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ABSTRACT

Previous studies suggest that a link exists between increased oxidative stress and
diabetic neuropathy. Moreover, antioxidants may protect neurones from the degen-
erative effects of reactive oxygen species. In our study, we used streptozotocin (STZ)-
diabetic rats in a 8-month chronic diabetes model to study the effects of in vivo
treatment with stobadine (ST), a pyridoindole antioxidant, and vitamin E. STZ-diabetic
rats were treated with ST (24.7 mg/kg/day), vitamin E (D,L-alpha-tocopheryl acetate,
400–500 IU/kg/day) or ST plus vitamin E through an intra-oral catheter for a 8-month
period beginning 10 days after STZ injection. Blood glucose and HbA1c levels were
increased in diabetic rats by about 400 and 100%, respectively. Antioxidant treatment
significantly decreased haemoglobin glycosylation (P < 0.05). We also determined the
effects of chronic diabetes on sympathetic neurotransmission by measuring the
contractility of isolated vas deferens. Furthermore, we investigated contractions elicited
by electrical field stimulation (EFS) (1–64 Hz) which were significantly decreased in
diabetic rats when compared with control rats. Treatment with ST or vitamin E alone
partly enhanced the amplitude of the contractions induced by EFS, but a combination of
ST and vitamin E treatment showed no additional effects. Contractile response of the vas
deferens to exogenous noradrenaline, was increased in diabetic rats when compared
with control rats. While the addition of vitamin E alone had no effect, ST completely
returned noradrenaline-induced contractions to basal levels. The tension induced by
120 mM KCl was not statistically different among the experimental groups. In normal
rats, EFS-induced contractions were significantly inhibited by pyrogallol (10)4

M), a
free-radical generator. Percentage inhibition of pyrogallol on EFS (32 Hz)-induced
contractions in ring sections was 48 ± 5.8 in control, 75 ± 5.5 in untreated-diabetic,
54 ± 2.7 in ST-treated diabetic, and 58 ± 4.7 in vitamin E-treated diabetic rats.
Combining both ST and vitamin E treatment had the same effects as each antioxidant
alone with a percent inhibition of 48 ± 6.8. These results are consistent with the
degenerative changes seen in sympathetic nerves and the abnormal function observed
in chronically diabetic rats, leading to a decrease in EFS response and an increase in
response to adrenergic agonists in the vas deferens. Furthermore, we demonstrated that
reactive oxygen species are responsible for impaired sympathetic neurotransmission
and abnormal function of diabetic vas deferens, and that a combination of antioxidants
may be better for the therapy of reproductive system disabilities in male diabetics.
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INTRODUCT ION

Neuropathy, is a common complication of diabetes

mellitus, which has been shown to occur in the

reproductive system in male patients with long-term

diabetes mellitus [1]. Common neuropathic complica-

tions like erectile impotency [2], retrograde ejaculation

[2], and decreased fertility [3] have been reported in

diabetic patients. The effects of diabetes on sympathetic

innervation and the function of vas deferens have been

widely studied, but the findings obtained in animal

models of diabetes are somewhat controversial. Previous

findings show that rats with streptozotocin (STZ)-

induced diabetes exhibit pathological changes in the

noradrenergic nerves supplying the vas deferens [4].

The vas deferens of long-term experimental diabetic rats

have been reported to display an impaired response to

stimulation of their noradrenergic nerves and a hyper-

sensitivity to exogenous noradrenaline, phenylephrine,

ATP and acetylcholine [5,6]. The responsiveness of the

vas deferens to a-adrenergic agonists and to sympathetic

nerve stimulation is increased in short-term diabetes, but

decreased in long-term diabetes [6,7]. Furthermore, an

increase in the activity in both voltage-dependent and

receptor-operated calcium channels and Ca2+ influx was

also shown to contribute to the potentiation of contract-

ile responses in diabetic vas deferens [8]. The acceler-

ation of phosphatidylinositol turnover [8,9] or decreased

calmodulin levels was reported to account for the

abnormal responsiveness of the vas deferens in long-

term STZ-diabetic rats [7]. It has been demonstrated that

the degeneration of sympathetic neurones, which occurs

in the vas deferens in 10-week STZ-diabetic rats, is

characterized by a greater amplitude in the spontan-

eous junction potentials linked to an increase in Ca2+

mobilization [10].

