or-
der to preserve osmotic gradients and enhance urinary
concentration [12, 13]. At the same time, medullary
oxygen consumption is high, since the medullary thick
ascending limb is responsible for the generation of an
osmotic gradient by active reabsorption of sodium.
This results in a distinct gradient in oxygen tension
from the renal cortex to the medulla [14, 15]. Previous
studies have shown that renal proximal tubular cells
from diabetic animals have an increased oxygen con-
sumption [16, 17], whereas little is known concerning
oxygen consumption in renal medullary cells.

Our study was designed to evaluate the influence of
streptozotocin (STZ)-induced diabetes mellitus, with
and without dietary treatment of the antioxidant 
α-tocopherol, on regional renal blood flow, oxygen
tension and oxygen consumption in Wistar Furth rats.
The degrees of lipid peroxidation and protein car-
bonylation were used as markers of oxidative stress
within the renal tissue.

Materials and methods

Animals. Male Wistar-Furth rats, weighing 280 to 300 g, were
purchased from B&K Universal (Sollentuna, Sweden) and 
had free access to water and rat chow (R3, Ewos, Södertälje,
Sweden) throughout the study. All experiments were approved
by the local animal ethics committee for Uppsala University.

The animals were divided into four experimental groups:
Age-matched non-diabetic and diabetic animals were fed either
R3 pellets or 5% (w/w) DL-α-tocopherol (Merck Eurolab,
Stockholm, Sweden) supplemented to the powdered pellets
throughout a 4-week experimental period. Animals from each
of the four groups were then subjected to measurements of re-
nal blood flow and oxygen tension or in vitro oxygen con-
sumption. Renal tissue from the animals was frozen in liquid
nitrogen and stored at −70°C for later analysis of α-tocopherol,
lipid peroxidation, measured as thiobarbituric acids reactive
substances (TBARS), and carbonylated proteins.

Diabetes induction. Diabetes mellitus was induced by an intra-
venous injection of streptozotocin (STZ, 45 mg/kg; Sigma-
Aldrich, St. Louis, Mo., USA). Blood glucose concentrations
were determined from blood samples obtained from the cut tip
of the tail in all animals (MediSense, Bedford, Mass., USA).
Animals were considered diabetic if blood glucose concentra-
tions rose to greater than or equal to 15 mmol/l within 48 h af-
ter STZ-injection. The blood glucose concentrations and body
weights were monitored weekly throughout the course of the
study.

Regional renal oxygen tension and blood flow. The animals
were anaesthetized with an intraperitoneal injection of thiobu-
tabarbital (Inactin, Research Biochemicals International, 

Natick, Mass., USA; 120 mg/kg BW non-diabetic, 80 mg/kg
BW diabetic animals), placed on an operating table maintained
at 37°C and tracheostomized. Polyethylene catheters were
placed in both femoral arteries and in the right femoral vein.
One arterial catheter was used to monitor blood pressure 
(Statham P23dB, Statham Laboratories, Los Angeles, Calif.,
USA), whereas the other was used for blood sampling. Saline
was infused into the vein to compensate for body fluid loss and
the urinary bladder was catheterized to allow urinary drainage.
The left kidney was exposed by a left subcostal flank incision,
immobilized in a plastic cup and embedded in cotton wool
soaked in saline. The surface of the kidney was covered with
paraffin oil and the left ureter was catheterized for urine col-
lection.

