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Abstract The aim of this study was designed to investi-
gate the possible beneficial effects of Nigella sativa (NS)
and thymoquinone (TQ) on histopathological changes of
sciatic nerves in streptozotocin-induced diabetic rats. The
rats were randomly allotted into one of four experimental
groups: A (control), B (diabetic untreated), C (diabetic
treated with NS) and D (diabetic treated with TQ); each
group contain ten animals. B, C and D groups received
streptozotocin (STZ) to induce diabetes. The rats in NS and
TQ treated groups were given NS (in a dose of 400 mg/kg
body weight) and TQ (50 mg/kg body weight) once a day
orally by using intra-gastric intubation for 12 weeks start-
ing 2 days after STZ injection, respectively. Blood and
tissue samples were obtained for biochemical and histo-
pathological investigation. The treatment of both NS and
TQ caused a sharp decrease in the elevated serum glucose
(P < 0.01, 0.05, respectively), and an increase in the low-
ered serum insulin concentrations (P < 0.01, 0.05,
respectively), in STZ-induced diabetic rats. STZ induced a
significant decrease in the area of insulin immunoreactive
p-cells (P < 0.0001). NS (P < 0.001) and TQ (P < 0.01)
treatment resulted in increased area of insulin immunore-
active f-cells significantly. To date, no histopathological
changes of sciatic nerves in STZ induced diabetic rats by
NS and TQ treatment have been reported. In this study,
histologic evaluation of the tissues in diabetic animals
treated with TQ and especially NS showed fewer mor-
phologic alterations. Myelin breakdown decreased
significantly after treatment with NS and TQ. The ultra-
structural features of axons also showed remarkable
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improvement. We believe that further preclinical research
into the utility of NS and TQ may indicate its usefulness as
a potential treatment on peripheral neuropathy (PN) in STZ
induced diabetic rats.
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Introduction

Diabetes mellitus results in severe metabolic imbalances
and pathological changes in many tissues. Oxidative stress
plays an important role in the etiology of diabetes and
diabetic complications [1]. Diabetics and experimental
animal models exhibit high-oxidative stress due to persis-
tent and chronic hyperglycemia, thereby deplete the
activity of the antioxidative defense system and thus pro-
mote free radicals generation [2]. Such models include
alloxan or streptozotocin (STZ) induced diabetic rats and
mice [3].

The STZ, an antibiotic produced by Streptomyces
achromogenes, is the most commonly used agent in
experimental diabetes [4]. The mechanism by which STZ
destroys f-cells of the pancreas and induces hyperglyca-
emia is still unclear. Many actions have been attributed to
STZ that are similar to what has been described for the
diabetogenic action of alloxan that include damage to
pancreatic ff-cell membranes [5] and to depletion of intra-
cellular nicotinamide adenine dinucleotide in islet cells [6].
In addition, STZ has been shown to induce DNA strand
breaks and methylation in pancreatic islet cells [7].

It is well known that neuropathy occurs in spontaneous
and experimental diabetes being the STZ model widely
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used to investigate the experimental diabetic peripheral
neuropathies [8—11]. Despite the failure to reproduce the
widespread structural abnormalities in peripheral nerve
observed in cases of established neuropathy in man, animal
studies may be informative as to the changes that develop
in the early stages of human diabetes [11].

Several interactive pathogenetic mechanisms of diabetic
peripheral neuropathy (DPN) have been identified in both
human and murine models and persistent hyperglycaemia
has been regarded as a primary risk factor for neuropathy
[12]. Long-term hyperglycaemia would lead to subsequent
enhanced oxidative stress, increased aldose reductase (AR)
activity [13], accumulation of advanced glycation end-
products (AGE) [14, 15] and decreased Na+/K+-ATPase
activity [16]. As a result, it could induce progressive
damage to the peripheral sensory and autonomic nervous
systems [17]. To date, except for rigorous glycaemic con-
trol, there are few means to affect or slow the natural
progression of DPN owing to limitations of the current
inadequate drug therapy [18]. Despite the challenges
ahead, the future holds promise for more effective treat-
ments for diabetes mellitus and its complications.

The black seed, Nigella sativa (NS), family Ranuncul-
aceae has been shown to contain >30% of fixed oil and
0.4-0.45% wt./wt. of volatile oil. The volatile oil has been
shown to contain 18.4-24% thymoquinone (TQ = 2-iso-
propyl-5-methyl-1,4-benzoquinone) and 46% monoterpenes
such as p-cymene and o-piene [19]. Recently, clinical and
animal studies have shown that the extracts of the black
seeds have many therapeutic effects such as bronchodila-
tation, immunomodilative [20], antibacterial [21],
hypotensive [22], antidiabetic [23, 24], hepatoprotective
[23, 25], gastroprotective [26], antihistaminic and antioxi-
dative [27] and neuroprotective [28]. TQ was isolated as
the principal active ingredient from the volatile oil of NS
[29]. TQ has been shown to attenuate eicosanoid genera-
tion [30], cisplatin nephrotoxicity [31], tetrachloride
hepatotoxicity [32], rheumatoid arthritis [33] and gastric
mucosal damage [27].

