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Abstract

The objective of the present study was to determine if treatment of
diabetic rats with D-α-tocopherol could prevent the changes in
glomerular and tubular function commonly observed in this dis-
ease. Sixty male Wistar rats divided into four groups were studied:
control (C), control treated with D-α-tocopherol (C + T), diabetic
(D), and diabetic treated with D-α-tocopherol (D + T). Treatment
with D-α-tocopherol (40 mg/kg every other day, ip) was started
three days after diabetes induction with streptozotocin (60 mg/kg,
ip). Renal function studies and microperfusion measurements were
performed 30 days after diabetes induction and the kidneys were
removed for morphometric analyses. Data are reported as means ±
SEM. Glomerular filtration rate increased in D rats but decreased in
D + T rats (C: 6.43 ± 0.21; D: 7.74 ± 0.45; D + T: 3.86 ± 0.18 ml min-1

kg-1). Alterations of tubular acidification observed in bicarbonate
absorption flux (JHCO3) and in acidification half-time (t/2) in group
D were reversed in group D + T (JHCO3, C: 2.30 ± 0.10; D: 3.28 ±
0.22; D + T: 1.87 ± 0.08 nmol cm-2 s-1; t/2, C: 4.75 ± 0.20; D: 3.52 ±
0.15; D + T: 5.92 ± 0.19 s). Glomerular area was significantly in-
creased in D, while D + T rats exhibited values similar to C, suggest-
ing that the vitamin prevented the hypertrophic effect of hypergly-
cemia (C: 8334.21 ± 112.05; D: 10,217.55 ± 100.66; D + T: 8478.21 ±
119.81µm2). These results suggest that D-α-tocopherol is able to
protect rats, at least in part, from the harmful effects of diabetes on
renal function.
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Introduction

Although diabetic nephropathy is the most
common single cause of end-stage renal
disease in the United States and in Europe
(1,2), the mechanism that underlies this ef-

fect is not entirely clear. Hyperglycemia has
been shown to be the major cause of the
pathological changes that occur in diabetes.
Some biochemical pathways that have been
shown to be involved in the pathogenesis of
diabetes are: the activation of protein kinase
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C isoforms (3), the increased glucose flux
through the aldose reductase pathway in-
creasing the production of sorbitol (4), and
increased formation of glucose-derived ad-
vanced glycation end products (AGEs)
(5,6).

AGEs are the result of the non-enzymatic
glycation/oxidation of amino acids in pro-
teins but can also be formed from lipids and
lipoproteins (7). Tissue accumulation of
AGEs is associated with toxic effects that
include cross-linking of long-lived proteins
such as collagens and other matrix proteins,
vascular permeability changes, and promo-
tion of mononuclear cell influx. Further-
more, AGEs have been shown to induce
genes for growth factors, extracellular ma-
trix proteins and inflammatory cytokines, as
well as to stimulate cell proliferation (7).
AGEs have also been shown to quench nitric
oxide, and have been implicated in the patho-
genesis of atherosclerosis (5,6).

Excess glucose metabolism through the
polyol pathway can stimulate de novo syn-
thesis of both diacylglycerol (DAG) and
phosphatidic acid, which may account for
the increased protein kinase C (PKC) activa-
tion/translocation observed in mesangial cells
(8). Increased intracellular glucose causes
generation of reactive oxygen species that
may directly activate PKC isozymes and
enhance their reactivity to vasoactive peptide
signaling. In both rodent models of diabetes
and cultured mesangial cells, PKC appears to
be the key isozyme required for the enhanced
expression of transforming growth factor-1,
initiation of early accumulation of mesangial
matrix protein, and increased microalbumi-
nuria (8).

The mammalian renal proximal tubule is
the major nephron segment responsible for
NaCl and NaHCO3 absorption from the glom-
erular filtrate, a transport mediated by the
apical membrane Na+/H+ exchanger (NH3
isoform) (9,10).

In previous study from our laboratory,
we have shown that in rats with diabetes

induced by intraperitoneal (ip) injection of
streptozotocin, there is an increase in the rate
of HCO3

- absorption, possibly effected by a
higher density of Na+/H+ antiporter in the
luminal membrane of proximal tubules (11).
Increased erythrocyte Na+/Li+ countertrans-
port (12) and increased leukocyte and fibro-
blast Na+/H+ antiport activity have also been
demonstrated in type I diabetic patients with
hypertension and nephropathy (13,14).