The animals were allowed a 60-min equilibration period
followed by a period of 60 min to determine glomerular filtra-
tion rate (GFR) by measuring inulin clearance. For this pur-
pose, 3H-inulin (185 kBq/ml; American Radiolabeled Compa-
ny, St. Louis, Mo., USA) dissolved in saline was initially given
as a bolus dose of 185 kBq and then infused (5 ml/kg/h) intra-
venously. Urine and arterial blood samples were taken for sub-
sequent analyses. Renal oxygen tension was thereafter mea-
sured using modified Clark-type microelectrodes (4–6 µm o.d.,
Unisense, Aarhus, Denmark) [18]. The electrodes were two-
point calibrated in water saturated with either Na2S2O5 or air at
37°C. Microelectrodes were then inserted into the renal tissue
using a micromanipulator. A linear correlation was obtained
between oxygen tension and the electric current. Oxygen ten-
sion measurements were carried out at one millimetre incre-
ments from the renal cortex to the inner part of the medulla
(total depth of 5 millimetres from the renal surface). This pro-
cedure was repeated more than or equal to five times in each
left kidney. The averages for each respective depth from one
animal were then considered as one experiment in the statisti-
cal analysis. After the oxygen tension measurements, regional
renal blood flow was measured with laser-Doppler flowmetry
(probe 0.45 mm, PF 4001-2, Perimed, Stockholm, Sweden), by
advancing the probe into the renal tissue in the same manner as
the oxygen tension electrodes. After the experiment, animals
were killed by an intravenous injection of KCl whereafter the
kidney was dissected to verify the sites of the measurements. If
any site was found not to be correctly located, the recording
was discarded. The distances from the renal surface to the bor-
der between cortex and medulla and from the renal surface to
the urinary calyces were determined using a stereomicroscope
with a line ruler.

Isolation of renal cortical and outer medullary cells. The buff-
er solution had, if not stated otherwise, the following composi-
tion in mmol/l: 113.0 NaCl, 4.0 KCl, 27.2 NaHCO3, 1.0
KH2PO4, 1.2 MgCl2, 1.0 CaCl2, 10.0 HEPES, 0.5 Ca lactate,
2.0 glutamine. The buffer osmolality was adjusted to
298±2 mOsm as estimated with a freezing-point osmometer
(Model 3MO; Advanced Instruments, Mass., USA), and the
pH was adjusted to 7.40. Streptomycin (VWR International,
Stockholm, Sweden) was added to a final concentration of
50 U/ml. For non-diabetic rats, the buffer contained 5.8 mmol/l
glucose and for diabetic animals the buffer contained
23.2 mmol/l glucose (similar to the blood glucose concentra-
tions in these latter animals). The renal cells were isolated as
previously described [17, 19]. In brief, the rats were anaesthe-
tized with thiobutabarbital, the kidneys were excised and the
renal capsule was removed. The kidneys were placed on ice
and the cortex and outer medulla were dissected under a ste-
reomicroscope. Kidneys from two rats of the same group were
pooled to increase the working material. The renal tissue was
minced through a metallic mesh strainer and immediately
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placed in an ice-cooled buffer solution (cf. above) containing
0.05% (wt/vol) collagenase (Sigma-Aldrich). Thereafter, the
minced tissue was incubated at 37°C, while the buffer was
equilibrated with 95% O2/5% CO2. At least once every 5 min,
the buffer-tissue solution was manually agitated. After incuba-
tion, the cell suspension was cooled on ice and filtrated
through graded filters with pore sizes of 180, 75, 53 and
38 µm, respectively. After filtration, the cells were pelleted by
a slow centrifugation (100 g, 4 min) and re-suspended in a col-
lagenase-free buffer. The rinsing procedure was repeated three
times to ensure that no collagenase remained in the final cell
suspension. The suspension was kept on ice until oxygen con-
sumption was measured.

Measurements of in vitro oxygen consumption. Oxygen con-
sumption was measured as previously described [19]. In brief, a
custom-made thermostatically controlled (37°C) gas-tight plexi-
glas chamber with a total volume of 1100 ml was used. The
chamber was continuously stirred with an air driven magnetic
stirrer. A modified Unisense 500 oxygen-sensing electrode (Uni-
sense), calibrated with air-equilibrated buffer solution as
228 µmol/l O2 and Na2S2O5-saturated buffer as zero, was used to
measure oxygen consumption. After the calibration, 100 µl of
cell suspension was injected into the chamber and the rate of
oxygen disappearance was recorded. At the end of each experi-
ment, a 100 µl sample was taken to determine the protein concen-
tration using DC Protein Assay (Bio-Rad Laboratories, Hercules,
Calif., USA). The oxygen consumption was calculated as the dis-
appearance rate of oxygen adjusted for protein concentration.

