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Abstract. Hyperglycaemia-induced oxidative stress makes an important contribution to the aetiology 
of diabetic neuropathy. The aim of our study was to evaluate the effect of the antioxidant stobadine
(STB) in comparison with a treatment by a high-dose of α-lipoic acid (ALA), on the neurological 
consequences of chronic hyperglycaemia in an animal model of diabetes in Wistar rats (16 weeks 
old), made diabetic by streptozotocin (STZ 3 × 20 mg i.v.).

Neuropathy was evaluated electrophysiologically by measuring motor nerve conduction 
velocity (NCV) in the 4th and 8th week in vivo and motor NCV and resistance to ischaemic 
conduction failure (RICF) of the sciatic nerve in the 10th week of the experiment in vitro. The 
therapy with ALA (100 mg/kg i.p., 5 times a week) and STB (25 mg/kg i.p., 5 times a week) 
had a significant effect on NCV in vivo in the 8th week of the experiment and no effect in the 
10th week in vitro. The RICF elevated in diabetic animals was significantly modified by ALA. 
The effect of the antioxidant STB on NCV was comparable with that of ALA, while RICF was 
affected only by ALA.

We conclude that treatment with appropriate antioxidants might partially prevent nerve dysfunc-
tion in diabetic rats.
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Introduction

Diabetic neuropathy occurs through diverse pathogenic 
mechanisms, most of them being initiated by hyperglycae-
mia and oxidative stress (Baynes 1991; Van Dam et al. 1995; 
Pop-Busui et al. 2006). 

Several factors promote oxidative stress in diabetes, 
including increased free radical production caused by 

autoxidation reactions of sugars with proteins and unsatu-
rated lipids (Baynes 1991; Sima and Sugimoto 1999), nerve 
ischaemia-reperfusion (Schmelzer et al. 1989; Wang et al. 
2004) and impairment of tissue anti-oxidant protection 
systems (Low et al. 1997). Shifts in redox balances due to
derangement in energy metabolism of carbohydrates and 
lipids also contribute to the overt oxidative stress in the 
diabetic individual. In experimental diabetic neuropathy, 
oxygen-free-radical activity was increased in the sciatic nerve 
(Ziegler 2004). Oxidative modification of structural proteins
and lipids (Schmelzer et al. 1989; Baynes 1991; Sima et al. 
1993) parallels a progressive defect in the paranodal barrier 
system (Sima et al. 1993) and leads to subsequent impair-
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ment in nerve conduction velocity (NCV) and resistance to 
ischaemic conduction failure (RICF) (Cameron et al. 1993; 
Bíró et al. 1997; Cameron and Cotter 1999).

Recent data stress the importance of mutual interactions 
between metabolic mechanisms at the endothelial level re-
sulting in focally-increased vascular permeability (Eaton et 
al. 1996) and perfusion abnormalities (Cameron and Cotter 
1994; Cameron et al. 1998; Nangle et al. 2006).

Early impairment of endoneurial nutritive flow leads
to insufficient perfusion and nerve ischaemia in diabetic
state (Wang et al. 2004). RICF, an adaptive mechanism 
that increases the ability of the nerve to cope with insuf-
ficient perfusion, can to a great extent be explained also
by increased glucose, fructose and glycogen stores, and 
perhaps reduced energy requirements (Low et al. 1985; 
Sango et al. 1995). 

There is a well accepted notion that reactive oxygen spe-
cies (ROS) affect also neurons and Schwann cells, directly
as well indirectly via vascular effects (Cameron et al. 1993;
Van Dam et al. 1995; Bíró et al. 1997; Cameron and Cotter 
1999; Camera et al. 2008).

A potent lipophilic antioxidant, α-lipoic acid (ALA) pre-
vented or improved hyperglycaemia-induced neurovascular 
and metabolic abnormalities in various organ systems (Low 
et al. 1997). The results of numerous pre-clinical and clini-
cal studies have confirmed its efficacy in the treatment of 
diabetic neuropathy (Ford et al. 2001; Van Dam et al. 2001; 
Gouty et al. 2003; Tankova et al. 2004; Ziegler 2004; Varkonyi 
and Kempler 2008; Ziegler 2008). 

The pyridoindole antioxidant stobadine (STB) has anti-
oxidant properties and the ability to scavenge ROS, such 
as hydroxyl, peroxyl, and alkoxyl radicals (Horakova and 
Stolc 1998). Moreover, it is an effective quencher of singlet
oxygen. Under conditions of the experimental glycation 
model in vitro, STB was found to protect bovine serum 
albumin against glycooxidative damage (Stefek et al. 1996). 
STB ameliorated the NCV impairment of the motor nerves 
in young streptozotocin (STZ)-diabetic rats (Skalska et al. 
2008) and improved sympathetic neurotransmission and 
abnormal function of the diabetic vas deferens (Gunes et 
al. 2005). These findings, along with the high oral bioavail-
ability of STB, its toxic safety, as well as efficient detoxifica-
tion pathways, render this drug a prospective agent in the 
prevention of late diabetic complications (Stefek et al. 2000; 
Sotnikova et al. 2001; Stefek et al. 2002 a,b; Pekiner et al. 
2002; Ulusu et al. 2003; Kyselova et al. 2005; Sotnikova et 
al. 2006; Vlkovicova et al. 2006; Vrbjar et al. 2007; Yülek et 
al. 2007).

The aim of the present study was to compare the effect
of the antioxidant STB and ALA, a naturally occurring free 
radical scavenger (Packer and Tritschler 1996; Cameron et al. 
1998) commonly used in therapy of diabetic polyneuropathy 
(Nagamatsu et al. 1995; Low et al. 1996; Ziegler and Gries 

1997; Cameron et al. 1998; Ziegler et al. 1999), on neurologi-
cal consequences of diabetes induced in adult Wistar rats by 
multiple low doses (MLD) of STZ. The consequences were
studied as changes in NCV and RICF.

Materials and Methods

Experimental diabetes

The study was approved by the Ethics Committee of the
Institute and performed in accordance with the Principles 
of Laboratory Animal Care (NIH publication 83–25, revised 
1985) and the Slovak law regulating animal experiments (De-
cree 289, Part 139, July 9th 2003). Male Wistar rats, 16 weeks 
old, weighing 250–300 g were used. The laboratory animals
were of monitored conventional quality and were supplied 
by the Breeding Facility of the Institute of Experimental 
Pharmacology at Dobra Voda, Slovak Republic. 