D-α-tocopherol, the most active form of
vitamin E, is an antioxidant that affects vari-
ous membrane-bound enzyme systems and
has been shown to prevent activation of PKC
(15). However, few in vivo studies are
available about the influence of D-α-toco-
pherol on diabetic nephropathy. Thus, the
objectives of the present study were to deter-
mine if the treatment of diabetic rats with D-
α-tocopherol could prevent the changes in
glomerular function and tubular nephron acidi-
fication usually seen in this experimental
model.

Material and Methods

Male Wistar rats, 3 months old, were
obtained from Escola Paulista de Medicina,
EPM. Sixty rats were divided into four groups:
control (C), control treated with D-α-toco-
pherol (C + T), diabetic (D), and diabetic
treated with D-α-tocopherol (D + T). Dia-
betic state was induced by injecting strepto-
zotocin (60 mg/kg, ip). Three days after
injection, the diabetic status was confirmed
by measuring the level of glycemia (animals
that presented values below 200 mg% were
discarded) and treatment with D-α-toco-
pherol was started in groups D + T and C +
T (40 mg/kg every other day, ip, up to 30
days of diabetes). All animals were main-
tained in individual cages with free access of
water and food. Thirty days after diabetes
induction, or an equivalent period to group C
and C + T, the renal function studies or
microperfusion in vivo measurements were
carried out.
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Renal function studies

The animals were anesthetized with so-
dium thiopental (50 mg/kg) and placed on a
warmed table to maintain body temperature
at 37ºC. A tracheotomy was performed,
followed by insertion of polyethylene cath-
eters into the jugular vein for infusion, and
into the carotid artery for blood sampling.
Urine was collected from a catheter inserted
into the bladder. After the surgical proce-
dure, a 1-h stabilization period was allowed
to elapse before the beginning of three collec-
tion periods. The animals were primed with
1 ml saline containing inulin (300 mg/kg) and
sodium para-aminohippurate (PAH, 2 mg
per rat) and then submitted to continuous
infusion with saline containing inulin (15 mg/
ml) and PAH (4 mg/l) at 0.08 ml/min. Plasma
and urine inulin and PAH concentrations
were measured by colorimetry for estima-
tion of glomerular filtration rate (GFR) and
renal plasma flow (RPF), respectively (16,
17). Filtration fraction (FF%) was calculated
by the formula: GFR/RPF x 100.

Blood and urine Na+ was measured with
an ion selective electrode (Ciba-Corning 614
Na/K analyzer, Medfield, MA, USA). Frac-
tional Na+ excretion (F% Na+) was calcu-
lated using the formula: (V x [Na+]u/[Na+]p
x GFR) x 100; where V is urinary flow,
[Na+]u is sodium urinary concentration, and
[Na+]p is plasma sodium concentration.

Net acid excretion was calculated by the
formula: NA = AT + NH4

+ - CHCO3
-, where

AT is the titratable acidity measured by
microtitration, NH4

+ is ammonium excretion
in urine measured by colorimetry, and CHCO3

-

is the amount of bicarbonate excreted in
urine (11).

Urinary osmolarity and protein excretion
in 24-h urine samples were determined using
metabolic cages. Protein concentration was
measured by precipitation with 3% sulfosali-
cylic acid and osmolarity was measured with
an osmometer (Advanced Instruments 3W2,
Needham Ham, MA, USA).

In vivo microperfusion measurements

Proximal acidification was determined on
the basis of the half-time of reabsorption of
tubular perfused bicarbonate, as previous
described (11). Briefly, the kinetics of HCO3

-

reabsorption was determined by injecting a
droplet of the perfusion solution, pH 8.2, into
the proximal convoluted tubules between oil
columns and monitoring the intratubular pH
changes toward the steady-state level with a
double-barreled microelectrode (18). The
perfused segments corresponded to the
middle third of the proximal tubule (S2 seg-
ment).