Cortical cells from non-diabetic rats were injected into the
chamber and exposed to the following conditions: 5.8 mmol/l
glucose (low glucose), 23.2 mmol/l glucose (high glucose) and
5.8 mmol/l glucose plus 1 mmol/l ouabain (low glucose + oua-
bain). Cortical cells from diabetic rats were exposed to
23.2 mmol/l glucose, 5.8 mmol/l glucose and 23.2 mmol/l glu-
cose plus 1 mmol/l ouabain. Medullary cells from non-diabetic
animals were only exposed to 5.8 mmol/l glucose. We did not
carry out additional experiments on medullary cells as the
amount of cells that could be isolated from the renal outer me-
dulla was small. Medullary cells from diabetic animals were
for the same reason only exposed to 23.2 mmol/l glucose.

Measurements of α-tocopherol, TBARS and protein carbonyls.
Tissue samples were thawed and homogenized in ice-cold dis-
tilled water (0.2 g/ml). Tissue concentrations of α-tocopherol
was measured as previously described [20, 21]. In brief, 500 µl
of tissue homogenate was mixed with 500 µl methanol (VWR
International), 2 ml of hexane was added and the samples were
manually agitated for 3 min and thereafter centrifuged at
3000 rpm for 10 min. The hexane phase was collected for fur-
ther analysis. The samples were separated with HPLC using a
Spherisorb amino-column (4.6×250 mm, Phase Separation,
Deeside, UK). The system was isocratic with isooctane/tert-bu-
tyl-methyl-ether/methanol (75/25/5) as mobile phase at a flow
of 1 ml/min. The effluent was analyzed fluorometrically
(Shimadzu RF-10A, Shimadzu, Kyoto, Japan) with an excita-
tion wavelength of 295 nm and an emission wavelength of
327 nm. The sample values were compared to standard values
from α-tocopherol (VWR International).

Thiobarbituric acids reactive substances (TBARS) were de-
termined fluorometrically after boiling the samples with thio-
barbituric acid. Of the tissue homogenate 200 µl was heated to
97°C for 60 min together with 250 µl 42 mmol/l thiobarbituric
acid (Merck, Darmstadt, Germany). Standard samples were
prepared from malondialdehyde-bis-(diethylacetate) (Merck-
Schuchardt, Schuchardt, Germany). The samples were subse-
quently cooled on ice and precipitated with a mixture of meth-

anol and 1 mol/l NaOH (91:9) and centrifuged at 3000 rpm for
5 min. Fluorescence was then measured in the supernatant; ex-
citation wavelength was 532 nm and emission wavelength
553 nm, using Perkin-Elmer LS 5B luminescence spectropho-
tometer (Perkin-Elmer/Cetus, Norwalk, Conn., USA).

Concentrations of protein carbonyls in the renal medulla
were determined using a commercially available ELISA kit
(Zentech PC Test, Zenith Technology, Dunedin, New Zealand).
In brief, a 5 µl homogenized sample was incubated for 45 min
with a 2,4-dinitrophenylhydrazine solution yielding 2,4-dini-
trophenylhydrazone groups on the protein carbonyls. The 
carbonylated proteins were then bound to a 96-well plate and
antibodies directed against the hydrazone groups were used in
the ELISA. Serum albumin was used as standard with five dif-
ferent concentrations of hypochlorous acid-oxidized protein.
Oxidation of O-phenylenediamine by HPR was used as chro-
matogenic reaction, thereafter the absorbance was measured at
490 nm in a spectrophotometer.