Experimental diabetes was induced by MLD of STZ 
(20 mg/kg b.w. for 3 consecutive days i.v.). STZ was dissolved 
in saline. Induction of diabetes with STZ was done accord-
ing to Larsen et al. (2002) modified and applied to rats. The
laboratory animals were fasting overnight prior to every STZ 
administration. After STZ injection the rats had free access
to glucose solution (5 mmol/l) to avoid and/or attenuate 
subsequent inevitable hyperinsulinaemia and hypoglycaemic 
shock. Water and food were available immediately after the
dosing. No animals perished along this procedure. Control 
animals received saline intravenously. Eleven days after STZ
administration, animals with postprandial plasma glucose 
level >20 mmol/l were considered to be diabetic and were 
included in the study.

Diabetic animals were randomly assigned to groups: STZ, 
diabetic rats; STZ+ALA, diabetic rats treated with ALA 
(100 mg/kg b.w.) and STZ+STB, diabetic rats treated with 
STB (25 mg/kg b.w.). The therapy was administered 5 times
a week i.p., over a period of 10 weeks. 

The animals were housed in groups of two in T4 Velaz
cages (Prague, Czech Republic) with wood shaving bed-
ding exchanged daily. Tap water and pelleted standard diet 
KKZ-P-M (Dobra Voda, Slovak Republic) were available 
ad libitum. The animal room was kept at 23 ± 1°C, relative
humidity 40–70%, 10 air changes per hour. The animals
were kept under a stable regimen of 12 h light/12 h dark-
ness.

Glycaemia measurement 

Preprandial and postprandial glycaemia was measured in 
the 4th and 8th week after STZ administration. Preprandial
glycaemia was measured after overnight fasting period (ap-
proximately 14 h, at 8 a.m.). Then water and food were im-
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mediately available to all experimental animals ad libitum. 
Postpriandial glycaemia was measured two hours after daily
main meal course (at 3 p.m.). Plasma glucose levels were 
determined by the commercial Bio-La-Test kit (Lachema, 
Brno, Czech Republic). Body weight was followed during 
the experiment. 

In vivo recordings of nerve conductivity

For NCV measurement in vivo we used surface contact clip 
electrodes placed on the gastrocnemius muscle. The sciatic
nerve was stimulated by external bipolar electrode. Stimuli 
of supramaximal intensity were elicited by a constant cur-
rent stimulator. Impulse duration was 0.1 s; two points of 
stimulation were chosen – sciatic notch and popliteal fossa; 
timebase 1 ms/div, filter band 2 Hz–10 kHz, sensitivity
10 mV. Five measurements of compound muscle action 
potential were then recorded from both lower extremities 
by electromyography, device Nicolet Viking IV P. NCV 
was calculated as the quotient of distance between the two 
stimulation points along the sciatic nerve, measured with 
a calliper, and the average value of all compound muscle 
action potential latencies measured was established. Meas-
urements were performed in the 4th and 8th week of the 
study. The rats were anaesthetised with Narcotan (2.5 %)
during recording.

Ex vivo recordings of nerve conductivity

After termination of the study (10 weeks after MLD-STZ
administration), NCV and RICF were measured in the 
sciatic nerves ex vivo, by methods essentially the same as 
those described by Cameron et al. (1991). The rats fasting
overnight with free access to water were anaesthetised with 
thiopental (65 mg/kg b.w. i.p.). Both sciatic nerves were re-
moved with branches supplying the gastrocnemius muscle. 
The nerves were stored in oxygenated (O2 100%) Krebs 

solution (pH = 7.3) consisting of (in mmol/l) NaCl 136, KCl 
5.6, CaCl2·2H2O 2.2, MgCl2·6H2O 1.2, HEPES 5, glucose 
4.9 until transferred to an air-tight experimental chamber. 
The chamber was filled with mineral oil pre-gassed with O2 
(100%). It comprised a system of platinum wire electrodes 
for stimulation, grounding and registration. Action poten-
tial was evoked by supramaximal (max. +50%) square wave 
pulses lasting 0.07 ms at 0.3 Hz. Compound action potential 
amplitude was monitored during adaptation period lasting 
typically 15 min. The NCV was calculated in axons dominat-
ing in the preparation from the delay between stimulation 
artefact and the peak of the action potential amplitude, and 
the distance between the stimulation and recording elec-
trodes. The NCV was typically ~30 m/s, hence the axons
belonged apparently to the Aα group. After assessment of
NCV, the O2-equilibrated mineral oil was replaced by oil 

equilibrated with N2 to asses RICF. The outcoming decline
of the action potential was measured at 5-min intervals for 
the next 30 min.

Drugs and reagents used

ALA (Thioctacid Asta Medica, Germany), stobadine dihy-
drochloride (IEPT SAS Bratislava, Slovakia), STZ (Sigma 
Aldrich, Germany), HEPES (Calbiochem, USA), thiopental 
(VÚAB Prague, Czech Republic), Narcotan (Zentiva Prague, 
Czech Republic), mineral oil (paraffinum liquidum, ČsL.IV,
Slavus Bratislava, Slovakia). All other chemicals used were 
of analytical purity.

Statistical analysis

One-way analysis of variance was performed and any sig-
nificant (p < 0.05) differences were assigned to individual
between-group comparisons using Student’s t-test (INSTAT 
GraphPad, San Diego, CA, USA). All data are expressed as 
means ± SEM.

Results

The first measurement of blood glucose levels was made 11
days after the induction of diabetes. The rats, with postpran-
dial hyperglycaemia ≥20 mmol/l, were chosen for further 
study. Preprandial and postprandial blood glucose levels, 
measured in the 4th and 8th week after STZ administration,
were found significantly elevated in diabetic groups com-
pared to control rats (Fig. 1A,B). The blood glucose levels in
the control rats were in the physiological range.

Besides hyperglycaemia, diabetic animals revealed further 
typical signs of diabetes, such as polyphagia, polydipsia and 
polyuria. 