Intratubular pH was measured as the
voltage difference between the two barrels
of a microelectrode constructed with Hilgen-
berg (Malsfeld, Germany) double-barreled
asymmetric glass capillaries. The larger bar-
rel contained an H+-sensitive ion exchange
resin (Fluka, Buchs, Switzerland) and the
smaller one contained 1 M KCl colored with
FD & C green (reference barrel). The trans-
epithelial electrical potential difference was
the difference between the reference barrel
and the ground. Voltages were read with a
WPI (New Haven, CT, USA) model FD223
differential electrometer, the output of which
was digitized at 0.5-s intervals by means of
an AD conversion board (Data Translation
model DT 2801, Marlborough, MS, USA)
mounted on a Dell 333 D microcomputer.

Intratubular concentrations of HCO3
-

were calculated from intratubular pH values
and from the systemic partial carbon dioxide
pressure (pCO2) using the Henderson-Has-
selbalch equation at 0.5-s intervals, since it
has been previously demonstrated that renal
cortical pCO2 is similar to that of arterial
blood (19). The velocity of tubular acidifica-
tion was determined based on the half-time
(t/2) of reabsorption of the injected HCO3

-.
Net HCO3

- reabsorption (JHCO3
-) was cal-

culated from the equation: JHCO3
- = k

((HCO3
-)i - (HCO3

-)s) r/2, where k is the rate
constant of the reduction of luminal bicar-
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bonate (k = ln2/(t/2)), r is the tubule radius,
and (HCO3

-)i and (HCO3
-)s are the concen-

trations of the injected HCO3
- and HCO3

- at
the stationary level, respectively.

The microelectrodes were calibrated be-
fore and after every impalement on the

kidney’s surface by superfusion with 20 mM
phosphate Ringer buffer solutions contain-
ing 130 mM NaCl at 37°C, with pH adjusted
to 6.5, 7.0, and 7.5 with 0.1 N NaOH or HCl.
Under our experimental conditions, the mean
slope of 35 microelectrodes was 58.9 + 2.61

Table 2. Glomerular filtration rate (GFR), renal plasma flow (RPF), filtration fraction% (FF%), proteinuria, and urine osmolarity (Uosm) in the
animal groups studied.

Group

C C + T D D + T

GFR (ml min-1 kg-1) 6.43 ± 0.21 (25/7) 3.74 ± 0.29* (35/9) 7.74 ± 0.45* (25/7) 3.86 ± 0.18*+ (44/12)
RPF (ml min-1 kg-1) 17.98 ± 0.47 (25/7) 12.84 ± 0.80* (35/9) 16.53 ± 1.59 (25/7) 11.62 ± 0.68*+ (44/12)
FF% 35.86 ± 0.89 (25/7) 30.18 ± 1.98 (35/9) 51.11 ± 2.64* (25/7) 35.18 ± 1.33+ (44/12)
Proteinuria (mg/24 h) 12.28 ± 1.54 (11/11) 13.24 ± 2.30 (12/12) 28.67 ± 7.27* (11/11) 17.23 ± 2.36 (16/16)
Uosm (mosm/kg H2O) 2042.64 ± 139.14 (11/11) 2253.08 ± 126.71 (12/12) 1402.64 ± 179.73* (11/11) 1480.00 ± 129.13* (16/16)

Data are reported as means ± SEM. The number of measurements/number of animals is given in parentheses. C = control, C + T = control plus
D-α-tocopherol, D = diabetic, and D + T = diabetic plus D-α-tocopherol.
*P < 0.05 vs group C; +P < 0.05 vs group D (ANOVA followed by the Bonferroni test).

Table 1. Body weight, kidney weight and relative kidney weight in the animal groups studied.

Group

C C + T D D + T

Body weight (g) 344.80 ± 5.64 (5) 349.33 ± 2.67** (9) 259.00 ± 9.31* (10) 301.80 ± 6.35*+ (10)
Kidney weight (g) 1.334 ± 0.033 (10) 1.363 ± 0.048** (17) 1.638 ± 0.048* (20) 1.503 ± 0.039 (20)
Relative kidney weight (% body weight) 0.39 ± 0.01 (10) 0.39 ± 0.01** (17) 0.64 ± 0.03* (20) 0.50 ± 0.01*+ (20)

Data are reported as means ± SEM. The number of measurements is given in parentheses. C = control, C + T = control plus D-α-tocopherol,
D = diabetic, D + T = diabetic plus D-α-tocopherol.
*P < 0.05 vs group C; +P < 0.05 vs group D; **P < 0.05 vs group D + T (ANOVA followed by the Bonferroni test).