Measurements of blood and urine parameters. The radioactivi-
ty of 3H-inulin in plasma (10 µl) and urine (1 µl) was measured
by liquid scintillation. The GFR was then calculated as the
clearance of 3H-inulin. The urine volumes were measured
gravimetrically, the osmolality by use of a freezing point tech-
nique (Model 3MO, Advanced Instruments, Mass., USA) and
the urinary sodium and potassium concentrations by use of
flame photometry (IL543, Instrumentation Lab, Milan, Italy).
At the end of each experiment, an arterial blood sample was
collected for analysis of haematocrit (hcr) and blood gases.
Mean arterial blood pressure of less than 90 mmHg, pH less
than 7.30, pO2 less than 9.0 kPa, pCO2 greater than 6.8 kPa, or
hcr less than 40 were set as exclusion criteria from the study.

Statistical analysis. All values are given as means ± SEM. Mul-
tiple comparisons between data were done using ANOVA fol-
lowed by Fisher’s protected least significant difference (PLSD)
test (Statview, Abacus Concepts, Berkeley, Calif., USA). A
p value of less than 0.05 was considered statistically significant.

Results

During the four-week experimental period, normo-
glycaemic animals continued to gain weight, whereas
animals given STZ decreased in body weight by about
20% (Table 1). Blood glucose concentrations in-
creased to greater than 15 mmol/l within 48 h after
STZ-injection and remained at about 25 mmol/l
throughout the course of the study (Table 1). Treat-
ment with α-tocopherol had no effect in non-diabetic
animals, but slightly increased body weights and de-
creased blood glucose concentrations in diabetic ani-
mals. Mean arterial blood pressure, haematocrit, arte-
rial blood pH, blood pO2 and blood pCO2 was similar
in all groups (Table 1).

There was a pronounced blood flow gradient be-
tween the cortical and medullary regions in both non-
diabetic and diabetic animals (Fig. 1). No difference
in local renal blood flow was observed between dia-
betic and control animals. α-tocopherol treatment did
not influence regional renal blood flow in either non-
diabetic or diabetic animals. Oxygen tension in the re-
nal tissue was found to be highest in the cortex (depth
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of 1mm) and in the outer stripe of the outer medulla
(depth of 3 mm; Fig. 2). There was an evident de-
crease in tissue oxygen tension in the diabetic animals
throughout the renal parenchyma, most pronounced in
the medullary region. There was no correlation be-
tween the degree of hyperglycaemia and the decrease
in renal tissue oxygen tension in the diabetic animals
(data not shown). Treatment of diabetic animals with
α-tocopherol fully prevented the decrease in tissue
oxygen tension in the renal medulla, but only partially
in the renal cortex.

Renal oxygen consumption was not altered by
acutely changing the glucose concentration in the me-
dium (data not shown). Therefore, data from experi-
ments carried out at different glucose concentrations
on cells from the same group were pooled (Table 2).
Renal cortical and preferentially medullary cells from
diabetic rats had increased oxygen consumption when
compared to corresponding cells from non-diabetic
rats. Treatment of diabetic animals with α-tocopherol
prevented the increase in oxygen consumption for both

cortical and medullary cells. The Na+/K+-ATPase ac-
tivity, measured as ouabain sensitive oxygen consump-
tion, was 34% of the total oxygen consumption for cor-
tical cells from non-diabetic animals and 40% for cor-
tical cells from diabetic animals. After ouabain treat-
ment, the oxygen consumption of cortical cells from
diabetic and non-diabetic cells did not differ. Both
non-diabetic and diabetic animals treated with α-toco-
pherol had a similar degree of ouabain sensitive oxy-
gen consumption in their renal cortical cells as corre-
sponding cells from untreated non-diabetic animals.