Body weights in the all experimental groups are shown 
in Table 1. Despite polyphagia, none of diabetic groups did 

Table 1. Body weight of rats within the experiment (in g)

Treatment Day 10 Week 10
C  302 ± 3.5  423 ± 9.3
STZ  251 ± 5.1  250 ± 12.1
STZ+ALA  261 ± 3.8  237 ± 6.7
STZ+STB  265 ± 3.6  256 ± 5.6

Body weights in all experimental groups at the beginning of the 
experiment (10 days after STZ administration) and 10 weeks
after STZ administration. C, control group; STZ, diabetic group;
STZ+ALA, diabetic animals treated with ALA; STZ+STB, diabetic 
animals treated with STB. Means with SEM are shown (n = 4 for 
control group, n = 8 for diabetic groups).
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gain weight throughout the experiment, besides the differ-
ences among diabetic groups were not significant. On the
contrary, control rats were continuously gaining weight. 
Administration of the antioxidants did not significantly
affect blood glucose and body weights either in control or
diabetic animals.

NCV measured in vivo in the 4th and 8th week after
administration of MLD-STZ was significantly decreased
in the diabetic group (p < 0.01 and p < 0.001, respectively). 
Both drugs significantly diminished (p < 0.05) this decrease, 
compared to the untreated nerves in the 8th week of the 
experiment (Fig. 2).

In vitro measurement of the NCV in sciatic nerves from 
diabetic rats 10 weeks after diabetes induction confirmed
a significant decrease (p < 0.01) compared to that in nerves 
from the control rats (Fig. 3). The effect of drug treatment
in this case was not significant, as shown by comparison of
diabetic-treated vs. untreated experimental groups.

Nerve exposure to hypoxia in vitro induced a steady 
decline of the compound action potential amplitude with 
increasing hypoxia duration (Fig. 4). However, the nerves 
from diabetic animals were less sensitive to hypoxia than 
the non-diabetic ones with significance starting at minute 5
of hypoxia. The therapy with ALA significantly modified

Figure 1. Preprandial and postprandial plasma glucose levels (panel A and B, respectively) 4 weeks and 8 weeks after administration of
STZ. C, control group (n = 8); STZ, diabetic group (n = 8); STZ+ALA, diabetic animals treated with ALA (n = 8); STZ+STB, diabetic 
animals treated with stobadine (n = 7). Means with SEM are shown. Significance between experimental and control group was tested:
* p < 0.05; ** p < 0.01; *** p < 0.001.

A B

Figure 2. Conduction velocity in sciatic motor nerve fibres measured
in vivo 4 weeks and 8 weeks after administration of STZ. C, control
group (n = 16); STZ, diabetic group (n = 16); STZ+ALA, diabetic ani-
mals treated with ALA (n = 16); STZ+STB, diabetic animals treated 
with stobadine (n = 14). Means with SEM are shown. Significance
between diabetic untreated and control group (** p < 0.01; *** p < 
0.001) as well as between diabetic treated (STZ+ALA and STZ+STB) 
and diabetic untreated groups (# p < 0.05) are indicated.

Figure 3. Conduction velocity in sciatic motor nerves meas-
ured in vitro 10 weeks after STZ administration. Bars show 
means ± SEM. C, control group (n = 16); STZ, diabetic group 
(n = 14); STZ+ALA, diabetic animals treated with ALA (n = 15); 
STZ+STB, diabetic animals treated with stobadine (n = 13). 
Statistical significance – significance between diabetic un-
treated and diabetic treated groups vs. control group: * p < 0.05;  
** p < 0.01. 
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this parameter from the 5th–30th min; the nerves from 
diabetic animals treated with ALA were significantly more
sensitive to hypoxia than those from non-treated diabetic 
animals. The treatment with STB in the dosage regimen
used had no effect on the decline of compound action
potential amplitude.

Discussion

The present study was designed to explore the therapeutic
effects of the pyridoindole antioxidant STB and to compare
its effect with ALA on functional parameters of the periph-
eral nerves in STZ-induced diabetic rats. We explored the 
effect of both antioxidants in a mild model of diabetes (Like
and Rossini 1976) induced in the rats by MLD of STZ. The
preprandial glycaemia was kept slightly over the physiologi-
cal range, presumably by rest insulin. However, the concen-
tration of insulin released after the meal could not prevent
a further increase of glycaemia.

It is well known that hyperglycaemia causes changes of 
functional parameters in the peripheral nerves, particularly 
a reduction in NCV and an increase in RICF in rats (Low et 
al. 1985; Cameron and Cotter 1994; Bíró et al. 1997; Baba 
et al. 2006). The results of our experiment confirmed these
findings. One of the multiple factors responsible for these
changes is oxidative stress (Cameron et al. 1993; Van Dam et 
al. 1995; Low et al. 1997; Cameron and Cotter 1999).

The antioxidant STB had a significant effect on preventing
the decrease of NCV. Its effect on NCV in the 8th week of 
the experiment measured in vivo was comparable with the 
high-dosage (100 mg/kg) treatment with ALA.

Impairment of the endoneurial nutritive flow leads to
insufficient perfusion and nerve ischaemia in diabetic state
(Wang et al. 2004), hence the physiological condition of 
the endothelium has considerable importance in optimal 
nerve function (Cameron and Cotter 1999; Camera et al. 
2008). Consequently, oxidative stress may diminish en-
dothelium-dependent vasodilatation. This was observed in
chronic diabetic animals (Archibald et al. 1996) and even 
in resistance of isolated mesenteric artery in acute exposure 
to hyperglycaemia (Taylor and Poston 1994). Dietary sup-
plementation of the antioxidant STB was shown to reduce 
vascular impairment in STZ-diabetic rats (Sotnikova et al. 
2001; Sotnikova et al. 2006). Superoxide radicals react with 
NO· giving rise to peroxynitrite, an important source of 
hydroxyl radicals inducing endothelial damage (Beckman et 
al. 1990; Pieper et al. 1993). STB could prevent endothelial 
damage by scavenging hydroxyl radicals, although its effect
against superoxide radical was not so evident (Horakova 
and Stolc 1998).

Dyslipidaemia, including hypertriglyceridaemia, is con-
sidered a significant and independent risk factor for diabetic
complications (Januszewski et al. 2003; Metz et al. 2003). STB 
was found to cause a significant correction of hypercholes-
terolaemia and hypertriglyceridaemia in diabetic rats (Stefek 
et al. 2000; Pekiner et al. 2002), consistent with beneficial
effects of STB on dyslipidaemia in a short-term clinical trial
in humans (Horakova and Stolc 1998). 