On the contrary, the positive relationship between

increased oxidative stress and functional, structural

and biochemical abnormalities in the autonomic ner-

vous system have already been reviewed in detail in

experimentally diabetic animals [11–13]. Treatment

with different antioxidants may prevent or reverse

abnormal nerve function and biochemistry, in addition

to protecting neurones from the degenerative effects of

reactive oxygen species [11,14,15]. However, neither

the effects of chronic diabetes over an 8-month period

nor the effects of treatment with antioxidants, has

been studied in terms of sympathetic neurotransmis-

sion and contractile function of the vas deferens. Thus,

the objectives of the present study were: (i) to clarify

the effects of chronic (8-month) diabetes on the

sympathetic neurotransmission and the contractile

response of the vas deferens, and (ii) to investigate

the effects of in vivo treatment with different anti-

oxidants: vitamin E and stobadine, a pyridoindole

compound.

RESEARCH DES IGN AND METHODS

Induction of diabetes and treatment protocols

Male Wistar rats, body weight 250–300 g, were fed a

standard rat chow diet and had access to water ad

libitum. Diabetes was induced by a single intraperitoneal

injection of STZ (55 mg/kg body weight) in animals that

were made to fast overnight. Diabetes was verified 48 h

later by measuring tail vein blood glucose, and rats with

blood glucose levels of 300 mg/dL or more were consid-

ered diabetic. Ten days after the injection of STZ or

vehicle, the rats were divided into the following groups:

(i) untreated diabetic; (ii) diabetic treated with ST

(24.7 mg/kg/day, orally); (iii) diabetic treated with

vitamin E (D,L alpha-tocopheryl acetate, 400–500

IU/kg/day, orally); (iv) diabetic treated with both ST and

vitamin E, as in protocols (ii) and (iii); and (v) untreated

control rats. The animals were treated for a period of

8 months beginning 10 days after either vehicle or STZ

injection. The principles of laboratory animal care (NIH

publication no. 85–23, revised 1985) were observed.

Blood glucose and HbA1c

Blood glucose concentrations were measured with an

Accutrend� GCT meter (Roche Diagnostics, Mannheim,

Germany). HbA1c levels were determined at the end of

the experiments as described previously [16].

Isolated rat vas deferens and the experimental

protocols

Both vas deferens were carefully removed with a portion

of the prostate and placed in a Petri dish filled with fresh

Krebs’ solution (pH 7.4) consisting of (in mM): NaCl

118.4, KCl 4.7, CaCl21.9, NaHCO3 25.0, MgSO4Æ7H2O

1.2, KH2PO4 1.2, and glucose 11.1. A 1-cm section was

taken from the prostate end of the vas deferens. The

tissues were suspended in an organ bath containing

20 mL Krebs’ solution. The solution was maintained at

37 �C and bubbled with 95% O2–5% CO2. The resting

tensions were adjusted to 1.0 g and the contractility was

recorded for each tissue with an isometric transducer

(Ugo Basile, No. 7004) (Varese, Italy) connected to a

recorder (Ugo Basile, No. 7050) according to a previously
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described method [17]. Electrical field stimulation (EFS)

was produced by bipolar platinum electrodes placed

around the strips. A Grass stimulator (S-48, Quincy, MA,

USA) was used to generate single square pulses of 50 V

for 0.5 ms, and the responses to EFS (1–64 Hz) were

recorded. The contractions elicited by EFS were expressed

as a percentage of the maximal response induced by

120 mM KCl for each vas deferens preparation. After

washing twice with a 20-min interval between washes,

the contractions of isolated vas deferens in response to

noradrenaline were measured. To investigate the role of

free radicals, EFS (32 Hz)-induced contractions were

determined in the presence of 10)4
M concentration of

pyrogallol, a superoxide generator.