In all groups, higher α-tocopherol concentrations
were found in the renal medulla than in the renal cor-
tex (Table 3). No difference in either liver α-tocophe-
rol or renal α-tocopherol concentrations was observed
between un-supplemented non-diabetic and diabetic
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Table 1. Body weights, mean arterial blood pressure and blood parameters in non-diabetic and diabetic animals with or without
treatment with α-tocopherol throughout the 4-week experimental period

Control Control + Diabetic Diabetic + 
tocopherol tocopherol

Body weight (g) 310±2 305±4 241±4* 258±4*†‡

Mean arterial blood pressure (mmHg) 118±4 111±3 115±5 112±2
Blood glucose (mmol/l) 5.5±0.4 4.8±0.2 25.5±1.2* 21.9±1.0*†‡

Haematocrit (%) 46±1 47±1 46±1 47±1
Blood pH 7.33±0.01 7.34±0.01 7.33±0.02 7.35±0.01
Blood pO2 (kPa) 11.2±0.4 10.6±0.2 10.6±0.3 10.3±0.2
Blood pCO2 (kPa) 6.3±0.1 6.0±0.2 6.5±0.1 6.2±0.2

All values are means±SEM for 7–10 animals. * denotes p<0.05
when compared to control group, † p<0.05 when compared to
α-tocopherol treated non-diabetic animals and ‡ p<0.05 when

compared to corresponding diabetic animals. All comparisons
were made with ANOVA and, when appropriate, followed by
Fisher’s PLSD test

Fig. 1. Blood flow at different depths from the tissue surface in
kidneys from non-diabetic control (filled circles), non-diabetic
animals treated with vitamin E (empty circles), diabetic ani-
mals (filled triangles) and diabetic animals treated with vita-
min E (empty triangles). The anatomical borders between the
renal cortex and medulla (CMB) and between the outer and in-
ner medulla (OM/IM) are delineated with broken lines

Fig. 2. Tissue oxygen tension at different depths from the tissue
surface in kidneys from non-diabetic control (filled circles), non-
diabetic animals fed vitamin E (empty circles), diabetic animals
(filled triangles) and diabetic animals fed vitamin E (empty tri-
angles). The anatomical borders between the renal cortex and
medulla (CMB) and between the outer and inner medulla
(OM/IM) are delineated with broken lines. * denotes p<0.05
when compared to non-diabetic control animals, † p<0.05 for α-
tocopherol treated diabetic animals compared to α-tocopherol
treated non-diabetic animals and ‡ p<0.05 for α-tocopherol treat-
ed diabetic animals compared to untreated diabetic animals. The
values represent means ± SEM for 7–10 animals



animals. In the non-diabetic and diabetic animals
treated with α-tocopherol, increased α-tocopherol
concentrations were recorded in the renal cortex, the
renal medulla and the liver. In the medullary region,
but not in the cortical region, TBARS concentrations
were increased in diabetic animals compared with
non-diabetic animals (Table 3). α-tocopherol treat-
ment decreased TBARS in the renal cortex in both
non-diabetic and diabetic animals, whereas TBARS in
the renal medulla were only decreased by α-tocophe-
rol treatment in diabetic animals. Diabetic rats given

α-tocopherol did not differ in medullary TBARS lev-
els compared to non-diabetic animals. Diabetic rats
had increased concentrations of protein carbonyls in
their renal medulla compared to control animals, an
elevation which could be prevented by α-tocopherol
treatment (Table 3). In non-diabetic animals, α-toco-
pherol treatment did not influence renal medullary
protein carbonyl concentrations.

Renal weight and GFR were increased in both un-
treated and α-tocopherol treated diabetic animals
when compared to non-diabetic animals (Table 4). α-
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Table 2. Oxygen consumption in renal cortical and medullary cells from non-diabetic and diabetic rats with and without treatment
with α-tocopherol throughout the 4-week experimental period

n (cortical/medullary) O2 consumption (nmol*mg protein–1*min–1)

Cortical cells Medullary cells Cortical cells + 
1 mmol/l ouabain

Control 15/8 29.6±2.7 25.6±2.8 19.6±2.0‡

Control+tocopherol 16/9 27.7±1.7 30.4±3.9 19.6±1.3‡

Diabetic 13/7 41.3±2.8* 55.7±8.2* 24.6±2.3‡

Diabetic+tocopherol 16/15 24.7±1.6† 23.1±3.4† 18.0±2.5†‡

All values are means±SEM for 7–16 experiments. * denotes
p<0.05 when compared to control group,† p<0.05 when com-
pared to corresponding untreated diabetic animals and ‡p<0.05

when compared to corresponding non-ouabain treated cells.
All comparisons were made with ANOVA and, when appropri-
ate, followed by Fisher’s PLSD-test