Decomposition of lipid peroxides, increasingly gener-
ated in diabetes mellitus, may initiate chain reactions that 
produce reactive carbonyl compounds (Habib et al. 1994; 
Baynes et al. 2000; Januszewski et al. 2003). The ability of STB
to attenuate lipoxidation reactions in diabetes and thus the 
production of toxic aldehydes may account, at least partly, 
also for its observed neuroprotective action. According to 
previous findings (Pekiner et al. 2002; Kyselova et al. 2005),
STB supplementation of diabetic animals significantly at-
tenuated plasma levels of malondialdehyde (MDA), an index 
of systemic oxidative damage. In our previous papers we 
reported on the ability of STB to reduce oxidative damage of 
the diabetic heart (Stefek et al. 2000, Ulusu et al. 2003) and 
kidney tissue (Stefek et al. 2002a), as measured by conjugated 
dienes or MDA.

Protection of nerve mitochondria may participate in the 
neuroprotective effect of STB. Mitochondrial dysfunction
was recently proposed as an aetiological factor in diabetic 
neuropathy (Fernyhough et al. 2003). Other authors reported 
its ability to preserve fine mitochondrial structure in cerebral
capillaries and neurons under conditions of global cerebral 
ischaemia reperfusion injury in dogs (Franko et al. 1999). 
STB was found to ameliorate the mitochondrial energy pro-
duction reduced in the diabetic kidney (Stefek et al. 2002b). 
STB was also reported to prevent calcium accumulation in 
diabetic tissues (Pekiner et al. 2002). 

Figure 4. Relative changes in compound action potential amplitude 
in sciatic nerves exposed to hypoxia measured in vitro 10 weeks 
after STZ administration. Empty circles, controls (n = 16); full 
triangles, diabetic group (n = 14); empty triangles, diabetic group 
treated by ALA (n = 15); empty squares, diabetic group treated 
with stobadine (n = 13). Bars indicate SEM. Significance: * p < 
0.05; ** p < 0.01; *** p < 0.001 STZ vs. C; + p < 0.05; ++ p < 0.01 
STZ+ALA vs. STZ.
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The measurements carried out in vitro in the 10th week 
of the experiment are in accordance with those observed in 
vivo in the 4th and 8th week. However, the in vitro beneficiary
effect of the drugs used was not significant when compared
to the untreated diabetic group; the in vivo measurement 
technique seems to be more sensitive in demonstrating 
changes in NCV.

Contrary to its effect on NCV, STB was ineffective on
diabetes-induced RICF changes. The mechanisms underly-
ing RICF are controversial and have not been fully explained 
yet. RICF can be produced acutely by an oral glucose load 
and corrected by insulin treatment. RICF therefore may be 
related to the metabolic availability of high glucose (Baba et 
al. 2006). Another hypothesis suggests that it is a polyol-path-
way-related consequence of reduced Na,K-ATPase activity; 
hence the diminished demand for ATP and oxygen (Lattimer 
et al. 1989). Nerve function could also be adversely affected
by hyperglycaemic pseudohypoxia caused by excessive flux
through the second half of the polyol pathway, which may 
promote an elevation in cell NADH/NAD ratio with wide-
spread effects on intermediate metabolism (Williamson et al.
1993). The vascular hypothesis attributes hypoxic resistance to
adaptation to the hypoxic endoneurium, involving increased 
reliance on anaerobic energy metabolism (Low et al. 1989; 
Cameron et al. 1994). Results from vasodilatator treatment 
experiments showed that RICF could be prevented without 
any effect on nerve polyol levels (Cameron et al. 1992).

Processes of adaptation may be partially responsible for 
increased RICF in diabetic state. Rat hearts with chronic 
diabetes were less sensitive to ischaemic injury and exhibited 
lower susceptibility to ventricular arrhythmias (Ravingerova 
et al. 2001). It was also shown that besides their negative 
role in the pathogenesis of diabetes, ROS, and particularly 
the products of non-enzymatic glycation of proteins, may 
participate in the mechanism of development of calcium 
resistance of the heart (Ziegelhoffer et al. 1999).

RICF is an apparently more sensitive indicator of diabetic 
nerve dysfunction than NCV and correspondingly more 
difficult to correct (Cameron et al. 1992). In addition, hy-
perglycaemic exposure can independently stimulate nerve 
anaerobic metabolism (Strupp et al. 1991) and our interven-
tion had no effect on the severity of diabetes.

The high-dose therapy with ALA improved RICF and the
nerves were significantly more sensitive to hypoxia than the
diabetic ones with no ALA treatment. Radical scavenging, 
metal chelation, amphiphilic character, interaction with oth-
er antioxidants (e.g. GSH, vitamin E, ubiquinol, vitamin C) 
and metabolic regeneration are important properties of ALA 
(Packer et al. 2001). In addition to its powerful antioxidant 
properties, ALA increases glucose uptake through recruit-
ment of the glucose transporter-4 to plasma membranes, 
a mechanism that is shared with insulin-stimulated glucose 
uptake. Further, recent trials showed that ALA improved 

glucose disposal in patients with type II diabetes (Packer 
et al. 2001; Jacob et al. 1995; Evans et al. 2000). ALA is also 
a co-factor of α-ketoglutarat dehydrogenase and pyruvate 
dehydrogenase, which can be useful in supporting aerobic 
metabolism (Packer et al. 1995; Packer et al. 2001). These
mechanisms could be considered to underlie its efficient
effect on RICF.

In conclusion, the observations of the current study sug-
gest that STB has a potential in the management of diabetic 
neuropathy. Even though STB did not improve RICF its 
effect on NCV was convincing and comparable with ALA.
We conclude that treatment with appropriate antioxidants 
might partially prevent nerve dysfunction in STZ diabetic 
rats, possibly on the basis of attenuating the enhanced oxida-
tive stress that corresponds with chronic hyperglycaemia in 
diabetic conditions. 

Acknowledgements. The study was supported by the grants VEGA
2/0001/08, VEGA 2/0056/09 and APVV 51-017905. We thank 
Dr. Stefan Matyas for his methodological advice. Special thanks to 
Prof. M. Kouřilová for her kind linguistic revision of the article. 