Analysis of data and statistics

Data were expressed as mean ± SEM. Responses to EFS

and noradrenaline were measured in g tension and

expressed as a percentage of contractile response to

120 mM K+. pD2 values (negative logarithm of the molar

concentration at which one maximal contraction

occurs) were determined from individual concentra-

tion–response curves by nonlinear regression analysis.

The responses obtained in each subject were averaged to

yield a single value and therefore, all n values represent

the number of subjects. Differences between untreated

and treated groups were assessed by analysis of variance

(ANOVA) followed by the Tukey’s test. Statistical signifi-

cance was accepted at P < 0.05. All analysis were

performed using GraphPad statistical software (Graph-

pad, San Diego, CA, USA).

RESULTS

Blood glucose and HbA1c levels

Following 8 months of chronic diabetes, the glucose

levels in untreated-diabetic rats were increased by

about 400% and the HbA1c levels were increased by

100% (Table I), indicating high levels of glycosylation.

When the diabetic animals were treated with antioxi-

dants for 8 months, significant decreases in blood

glucose and HbA1c concentrations were observed

(Table I).

EFS, concentration–response studies and the

effects of pyrogallol

The EFS of rat vas deferens elicited reproducible,

frequency-dependent, contractile activity, which was

significantly decreased in diabetic rats at frequencies

from 1–64 Hz (Figure 1). ST treatment partially

Table I Final blood glucose and HbA1c concentrations in rats.

Control

(n ¼ 10)

Untreated-diabetic

(n ¼ 8)

ST treated-diabetic

(n ¼ 12)

Vitamin E treated-diabetic

(n ¼ 5)

ST plus vitamin E

treated-diabetic (n ¼ 8)

Blood glucose (mg/dL) 112.0 ± 7.0** 504.3 ± 6.4* 413.2 ± 18.6*,** 384.4 ± 7.4*,** 390.8 ± 3.4*,**

HbA1c (%) 4.96 ± 0.19** 7.10 ± 0.09* 6.34 ± 0.14*,** 5.30 ± 0.17**,*** 5.20 ± 0.15**,***

Data are reported as mean ± SEM.

*P < 0.05 vs. control; **P < 0.05 vs. untreated-diabetic; ***P < 0.05 vs. ST treated-diabetic.
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Figure 1 Contractile response of vas deferens to electrical field stimulation (EFS) in control and STZ-diabetic rats untreated or treated with

stobadine (ST), vitamin E (E) or ST plus E. Data (mean ± SEM) were analysed by ANOVA and between-group differences for each variable were

tested using Tukey’s test. *P < 0.05 statistically different from control. #P < 0.05 statistically different from untreated diabetic.
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restored EFS-induced contraction amplitudes at all

frequencies studied. Vitamin E treatment weakly

enhanced EFS-induced contractility in diabetic rats.

Combined effects of ST and vitamin E treatment did

not improve the EFS-induced contractions in diabetic

vas deferens over that observed for ST treatment alone

(Figure 1).

The concentration–response curve for the contractile

response of the vas deferens to exogenous noradrenaline

in normal rats, is shown in Figure 2. Cumulative

addition of noradrenaline (10)8 to 10)4
M) induced

concentration-dependent contractions with a pD2 value

of 5.8 ± 0.09. In rats with chronic diabetes, an increase

in maximum contractile response of the rat vas deferens

to noradrenaline, was observed. Vitamin E treatment

alone was unable to reduce the maximum contractile

response to noradrenaline in diabetic rats, but ST

treatment brought it down to control levels (Figure 2).

pD2 values for noradrenaline-induced contractions were

not statistically different among the groups (control ¼
5.8 ± 0.09; untreated-diabetic ¼ 6.1 ± 0.4; ST treated-

diabetic ¼ 5.9 ± 0.4; vitamin E treated-diabetic ¼ 5.7 ±

0.5; ST plus vitamin E treated-diabetic ¼5.8 ± 0.1). The

tension induced by 120 mM KCl was not found to be

statistically different among the experimental groups

(Figure 3).