Table 3. Concentrations of α-tocopherol, thiobarbituric acid
reactive substances (TBARS) and carbonylated protein in dif-
ferent tissues from non-diabetic control and diabetic animals

with or without treatment with α-tocopherol throughout the 4-
week experimental period

Control Control + Diabetic Diabetic + 
α-tocopherol α-tocopherol

α-tocopherol renal cortex (µg/g) 0.28±0.07 1.49±0.14* 0.11±0.02 1.65±0.17*‡

α-tocopherol renal medulla (µg/g) 67.6±10.7 140.0±12.6* 43.5±4.7 217.7±14.7*†‡

α-tocopherol liver (µg/g) 16.3±2.8 176.5±11.7* 35.7±3.3 407.5±77.6*†‡

TBARS cortex (nmol/g) 43.7±1.9 25.2±1.8* 45.1±4.2 30.6±0.9*‡

TBARS medulla (nmol/g) 30.5±2.6 38.2±15.4 159.4±36.6* 80.4±17.8‡

Protein carbonylation (nmol/mg protein) 1.24±0.20 1.15±0.09 1.73±0.07* 1.01±0.10‡

All values are means±SEM for 7–10 animals. * denotes p<0.05
when compared to control group, † denotes p<0.05 when com-
pared to α-tocopherol treated non-diabetic animals and 

‡ p<0.05 when compared to corresponding untreated diabetic
animals. All comparisons were made with ANOVA and, when
appropriate, followed by Fisher’s PLSD-test

Table 4. Renal data obtained from the left kidney of non-diabetic and diabetic animals with or without treatment with α-tocophe-
rol throughout the 4-week experimental period

Control Control + Diabetes Diabetes + 
α-tocopherol α-tocopherol

Kidney weight (g) 0.94±0.03 1.02±0.02* 1.31±0.04* 1.25±0.02*†

Glomerular filtration rate (ml/min) 0.89±0.05 0.97±0.04 1.14±0.06* 1.12±0.10*

Urinary flow rate (µl/min) 1.1±0.1 2.1±0.2 18.8±1.3* 13.8±2.7*†‡

Osmolal excretion (µOsm/min) 1.46±0.19 2.67±0.38 16.00±0.98* 13.94±2.19*†

Sodium excretion (pmol/min) 27.7±6.9 40.9±5.1 55.7±10.5 61.6±13.8*

Potassium excretion (pmol/min) 109.9±35.0 172.6±40.3 442.28±58.6* 372.9±71.3*†

All values are means ± SEM for 7–10 animals. * denotes
p<0.05 when compared to control group, † p<0.05 when com-
pared to α-tocopherol treated non-diabetic animals and 

‡ p<0.05 when compared to untreated diabetic animals. All
comparisons were made with ANOVA and, when appropriate,
followed by Fisher’s PLSD-test



tocopherol treatment slightly increased renal weights
in non-diabetic animals, but diabetic animals treated
with α-tocopherol had a more profound renal weight
increase. Urine flow rate was about 10 times higher in
diabetic animals compared to non-diabetic animals
(Table 4). α-tocopherol treatment slightly reduced the
urine flow rate in diabetic animals, but not in non-
diabetic animals. The urinary excretion of osmotically
active particles was markedly increased in all diabetic
animals (Table 4). The urinary excretion of sodium
tended to be increased in all diabetic animals, but only
the α-tocopherol treated animals had an increase in
sodium excretion compared with control animals 
(Table 4). The urinary excretion of potassium was in-
creased in all diabetic animals compared with control
rats (Table 4).