References

Archibald V., Cotter M. A., Keegan A., Cameron N. E. (1996): 
Contraction and relaxation of aortas from diabetic rats: 
effects of chronic antioxidant and aminoguanidine treat-
ments. Naunyn Schmiedebergs. Arch. Pharmacol. 353, 
584–591; doi:10.1007/BF00169180

Baba M., Nukada H., McMorran D., Takahashi K., Wada R., Yagi-
hashi S. (2006): Prolonged ischemic conduction failure 
after reperfusion in diabetic nerve. Muscle Nerve 33, 
350–355; doi:10.1002/mus.20474

Baynes J. W. (1991): Role of oxidative stress in development 
of complications in diabetes. Diabetes 40, 405–412; 
doi:10.2337/diabetes.40.4.405

Baynes J. W., Thorpe S. R. (2000): Glycoxidation and lipoxidation
in atherogenesis. Free Radic. Biol. Med. 28, 1708–1716; 
doi:10.1016/S0891-5849(00)00228-8

Beckman J. S., Beckman T. W., Chen J., Marshall P. A., Freeman 
B. A. (1990): Apparent hydroxyl radical production by 
peroxynitrite: implications for endothelial injury from 
nitric oxide and superoxide. Proc. Natl. Acad. Sci. U.S.A. 
87, 1620–1624; doi:10.1073/pnas.87.4.1620

Bíró K., Jednákovits A., Kukorelli T., Hegedüs E., Korányi L. (1997): 
Bimoclomol (BRLP-42) ameliorates peripheral neuropa-
thy in streptozotocin-induced diabetic rats. Brain Res. 
Bull. 44, 259–263; doi:10.1016/S0361-9230(97)00118-4

Camera A., Hopps.E., Caimi G. (2007): Diabetic microangiopathy: 
physiopathological, clinical and therapeutic aspects. 
Minerva Endocrinol. 32, 209–229

Cameron N. E., Cotter M. A., Robertson S. (1991): Essential fatty 
acid diet supplementation. Effects on peripheral nerve
and skeletal muscle function and capillarization in 
streptozocin-induced diabetic rats. Diabetes 40, 532–539; 
doi:10.2337/diabetes.40.5.532

http://dx.doi.org/10.1007/BF00169180
http://dx.doi.org/10.1002/mus.20474
http://dx.doi.org/10.2337/diabetes.40.4.405
http://dx.doi.org/10.1016/S0891-5849%2800%2900228-8
http://dx.doi.org/10.1073/pnas.87.4.1620
http://dx.doi.org/10.1016/S0361-9230%2897%2900118-4
http://dx.doi.org/10.2337/diabetes.40.5.532


56 Skalská et al.

Cameron N. E., Cotter M. A., Dines K., Love A. (1992): Effects of
aminoguanidine on peripheral nerve function and polyol 
pathway metabolites in streptozotocin-diabetic rats. Dia-
betologia 35, 946–950; doi:10.1007/BF00401423

Cameron N. E., Cotter M. A., Dines K. C., Maxfield E. K. (1993):
Pharmacological manipulation of vascular endothelium 
in non-diabetic and streptozotocin-diabetic rats: effects
on nerve conduction, hypoxic resistance and endoneurial 
capillarization. Diabetologia 36, 516–522; doi:10.1007/
BF02743267

Cameron N. E., Cotter M. A. (1994): Effects of evening primrose
oil treatment on sciatic nerve blood flow and endoneural
oxygen tension in streptozotocin-diabetic rats. Diabeto-
logia 31, 220–225; doi:10.1007/BF00571955

Cameron N. E., Cotter M. A., Archibald V., Dines K. C., Maxfield
E. K. (1994): Anti-oxidant and pro-oxidant effects on
nerve conduction velocity, endoneurial blood flow and
oxygen tension in non-diabetic and streptozotocin-
diabetic rats. Diabetologia 37, 449–459; doi:10.1007/
s001250050131

Cameron N. E., Cotter M. A., Horrobin D. H., Tritschler H. J. 
(1998): Effect of α-lipoic acid on neurovascular function
in diabetic rats: interaction with essential fatty acids. 
Diabetologia 4, 390–399; doi:10.1007/s001250050921

Cameron N. E., Cotter M. A. (1999): Effects of antioxidants on
nerve and vascular dysfunction in experimental diabetes. 
Diabetes Res. Clin. Pract. 45, 137–146; doi:10.1016/
S0168-8227(99)00043-1

Eaton R. P., Qualls C., Bicknell J., Sibbitt W. L. Jr., King M. K., Griffey
R. H. (1996): Structure-function relationships within 
peripheral nerves in diabetic neuropathy: the hydration 
hypothesis. Diabetologia 39, 439–446; doi:10.1007/
BF00400675

Evans J. L., Goldfine I. D. (2000): Alpha-lipoic acid: a multifunction-
al antioxidant that improves insulin sensitivity in patients 
with type II diabetes. Review. Diabetes Technol. Ther. 2, 
401–413.; doi:10.1089/15209150050194279

Fernyhough P., Huang T. J., Verkhratsky A. (2003): Mechanism of 
mitochondrial dysfunction in diabetic sensory neuropa-
thy. J. Peripher. Nerv. Syst. 8, 227–235; doi:10.1111/j.1085-
9489.2003.03028.x

Franko J., Pomfy M., Nováková B., Benes L. (1999): Stobadine pro-
tects against ischemia-reperfusion induced morphological 
alterations of cerebral microcirculation in dogs. Life Sci. 
65, 1963–1967; doi:10.1016/S0024-3205(99)00456-7

Ford I., Cotter M. A., Cameron N. E., Greaves M. (2001): The
effects of treatment with alpha-lipoic acid or evening
primrose oil on vascular hemostatic and lipid risk fac-
tors, blood flow, and peripheral nerve conduction in the
streptozotocin-diabetic rat. Metabolism 50, 868–875; 
doi:10.1053/meta.2001.24914

Gouty S., Regalia J., Cai F., Helke C. J. (2003): Alpha-lipoic 
acid treatment prevents the diabetes-induced attenu-
ation of the afferent limb of the baroreceptor reflex in
rats. Auton. Neurosci. 108, 32–44; doi:10.1016/
j.autneu.2003.08.004