In normal rats, EFS-induced contractions were signi-

ficantly inhibited by pyrogallol (10)4
M), a free-radical

generator (% inhibition ¼ 48 ± 5.8). An increase in

the percent inhibition induced by pyrogallol was

observed in untreated-diabetic rats (75 ± 5.5%). This

was brought back to control levels by ST treatment

(54 ± 2.7%) and by vitamin E treatment (58 ± 4.7%)

in diabetic rats. A combination of both antioxidants

showed a similar degree of protection from pyrogallol

inhibition as was obtained with each agent alone

(48 ± 6.8%) (Figure 4).

DISCUSS ION

Our results show that there was a significant decrease in

the response to EFS and a pronounced increase in
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Figure 2 Contractile response of vas deferens to noradrenaline in

control and STZ-diabetic rats untreated or treated with stobadine

(ST), vitamin E (E) or ST plus E. Data (mean ± SEM) were analysed

by ANOVA and between-group differences for each variable were

tested using Tukey’s test. *P < 0.05 statistically different from

control. #P < 0.05 statistically different from untreated diabetic.
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Figure 3 Contractile response of vas deferens to 120 mM KCl in

control and STZ-diabetic rats untreated or treated with stobadine

(ST), vitamin E (E) or ST plus E. Data (mean ± SEM) were analysed

by ANOVA and between-group differences for each variable were

tested using Tukey’s test.
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Figure 4 Percent inhibition in contractile response of vas deferens

to electrical field stimulation at 32 Hz in the presence of 10)4
M

pyrogallol in control and STZ-diabetic rats untreated or treated with

stobadine (ST), vitamin E (E) or ST plus E. Data (mean ± SEM) were

analysed by ANOVA and between-group differences for each variable

were tested using Tukey’s test. *P < 0.05 statistically different from

control. #P < 0.05 statistically different from untreated diabetic.
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noradrenaline-induced contractility in the vas deferens

of chronically diabetic rats. These results are in agree-

ment with previous observations showing that STZ-

diabetic rats exhibit a decrease in the responsiveness of

the vas deferens to nerve stimulation and a non-specific

supersensitivity to contractile agents [5–8,10]. These

observations obtained from STZ-induced diabetic rats,

however, were not confirmed in the vas deferens from

spontaneously diabetic BB rats [18] nor in long-term

alloxan diabetic rats [7]. The increased a-adrenergic

responsiveness of diabetic vas deferens observed in this

study, may be attributable to new receptor synthesis or

activation of post-receptor events due to diabetes-

induced neuropathy rather than an enhancement in

a-adrenoceptor affinity, as the pD2 for the contractile

effects of noradrenaline was found to be unchanged. This

is in agreement with the results of other groups [5,7,19].

The increased contractile responses of vas deferens from

diabetic rats to phenylephrine, and the decreased

responses to nerve stimulation in diabetic rats, has been

explained with denervation-like supersensitivity in recep-

tor-mediated processes [6]. Alternatively, the increased

a-adrenergic responsiveness may be closely related to an

increase in calcium release from the sarcoplasmic

reticulum of diabetic vas deferens via an acceleration of

phosphatidylinositol turnover and an increase in the

basal activity of diacylglycerol kinase, although we

found that cellular calcium entry via KCl sensitive

channels is not changed by diabetes nor by antioxidant

treatment in rat vas deferens. It has also been suggested

that impaired intracellular calcium metabolism is asso-

ciated with functional complications of vas deferens in

diabetic rats [8–10].