Table 3. Acidification half-time (t/2), bicarbonate absorption flux (JHCO3
-) in proximal tubules, net acid excretion (NA), and fractional sodium

excretion (F%Na+) in the animal groups studied.

Group

C C + T D D + T

t/2 (s) 4.75 ± 0.20 (86/22) 4.33 ± 0.17 (60/18) 3.52 ± 0.15* (70/13) 5.92 ± 0.19+ (105/16)
JHCO3

- (nmol cm-2 s-1) 2.30 ± 0.10 (86/22) 2.91 ± 0.13 (60/18) 3.28 ± 0.22* (70/13) 1.87 ± 0.08+ (105/16)
NA (µEq min-1 kg-1) 4.52 ± 0.20 (25/7) 3.94 ± 0.28 (13/4) 6.79 ± 0.63* (25/7) 4.03 ± 0.24+ (18/5)
F%Na+ 0.46 ± 0.07 (25/7) 0.59 ± 0.09 (22/6) 0.38 ± 0.07 (25/7) 0.68 ± 0.05+ (44/12)

Values are reported as means ± SEM. The number of measurements/number of animals is given in parentheses for NA and F%Na+. The
number of measurements/number of proximal tubules studied is given in parentheses for t/2 and JHCO3-. C = control, C + T = control plus D-
α-tocopherol, D = diabetic, and D + T = diabetic plus D-α-tocopherol.
*P < 0.05 vs group C; +P < 0.05 vs group D (ANOVA followed by the Bonferroni test).
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mV per pH unit in the 6.5-7.0 range, and 55.4
+ 2.38 mV in the 7.0-7.5 range. No signifi-
cant interference of the presence of cations
or anions has been observed (18). The lumi-
nal perfusion solution contained 100 mM
NaCl, 25 mM NaHCO3, 5 mM KCl, 1 mM
CaCl2, 1.2 mM MgSO4, and raffinose to
adjust osmolality to 300 mosmol.

Morphological analysis

The kidneys were dissected, cleaned of
connective tissue, weighed, and fixed in
Metacarn solution. For morphometric analy-
sis the paraffin-embedded kidney was cut
into 5-µm sections and stained with hema-
toxylin and eosin. Glomerular area and diam-
eters were measured using the Image-Pro-
Plus software.

Statistical analysis

Data are reported as means ± SEM. For
multiple comparisons, results were analyzed
by ANOVA, followed by the Bonferroni test
when appropriate. Values that were not nor-
mally distributed were analyzed by the
Kruskal-Wallis test, followed by Dunn’s post-
test. The level of significance was set at 0.05
for all analyses.

Results

Thirty days after the induction of diabe-
tes, blood glucose levels of diabetic rats (D:
408.6 ± 11.3 mg/dl), and diabetic rats treated
with D-α-tocopherol (D + T: 352.3 ± 18.6
mg/dl) were significantly higher than control
(C: 85.36 ± 1.40 mg/dl) and than control
treated with D-α-tocopherol (C + T: 89.0 ±
5.2 mg/dl). Blood pressure determined in
awake animals was similar and within the
normal range in all groups studied (C: 119.00
± 1.42; C + T: 114.32 ± 1.62; D: 118.44 ±
2.26; D + T: 116.81 ± 2.24 mmHg).

Diabetic rats and diabetic rats treated
with D-α-tocopherol gained less weight than

Figure 1. Glomerular area (µm2)
for control (C), control plus D-α-
tocopherol (C + T), diabetic (D),
and diabetic plus D-α-toco-
pherol (D + T) groups. Glomeru-
lus number/number of histologi-
cal fields for each group: C, 373/
44; C + T, 616/70; D, 729/80; D
+ T, 505/50. *P < 0.05 vs con-
trol; +P < 0.05 vs diabetic ani-
mals (ANOVA followed by the
Bonferroni test).

control and control treated with D-α-toco-
pherol (Table 1). Kidney weight normalized
by 100 g body weight was significantly
increased in D and in D + T compared to C
and C + T. In D + T rats, kidney weight was
smaller than in D. These parameters are
shown in Table 1.