Discussion

Renal oxygen tension was substantially decreased
throughout the renal parenchyma, but was more pro-
nounced in the renal medulla of the diabetic animals.
This diabetes-induced decrease could not be attributed
to blood flow changes, but instead a ROS-dependent
increase in cellular oxygen consumption. The scav-
enging of ROS by α-tocopherol treatment prevented
both changes in renal oxygen tension and consump-
tion. α-tocopherol treatment also slightly decreased
blood glucose concentrations and increased body
weights in diabetic animals. However, such small
changes in blood glucose concentrations cannot ex-
plain the pronounced improvement in tissue oxygen
tension in α-tocopherol treated diabetic animals, espe-
cially since no correlation between blood glucose con-
centrations and tissue oxygen tension was seen in the
diabetic animals.

The significance of the diabetes-induced decrease in
renal oxygen tension for renal function is unknown,
but prevalence of tissue hypoxia has been postulated to
be associated with both development of diabetic neu-
ropathy and retinopathy [22, 23]. Surgically induced
renal ischaemia has also been shown to accelerate the
progression of nephropathy in STZ-diabetic rats [24].
In the kidney, the renal medullary region is particularly
vulnerable to decreased tissue oxygen tension because
of its low blood perfusion and high basal oxygen con-
sumption [25, 26]. Already during normal circum-
stances, the renal medulla works at the threshold of
hypoxia [25, 26] and has an oxygen extraction rate of
about 90% [27]. Measurements of renal oxygen ten-
sion during diabetic conditions have previously been
lacking. A hypothesis for the progression of renal dis-
ease with loss of glomerular function based on the con-
cept of chronic oxygen deprivation to the tubulointer-
stitial compartment has nevertheless been proposed
[28, 29]. Not only hyperglycaemia, but also chronic
hypoxia, could contribute to induce cellular prolifera-

tion and extracellular matrix synthesis through increas-
es in the expression of protein kinase C, growth factors
such as vascular endothelial growth factor (VEGF),
platelet-derived growth factor (PDGF) and transform-
ing growth factor β1 (TGFβ1), and osteopontin in sev-
eral cell systems, including renal cells (for a review see
[30, 31, 32]. Previous studies have used pimonidazole
as a marker for renal hypoxia [26, 33]. However, due
to unspecific glucose-dependent binding of this marker
[34] it was unsuitable for use in this study.

Renal cortical cells from diabetic rats had increased
oxygen consumption consistent with previously pub-
lished results [16, 17]. In our study, we also measured
oxygen consumption of cells from the outer medulla and
noted that these had an even more pronounced increase
in oxygen consumption. The exact mechanism for the
diabetes-induced increase in renal oxygen consumption
is not fully understood. The major oxygen consuming
mechanism in the kidney is tubular reabsorption of fil-
tered electrolytes, primarily sodium [17]. Indeed, the
GFR in untreated diabetic rats was increased by about
30% in the present study. However, diabetic animals
treated with α-tocopherol did not differ in either renal
cellular oxygen consumption or oxygen tension when
compared to non-diabetic animals, although they had a
similar hyperfiltration as untreated diabetic animals.
This clearly suggests other mechanisms mediating the
diabetes-induced increase in renal cellular respiration
and concomitant decrease in renal oxygen tension.