Diabetes-induced oxidative stress is clearly present in

the peripheral nerve, dorsal root, and sympathetic

ganglia of the peripheral nervous system in diabetic

animals. Endothelial cell dysfunction is implicated in

nerve blood flow and conduction deficits, impaired neu-

rotrophic support, changes in signal transduction and

metabolism, and morphological abnormalities, which are

all characteristic of peripheral diabetic neuropathy

[1,4,20]. Previous studies indicate that increased genera-

tion of superoxide might be responsible for the develop-

ment of diabetic vascular and neural complications

[11–15,21]. We demonstrated that increased inhibition

of contractile response of diabetic vas deferens to EFS by

pyrogallol, a potent superoxide generator [22], involves

the increased susceptibility of adrenergic nerves in the

vas deferens to the destructive effects of reactive oxygen

species in diabetic rats. The strong effects of pyrogallol in

diabetic vas deferens, may be a consequence of decreased

superoxide dismutase activity, which has been demon-

strated previously in some peripheral nerves depending

on the duration of hyperglycaemia [12]. Superoxide

dismutase has been shown to have a crucial role in local

defense mechanisms against tissue damage mediated

through superoxide anion radicals in male genital organs

[23]. When given separately to diabetic animals, anti-

oxidants, ST and vitamin E, successfully reverse the

inhibitory effects of pyrogallol in vitro. This can be

explained by the ability of ST [24] and vitamin E

[11,15,25] to inhibit the production of superoxide or to

scavenge reactive oxygen species in diabetic tissues.

Treatment with ST or vitamin E alone enhanced the

amplitude of the contractions induced by EFS stimula-

tion, but the effects of these antioxidants was partial and

fluctuated depending on the frequency applied. No

additive effects were observed by the combined treatment

of ST and vitamin E in EFS-induced contractions in

diabetic vas deferens compared with each antioxidant

alone. Treatment of diabetic rats with vitamin E alone did

not affect noradrenaline-stimulated contraction, but, on

the contrary, ST brought the contractions in the vas

deferens back to control levels when given alone or

together with vitamin E. ST is known to be a potential

protector of the central nervous system in diseases

where oxidative injury plays an important role, such as

stroke, neurotrauma, chronic brain ischaemia, and some

neurodegenerative diseases [26,27]. Our study demon-

strated that ST protected peripheral adrenergic nerves in

rat vas deferens against diabetes-induced oxidative stress.

We previously demonstrated that vitamin E treatment

ameliorated sciatic nerve function [14], which is reduced

in rats with STZ-diabetes [14], and prevented or reversed

abnormal contractility and endothelial dysfunction in

acute or long-term diabetic rats [28]. The mechanisms of

cellular effects of ST or vitamin E in the present study,

may be linked to intracellular calcium metabolism as we

demonstrated that these antioxidants are able to prevent

calcium overload, lipid peroxidation, and protein glycat-

ion, as well as inhibit hyperglycemia-induced oxidative

stress [29]. In addition, long-term vitamin E deficiency

has been shown to cause dysfunction of autonomic

neuroeffector mechanisms in the smooth muscle of rat

vas deferens, at both a pre- and post-junctional level

[11]. In diabetes, an increase in these abnormalities in

neuroeffector systems in addition to the characteristic

vitamin E deficiency observed in diabetes [12,30], can be

lethal as previously shown in vitamin E-deficient STZ-

diabetic animals [30].
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These results confirm that sympathetic nerve endings

show degenerative changes characterized by a decreased

response to EFS and an increased response to adrenergic

agonists in rat vas deferens. Moreover, reactive oxygen

species are responsible for impaired sympathetic neuro-

transmission and the abnormal function of the vas

deferens. Overall, a combination of antioxidants may

prove to be therapeutic in reproductive system disability

in male diabetics.
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