GFR and FF% were increased in D com-
pared to C (Table 2). In D + T and C + T,
GFR was decreased when compared to the
groups without D-α-tocopherol treatment.
However, FF% was similar to control values
in both C + T and D + T. Twenty-four-hour
protein excretion and urinary osmolarity are
also shown in Table 2. Diabetic rats pre-
sented increased protein excretion compared
to controls and decreased urinary osmolar-
ity, probably due to the osmotic effect of
glucose in urine. The treatment of diabetic
rats with D-α-tocopherol resulted in a slight
reduction of protein excretion but had no
effect on urinary osmolarity.

Fractional sodium excretion and the ki-
netic parameters of HCO3

- absorption are
shown in Table 3. Diabetic rats presented a
shorter acidification half-time than controls,
with a consequent increase in the rate of
bicarbonate absorption, JHCO3

-, in the proxi-
mal tubules. In D + T, these alterations were
reversed.

The results of morphometric analysis are
illustrated in Figure 1. We observed that the
glomerular area was increased in diabetic rats
when compared to controls. The treatment of
diabetic rats with D-α-tocopherol abolished
this effect since the glomerular area of this
group (D + T) was similar to control.
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Discussion

Clinical and epidemiological studies have
clearly established that hyperglycemia is the
major cause of the pathological changes that
occur in diabetes (6,20). The mechanisms
responsible for the adverse effect of hyper-
glycemia are probably multiple (6). One of
these mechanisms involves the increases in
DAG content resulting in the activation of the
PKC system. The ability of hyperglycemia to
increase DAG content has been reported for
glomeruli of diabetic animals (21,22), renal
mesangial cells (23), and vascular tissue
(15,24).

Treatment with D-α-tocopherol has been
suggested to be a possible way to prevent
some adverse effects of hyperglycemia, prob-
ably by its effect on the cellular content of
DAG and PKC (25). Kunisaki et al. (26)
studied the effect of D-α-tocopherol on the
glucose-induced increase in PKC activity in
cultured smooth muscle cells and in the in
vivo aorta of diabetic rats and noticed that D-
α-tocopherol prevented the activation of the
PKC system. Keegan et al. (27) also studied
the effect of D-α-tocopherol on the aorta of
diabetic rats and observed that D-α-toco-
pherol prevented the defective endothelium-
dependent relaxation in these animals. Rosen
et al. (28), using the isolated perfused heart
of diabetic rats, noted that in these animals
the endothelial relaxation in response to 5-
hydroxytryptamine was impaired and the
pretreatment of diabetic rats with tocopherol
prevented this alteration.

In the present investigation, we studied
the effect of D-α-tocopherol on both glom-
erular and tubular function. GFR and FF%
were increased in diabetic rats compared to
controls, whereas in D + T rats this effect
was reversed. These results agree with data
reported by Koya et al. (22), which showed
that hemodynamic abnormalities in diabetic
rats were normalized by treatment with D-α-
tocopherol. In diabetics rats, hyperfiltration
can be caused by a decreased arteriolar

resistance, more marked in the preglomerular
than in the postglomerular end, increasing
the transcapillary hydraulic pressure differ-
ence (∆P) and also the GFR (29,30).

Renal afferent and efferent arterioles play
an important role in controlling the glomeru-
lar hemodynamics. These two microvessels
respond differently to a variety of vasoactive
substances, including atrial natriuretic pep-
tide and endothelin (31). The constrictor
effect of angiotensin, for example, is more
pronounced in efferent than in afferent arte-
rioles. This effect has been attributed to PKC
activation since staurosporin inhibits this
effect (32).

The rats treated with D-α-tocopherol
showed a lower GFR than groups C or D. If
D-α-tocopherol inhibits the activation of
PKC, as suggested by several investigators
(22,25-28), it could also inhibit the constric-
tor effect of angiotensin II causing a de-
crease in ∆P and reducing GFR. However,
additional studies are necessary to confirm
this hypothesis.