Günes A., Ceylan A., Sarioglu Y., Štefek M., Bauer V., Karasu C. 
(2005): Reactive oxygen species mediate abnormal con-

tractile response to sympathetic nerve stimulation and 
noradrenaline in the vas deferens of chronically diabetic 
rats: effects of in vivo treatment with antioxidants. Fun-
dam. Clin. Pharmacol. 19, 73–79; doi:10.1111/j.1472-
8206.2004.00312.x

Habib M.P., Dickerson F.D., Mooradian A.D. (1994): Effect of
diabetes, insulin, and glucose load on lipid peroxidation 
in the rat. Metabolism 43, 1442–1445; doi:10.1016/0026-
0495(94)90042-6

Horáková Ľ., Stolc S. (1998): Antioxidant and pharmacodynamic ef-
fects of pyridoindole stobadine. Review. Gen. Pharmacol. 
30, 627–638; doi:10.1016/S0306-3623(97)00300-5

Jacob S., Henriksen E. J., Schiemann A. L., Simon I., Claney D. 
E., Trischler H. J., Jung W. I., Augustin H. J., Dietze G. J. 
(1995): Enhancement of glucose disposal in patients with 
type 2 diabetes by alpha-lipoic acid. Arzneimittelforsc-
hung 45, 872–874

Januszewski A. S., Alderson N. L., Metz T. O., Thorpe S. R., Baynes
J. W. (2003): Role of lipids in chemical modification of
proteins and development of complications in diabetes. 
Biochem. Soc. Trans. 31, 1413–1416; doi:10.1042/
BST0311413

Kyselova Z., Gajdosik A., Gajdosikova A., Ulicna O., Mihalova D., 
Karasu C., Stefek M. (2005): Effect of the pyridoindole
antioxidant stobadine on development of experimental 
diabetic cataract and on lens protein oxidation in rats: 
comparison with vitamin E and BHT. Mol. Vis. 11, 
56–65

Larsen M. O., Wilken M., Gotfredsen C. F., Carr R. D., Svendsen 
O., Rolin B. (2002): Mild streptozotocin diabetes in the 
Göttingen minipig. A novel model of moderate insulin 
deficiency and diabetes. Am. J. Physiol. Endocrinol. Me-
tab. 282, E1342–1351

Lattimer S. A., Sima A. A., Greene D. A. (1989): In vitro correction 
of impaired Na+, K+-ATPase in diabetic nerve by protein 
kinase C agonists. Am. J. Physiol. 256, 264–269

Like A. A., Rossini A. A. (1976): Streptozotocin-induced pancreatic 
insulitis: new model of diabetes mellitus. Science 193, 
415–417; doi:10.1126/science.180605

Low P. A., Ward K., Schmelzer J. D., Brimijoin S. (1985): Ischaemic 
conduction failure and energy metabolism in experimen-
tal diabetic neuropathy. Am. J. Physiol. 248, 457–462

Low P. A., Lagerlund T. D., McManis P. G. (1989): Nerve blood 
flow and oxygen delivery in normal, diabetic and
ischemic neuropathy. Int. Rev. Neurobiol. 31, 355–438; 
doi:10.1016/S0074-7742(08)60283-4

Low P. A., Nickander K. K., Tritschler H. J. (1997): The roles of oxi-
dative stress and antioxidant treatment in experimental 
diabetic neuropathy. Diabetes 46, 38–42

Low P. A., Schmelzer J. D., Zollman P. J., Tritschler H. J. (1996): 
α-Lipoic acid prevents the deficit in glucose uptake in ex-
perimental diabetic neuropathy. Diabetologia 39, A34

Metz T. O., Alderson N. L., Chachich M. E., Thorpe S. R., Baynes J.
W. (2003): Pyridoxamine traps intermediates in lipid per-
oxidation reactions in vivo: evidence on the role of lipids 
in chemical modification of protein and development of
diabetic complications. J. Biol. Chem. 278, 42012–42019; 
doi:10.1074/jbc.M304292200

http://dx.doi.org/10.1007/BF00401423
http://dx.doi.org/10.1007/BF02743267
http://dx.doi.org/10.1007/BF02743267
http://dx.doi.org/10.1007/BF00571955
http://dx.doi.org/10.1007/s001250050131
http://dx.doi.org/10.1007/s001250050131
http://dx.doi.org/10.1007/s001250050921
http://dx.doi.org/10.1016/S0168-8227%2899%2900043-1
http://dx.doi.org/10.1016/S0168-8227%2899%2900043-1
http://dx.doi.org/10.1007/BF00400675
http://dx.doi.org/10.1007/BF00400675
http://dx.doi.org/10.1089/15209150050194279
http://dx.doi.org/10.1111/j.1085-9489.2003.03028.x
http://dx.doi.org/10.1111/j.1085-9489.2003.03028.x
http://dx.doi.org/10.1016/S0024-3205%2899%2900456-7
http://dx.doi.org/10.1053/meta.2001.24914
http://dx.doi.org/10.1016/j.autneu.2003.08.004
http://dx.doi.org/10.1016/j.autneu.2003.08.004
http://dx.doi.org/10.1111/j.1472-8206.2004.00312.x
http://dx.doi.org/10.1111/j.1472-8206.2004.00312.x
http://dx.doi.org/10.1016/0026-0495%2894%2990042-6
http://dx.doi.org/10.1016/0026-0495%2894%2990042-6
http://dx.doi.org/10.1016/S0306-3623%2897%2900300-5
http://dx.doi.org/10.1042/BST0311413
http://dx.doi.org/10.1042/BST0311413
http://dx.doi.org/10.1126/science.180605
http://dx.doi.org/10.1016/S0074-7742%2808%2960283-4
http://dx.doi.org/10.1074/jbc.M304292200


57Diabetic neuropathy in rats – effects of antioxidants

Nagamatsu M., Nickander K. K., Schmelzer J. D., Raya A., Wit-
trock D. A., Tritschler H., Low P. A. (1995): Lipoic acid 
improves nerve blood flow, reduces oxidative stress
and improves distal nerve conduction in experimental 
diabetic neuropathy. Diabetes Care 18, 1160–1167; 
doi:10.2337/diacare.18.8.1160

Nangle M. R., Gibson T. M., Cotter M. A., Cameron N. E. (2006): 
Effects of eugenol on nerve and vascular dysfunction in
streptozotocin-diabetic rats. Planta Med. 72, 494–500; 
doi:10.1055/s-2005-916262