Although there are conflicting data, previous stud-
ies have shown that hyperglycaemia could neutralize
the effects of NO by a direct scavenging effect,
through the formation of advanced glycation end-
products that consume NO, or through the induction
of ROS, which avidly degrade NO and limit its bio-
availability [35, 36, 37]. NO has been shown to have
an inhibitory effect on the oxygen metabolism in both
renal proximal tubules and vascular endothelial cells
[19, 38]. Moreover, depletion of bioavailable NO has
been shown to increase mitochondrial oxygen con-
sumption and superoxide generation [39]. A possible
effect in hyperglycaemic animals is a decreased influ-
ence of NO on oxygen metabolism, thereby resulting
in increased oxygen consumption. This hypothesis is
supported by the fact that scavenging of ROS, by 
α-tocopherol treatment, was shown to prevent the in-
crease in cellular oxygen consumption in this study.
However, regional blood flow was unaffected in the
diabetic animals, which would not have been expected
in view of the pronounced vasodilatory effects of NO.
A perhaps even more plausible mechanism, resulting
in augmented oxygen consumption of cells from dia-
betic animals, is the upregulation of Na+/K+-ATPase
activity [16, 17]. When the flux through the Na+/glu-
cose co-transporter is enhanced, Na+/K+-ATPase ac-
tivity will increase as a result of increased intracellu-
lar levels of Na+ [17]. Indeed, the increase in renal
cortical oxygen consumption could be prevented by
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ouabain-treatment. Chronic hyperglycaemia could
also augment the consumption of oxygen by enhanced
expression of uncoupling protein-2 and increased lev-
els of free fatty acid which uncouple oxygen con-
sumption from ATP production [16]. Furthermore, in-
duction of gluconeogenesis, which is commonly seen
in manifest diabetes [40, 41], might cause cellular
oxygen consumption to increase [42].

α-tocopherol is well known for its ability to scav-
enge radicals and is essential for the defence against
oxidation damage [43]. Conflicting results have been
reported on changes in α-tocopherol concentrations in
whole kidneys of hyperglycaemic animals [44, 45].
The highest concentration of α-tocopherol recorded in
the kidney in our study was found in the renal medulla
of both non-diabetic and diabetic animals. Interesting-
ly, exogenous treatment with α-tocopherol markedly
increased α-tocopherol concentrations in the renal
medulla of all treated animals, but was more pro-
nounced in the diabetic animals (increased five-fold).
Previous studies have shown that lipid peroxidation,
measured as TBARS, and carbonylated proteins are
good markers for radical damage to lipids and pro-
teins, respectively [9, 46]. An increased concentration
of protein carbonyls is closely associated with poor di-
abetic control and correlates positively to HbA1c [47].
Both the concentrations of TBARS and protein car-
bonyls were higher in the renal medulla of diabetic
animals, indicating increased oxidative stress. Medul-
lary TBARS were increased five-fold, while there was
no increase in cortical concentrations of TBARS. This
suggests that the major target for ROS-induced renal
damage during diabetes is the medullary region.
Treatment of diabetic animals with α-tocopherol
markedly decreased both concentrations of TBARS
and protein carbonyls in the renal tissue.

The renal weight and GFR were increased in both
untreated and α-tocopherol treated diabetic animals,
suggesting that a ROS-independent mechanism medi-
ates these changes in this experimental model. Previ-
ous studies in STZ-diabetic rats regarding the influ-
ence of α-tocopherol on GFR and renal weight have
yielded conflicting results. In some studies, the in-
crease in GFR and renal weight could be prevented by
α-tocopherol, whereas in others no such effects were
seen [48, 49, 50]. The differences could be attributed
to different experimental settings where the severity
of diabetes and the amount of α-tocopherol varied. α-
tocopherol treatment also slightly increased renal
weight in non-diabetic animals. The exact mecha-
nisms for this increase remain to be determined. It
should be noted that the distance from the renal 
surface to the corticomedullary border did not differ,
neither did the distance from the renal surface to the
papilla, between diabetic and non-diabetic animals.
The renal hypertrophy seen in diabetic animals in the
present study is instead attributed to a larger papillary
area and tissue growth in the renal apices.

The urinary excretion of sodium, potassium and os-
motically active particles were increased in diabetic
animals and could not be prevented by the treatment
with α-tocopherol. The most probable mechanism ac-
counting for the increased excretion in the diabetic
rats is the increased GFR and subsequently increased
urinary production, which could not be normalized by
α-tocopherol treatment.

In conclusion, oxidative stress occurred in renal tis-
sue of diabetic rats predominantly in the medullary re-
gion and was related to augmented oxygen consump-
tion and impaired oxygen tension in the tissue. These
diabetic-induced alterations could be prevented by
treatment with the ROS-scavenger α-tocopherol. The
consequences of a chronic decrease in oxygen tension
for the renal function are worthy of further studies.
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