Diabetic rats showed increased urinary
protein excretion compared to controls. The
treatment of diabetic rats with D-α-toco-
pherol caused a small decrease in protein
excretion, an effect that may be secondary to
the decrease in GFR caused by D-α-toco-
pherol treatment. Koya et al. (22) reported
that albuminuria was prevented by treatment
with D-α-tocopherol in 10-week diabetic
rats; however, Craven et al. (33) did not
observe this effect. In the study by Craven et
al. (33), DL-α-tocopherol acetate was added
to the diet, while in the study by Koya et al.
(22) the animals received D-α-tocopherol
ip. The use of different forms of vitamin E
and different routes of administration may
contribute to the conflicting results reported
in the literature.

The osmolarity of 24-h urine was de-
creased in diabetic rats probably due to the
osmotic effect of glucose in urine, which is
directly related to glycemia status. Since in D
+ T both glycemia and urine osmolarity were
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unchanged when compared to D, we may
infer that D-α-tocopherol did not prevent
diabetic alterations concerning this aspect of
renal function.

The proximal tubule is the nephron seg-
ment where about 65% of the filtered load of
Na+ is absorbed, and the most important
transporter that contributes to Na+ absorp-
tion is the Na+/H+ exchanger. This trans-
porter exports H+ which is buffered by the
filtered HCO3

-, forming carbonic acid and
decreasing luminal HCO3

- concentration. Due
to the action of carbonic anhydrase, car-
bonic acid is dehydrated to CO2 that can
cross the luminal membrane. Within the cell,
CO2 is rehydrated, forming carbonic acid
that dissociates to H+ and HCO3

-, with the
latter leaving the cell by an Na+-coupled co-
transport (34).

The rate of tubular proximal acidification
evaluated by acidification t/2 was faster in
diabetic rats than in control animals. This
effect resulted in an increased bicarbonate
absorption (JHCO3

-) in diabetic rats. These
data are compatible with our previous study
(11), which showed an increase in JHCO3

- in
diabetic rats, possibly effected by a higher
density of Na+/H+ exchanger in the luminal
membrane of proximal tubules. Accordingly,
net acid excretion was also increased in the
diabetic group, confirming an increased acid
secretion in this group. The present results
also indicate that D-α-tocopherol alone had
no effect on JHCO3

- or on net acid excretion,
but abolished the stimulatory effect of diabe-
tes on these parameters, probably preventing
PKC activation (22,25-28), which has been
shown to regulate Na+/H+ exchanger activity
(35).

Regarding fractional sodium excretion,
we observed that D-α-tocopherol did not
affect this parameter in control rats but
increased it in D + T. Considering that Na+/
H+ exchanger activity should be increased in

diabetic rats (t/2 is faster in this group), we
may infer that D-α-tocopherol could reduce
the activation of PKC and therefore decrease
Na+/H+ exchanger activity, leading to in-
creased sodium excretion.

Diabetic rats presented an increased glom-
erular area, as shown in Figure 1. This
change occurred besides the increase of
renal mass expressed by absolute or relative
kidney weight (per 100 g body weight; Table
1). Seyer-Hansen (36) showed that kidney
weight had already significantly increased
after four days of diabetes. The author also
suggested that renal hypertrophy was related
to the severity of diabetes and that kidney
growth rate was associated linearly with
blood glucose (37). Increased levels of DAG
and PKC can also contribute to this effect
(38). In addition, transforming growth fac-
tor-ß (TGF-ß) seems important in renal cell
hypertrophy and extracellular matrix accu-
mulation in cell culture, as long as the use of
anti-TGF-ß-antibodies prevents the hyper-
trophic and matrix-stimulatory effects of
high glucose (39). The morphological pa-
rameters (glomerular area and relative kidney
weight) of diabetic rats treated with D-α-
tocopherol were similar to control, indicating
that, probably by its effect on DAG/PKC
levels or on TGF-ß activation, D-α-toco-
pherol could prevent the hypertrophic re-
sponse to hyperglycemia.

The results reported here suggest that D-
α-tocopherol is able to protect, at least in
part, against the harmful effects of diabetes
on renal function. In fact, the hypertrophic
response usually found in diabetes was pre-
vented by D-α-tocopherol administration;
tubular acidification, which was significantly
changed by diabetes, also showed values
similar to those observed in controls. These
results indicate that D-α-tocopherol may be
useful against the progression of renal injury
usually seen in the chronic diabetic state.
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