Packer L., Witt E. H., Tritschler H. J. (1995): Alpha-lipoic acid as 
a biological antioxidant (Review). Free Rad. Biol. Med. 19, 
227–250; doi:10.1016/0891-5849(95)00017-R

Packer L., Tritschler H. J. (1996): Alpha-lipoic acid: the meta-
bolic antioxidant. Free Rad. Biol. Med. 20, 625–626; 
doi:10.1016/0891-5849(95)02129-9

Packer L., Kraemer K., Rimbach G. (2001): Molecular aspects of 
lipoic acid in the prevention of diabetes complications. 
Review. Nutrition 17, 888–895; doi:10.1016/S0899-
9007(01)00658-X

Pekiner B., Ulusu N. N., Das-Evcimen N., Sahilli M., Aktan F., Stefek 
M., Stolc S., Karasu C. (2002): In vivo treatment with stoba-
dine prevents lipid peroxidation, protein glycation and cal-
cium overload but does not ameliorate Ca2+-ATPase activity 
in heart and liver of streptozotocin-diabetic rats: comparison 
with vitamin E. Biochim. Biophys. Acta 1588, 71–78

Pieper G. M., Langenstroer P., Gross G. J. (1993): Hydroxyl radicals 
mediate injury to endothelium–dependent relaxation 
in diabetic rats. Mol. Cell. Biochem. 122, 139–145; 
doi:10.1007/BF01076098

Pop-Busui R., Sima A., Stevens M. (2006): Diabetic neuropathy and 
oxidative stress. Diabetes Metab. Res. Rev. 22, 257–273; 
doi:10.1002/dmrr.625

Ravingerova T., Neckar J., Kolar F., Stetka R., Volkovova K., Ziegel-
höffer A., Styk J. (2001): Ventricular arrhythmias follow-
ing coronary artery occlusion in rats: is the diabetic heart 
less or more sensitive to ischaemia ? Basic Res. Cardiol. 
96, 160–168; doi:10.1007/s003950170066

Sango K., Horie H., Okamura A., Inoue S., Takenaka T. (1995): 
Diabetes impairs DRG neuronal attachment to extracel-
lular matrix protein in vitro. Brain Res. Bull. 37, 533–537; 
doi:10.1016/0361-9230(95)00057-L

Schmelzer J. D., Zochodne D. W., Low P. A. (1989): Ischemic and 
reperfusion injury of rat peripheral nerve. Proc. Natl. Acad. 
Sci. U.S.A. 86, 1639–1642; doi:10.1073/pnas.86.5.1639

Sima A. A., Prashar A., Nathaniel V., Bril V., Werb M. R., Greene 
D. A. (1993): Overt diabetic neuropathy: repair of axo-
glial dysjuntion and axonal atrophy by aldose reduct-
ase inhibition and its correlation to improvement in 
nerve conduction velocity. Diabet. Med. 10, 115–121; 
doi:10.1111/j.1464-5491.1993.tb00027.x

Sima A. A., Sugimoto K. (1999): Experimental diabetic neuropa-
thy: an update. Diabetologia 42, 773–788; doi:10.1007/
s001250051227

Skalska S., Kyselova Z., Gajdosikova A., Karasu C., Stefek M., Stolc 
S. (2008): Protective effect of stobadine on NCV in strep-
tozotocin-induced diabetic rats: augmentation by vitamin 
E. Gen. Physiol. Biophys. 27, 106–114

Sotnikova R., Stefek M., Okruhlicova L., Navarova J., Bauer V., 
Gajdosik A., Gajdosiková A. (2001): Dietary supple-
mentation of the pyridoindole antioxidant stobadine 
reduces vascular impairment in streptozotocin-diabetic 
rats. Methods Find. Exp. Clin. Pharmacol. 23, 121–129; 
doi:10.1358/mf.2001.23.3.627943

Sotnikova R., Skalska S., Okruhlicova L., Navarova J., Kyselova 
Z., Zurova J., Stefek M., Hozova R., Nosalova V (2006): 
Changes in the function and ultrastructure of vessels in 
the rat model of multiple low dose streptozoticin-induced 
diabetes. Gen. Physiol. Biophys. 25, 289–302

Stefek M., Drozdikova I., Vajdova K (1996): The pyridoindole
antioxidant stobadine inhibited glycation-induced 
absorbance and fluorescence changes in albumin. Acta
Diabetol. 33, 35–40; doi:10.1007/BF00571938

Stefek M., Sotnikova R., Okruhlicova L., Volkovova K., Kucharska 
J., Gajdosik A., Gajdosikova A., Mihalova D., Hozova R., 
Tribulova N., Gvozdjakova A (2000): Effect of dietary
supplementation with the pyridoindole antioxidant 
stobadine on antioxidant state and ultrastructure of 
diabetic rat myocardium. Acta Diabetol. 37, 111–117; 
doi:10.1007/s005920070012

Stefek M., Gajdosik A., Tribulova N., Navarova J., Volkovova K., 
Weismann P., Gajdosikova A., Drimal J., Mihalova D 
(2002a): The pyridoindole antioxidant stobadine attenuates
albuminuria, enzymuria, kidney lipid peroxidation and 
matrix collagen crosslinking in streptozotocin-induced 
diabetic rats. Methods Find. Exp. Clin. Pharmacol. 24, 
565–571

Stefek M., Tribulova N., Gajdosik A., Gajdosikova A. (2002b): The
pyridoindole antioxidant stobadine attenuates histochem-
ical changes in kidney of streptozotocin-induced diabetic 
rats. Acta Histochem. 104, 413–417; doi:10.1078/0065-
1281-00681

Strupp M., Jund R., Schneider U., Grafe P. (1991): Glucose avail-
ability and sensitivity to anoxia of isolated rat peroneal 
nerve. Am. J. Physiol. 261, E389–394

Tankova T., Koev D., Dakovska L. (2004): Alpha-lipoic acid in the 
treatment of autonomic diabetic neuropathy (controlled, 
randomized, open-label study). Rom. J. Intern. Med. 42, 
457–464

Taylor P. D., Poston L. (1994): The effect of hyperglycaemia on
function of rat isolated mesenteric resistance artery. Br. 
J. Pharmacol. 113, 801–808

Ulusu N. N., Sahilli M., Avci A., Canbolat O., Ozansoy G., Ari N., 
Bali M., Stefek M., Stolc S., Gajdosik A., Karasu C. (2003): 
Pentose phosphate pathway, glutathione-dependent 
enzymes and antioxidant defense during oxidative stress 
in diabetic rodent brain and peripheral organs: effects of
stobadine and vitamin E. Neurochem. Res. 28, 815–823; 
doi:10.1023/A:1023202805255

Van Dam P. S., Van Asbeck B. S., Erkelens D. W., Marx J. J., Gisppen 
W. H., Bravenboer B. (1995): The role of oxidative stress
in neuropathy and other diabetic complications. Diabetes 
Metab. Rev. 1, 181–192; doi:10.1002/dmr.5610110303

Van Dam P. S., Van Asbeck B. S., Van Oirschot J. F., Biessels G. J., 
Hamers F. P, Marx J. J. (2001): Glutathione and alpha-
lipoate in diabetic rats: nerve function, blood flow

http://dx.doi.org/10.2337/diacare.18.8.1160
http://dx.doi.org/10.1055/s-2005-916262
http://dx.doi.org/10.1016/0891-5849%2895%2900017-R
http://dx.doi.org/10.1016/0891-5849%2895%2902129-9
http://dx.doi.org/10.1016/S0899-9007%2801%2900658-X
http://dx.doi.org/10.1016/S0899-9007%2801%2900658-X
http://dx.doi.org/10.1007/BF01076098
http://dx.doi.org/10.1002/dmrr.625
http://dx.doi.org/10.1007/s003950170066
http://dx.doi.org/10.1016/0361-9230%2895%2900057-L
http://dx.doi.org/10.1073/pnas.86.5.1639
http://dx.doi.org/10.1111/j.1464-5491.1993.tb00027.x
http://dx.doi.org/10.1007/s001250051227
http://dx.doi.org/10.1007/s001250051227
http://dx.doi.org/10.1358/mf.2001.23.3.627943
http://dx.doi.org/10.1007/BF00571938
http://dx.doi.org/10.1007/s005920070012
http://dx.doi.org/10.1078/0065-1281-00681
http://dx.doi.org/10.1078/0065-1281-00681
http://dx.doi.org/10.1023/A:1023202805255
http://dx.doi.org/10.1002/dmr.5610110303


58 Skalská et al.

and oxidative state. Eur. J. Clin. Invest. 31, 417–424; 
doi:10.1046/j.1365-2362.2001.00832.x

Varkonyi T., Kempler P. (2008): Diabetic neuropathy: new strategies 
for treatment. Diabetes Obes. Metab. 10, 99–108

Vlkovicová J., Javorková V., Stefek M., Kyseľová Z., Gajdosíková A., 
Vrbjar N. (2006): Effect of the pyridoindole antioxidant
stobadine on the cardiac Na(+),K(+)-ATPase in rats with 
streptozotocin-induced diabetes. Gen. Physiol. Biophys. 
25, 111–124

Vrbjar N., Strelková S., Javorková V., Vlkovicová J., Mézesová L., 
Stefek M., Kyseľová Z., Gajdosíková A. (2007): Effect of
the pyridoindole antioxidant stobadine on ATP-utilisa-
tion by renal Na,K-ATPase in rats with streptozotocin-
induced diabetes. Gen. Physiol. Biophys. 26, 207–213

Wang Y., Schmelzer J. D., Schmeichel A., Iida H., Low P. A. (2004): 
Ischemia-reperfusion injury of peripheral nerve in experi-
mental diabetic neuropathy. J. Neurol. Sci. 227, 101–107; 
doi:10.1016/j.jns.2004.09.020

Williamson J. R., Chang K., Frangos M., Hasan K.S., Ido Y., Ka-
wamura T., Nyengaard J. R., van den Enden M., Kilo C., 
Tilton R. G. (1993): Hyperglycaemic pseudohypoxia and 
diabetic complications (Review). Diabetes 42, 801–813; 
doi:10.2337/diabetes.42.6.801

Yülek F., Or M., Ozoğul C., Isik A. C., Ari N., Štefek M., Bauer 
V., Karasu C. (2007): Effects of stobadine and vitamin

E in diabetes-induced retinal abnormalities: involve-
ment of oxidative stress. Arch. Med. Res. 38, 503–511; 
doi:10.1016/j.arcmed.2007.02.006

Ziegelhöffer A., Styk J., Ravingerová T., Seboková J., Volkovová K.,
Waczulíková I., Cársky J., Dzurba A., Docolomanský P. 
(1999): Prevention of processes coupled with free radical 
formation prevents also the development of calcium-
resistance in the diabetic heart. Life Sci. 65, 1999–2001; 
doi:10.1016/S0024-3205(99)00464-6

Ziegler D., Gries F. A. (1997): Alpha-lipoic acid in the treatment of 
diabetic peripheral and cardiac autonomic neuropathy. 
Diabetes 46, S62–66

Ziegler D., Reljnovic M., Mehnert H., Gries F. A. (1999): Alpha-lipoic 
acid in the treatment of diabetic polyneuropathy in Germany: 
Current evidence from clinical trials. Exp. Clin. Endocrinol. 
Diabetes 107, 421–430; doi:10.1055/s-0029-1212132

Ziegler D. (2004): Thioctic acid for patients with symptomatic dia-
betic polyneuropathy: a critical review. Treat. Endocrinol. 
3, 173–189; doi:10.2165/00024677-200403030-00005

Ziegler D. (2008): Treatment of diabetic neuropathy and neuro-
pathic pain: how far have we come? Diabetes Care 31, 
S255–261; doi:10.2337/dc08-s263

Received: July 6, 2009
Final version accepted: September 28, 2009

http://dx.doi.org/10.1046/j.1365-2362.2001.00832.x
http://dx.doi.org/10.1016/j.jns.2004.09.020
http://dx.doi.org/10.1016/j.arcmed.2007.02.006
http://dx.doi.org/10.1016/S0024-3205%2899%2900464-6
http://dx.doi.org/10.1055/s-0029-1212132
http://dx.doi.org/10.2165/00024677-200403030-00005
http://dx.doi.org/10.2337/dc08-s263