In spite of these studies, there is no available informa-
tion on the effect of NS and TQ on DPN. Hence, in the
present study, we compared the possible beneficial effects
of NS and TQ on histopathological changes of sciatic
nerves in STZ induced diabetic rats.

Experimental procedure
Plant material and extraction procedure
The NS seeds were purchased from a local herb store in

Van, Turkey. Sample specimens have been kept at the
Department of Histology and Embryology, Yuzuncu Yil
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University, Van, Turkey for future reference. The seeds of
NS were powdered in a mixer. About 20 g of the powdered
seeds were added to 400 ml of distilled water and extrac-
tion was carried out by steam distillation. The distillation
process was continued until about 200 ml of distillate was
collected. The distillate was extracted three times with
chloroform. Moisture was removed by anhydrous sodium
sulphate and the resultant extract was evaporated using a
40°C water bath leading to the appearance of the volatile
oil. About 500 mg of the volatile oil were dissolved in 1 ml
of dimethyl sulphoxide (DMSO) then 9 ml of normal saline
was added to yield a concentration of 50 mg volatile oil per
1 ml solution. The oil was given once daily orally in a dose
of 400 mg/kg body weight by using intra-gastric intubation
for up to 12 weeks [34]. TQ was obtained from Sigma
Chemical Co., St. Louis, MO, USA. It was dissolved by the
initial addition of DMSO, followed by the addition of
normal saline (the final concentration of DMSO was
<0.5%). The solution was administered at a dose of 50 mg/
kg body weight once daily by using intra-gastric intubation
for up to 12 weeks [35].

Animals

Forty healthy male Wistar albino rats, weighing 220-250 g
and averaging 16 weeks old were utilized in this study.
They were housed in macrolon cages under standard lab-
oratory conditions (light period 7.00 a.m. to 7.00 p.m.,
21 + 2°C, relative humidity 55%). The animals were given
standard rat pellets (Murat animal food product Co.,
Ankara, Turkey) and tap water ad libitum.

Experimental design

The rats were randomly allotted into one of four experi-
mental groups: A (control), B (diabetic untreated), C
(diabetic treated with NS) and D (diabetic treated with
TQ); each group contain ten animals. B, C and D groups
received STZ (Sigma). Diabetes was induced in three
groups by a single intra-peritoneal (i.p) injection of STZ
(50 mg/kg, freshly dissolved in 5 mmol/l citrate buffer, pH
4.5) [23, 24]. Two days after STZ treatment, development
of diabetes in three experimental groups was confirmed by
measuring blood glucose levels in a tail vein blood sam-
ples. Rats with blood glucose levels of 250 mg/dl or higher
were considered to be diabetic. Serum glucose levels in
control animals remained normal for the duration of the
study. Diabetes mellitus was confirmed by Ames One
Touch Glucometer (LifeScan, Johnson and Johnson, New
Brunswick, NJ, USA). Control rats were injected with the
same volume of isotonic NaCl as the diabetic animals that
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received STZ. The rats in NS and TQ treated groups were
given NS (in a dose of 400 mg/kg body weight) and TQ
(50 mg/kg body weight) once a day orally by using intra-
gastric intubation for 12 weeks starting 2 days after STZ
injection, respectively. Control and diabetic untreated rats
were injected with the same volume of isotonic NaCl as the
diabetic treated animals that received NS and TQ. The
initial and final body weight changes of the various groups
were recorded. All animals received humane care accord-
ing to the criteria outlined in the “Guide for the Care and
Use of Laboratory Animals” prepared by the National
Academy of Sciences and published by the National
Institutes of Health.

Biochemical analysis

At the end of the experiment, rats were fasted overnight for
12 h, and sacrificed under chloralhydrate (6 ml of 7%
chloralhydrate kg, Sigma) anaesthesia. Blood samples were
collected by cardiac puncture using a heparinized syringe.
Serum glucose was determined by the hexokinase method
with reagents from Boehringer, Mannheim, Germany [36].
Insulin was determined using a double-antibody radioim-
munoassay kit (Amersham Radiochemical Centre, Bucks,
UK) [37].

Histopathological procedures

Biopsies from the pancreatic and sciatic nerves tissues of
the rats were harvested and tissue fragments were fixed in
10% neutral buffered formalin solution, embedded in par-
affin and then stained with hematoxylin and eosin (H&E).
The preparations were evaluated by means of a bright-field
microscope and photographed (Optiphot 2; Nikon, Tokyo,
Japan).

Immunohistochemical procedures

Biopsies from the pancreatic and sciatic nerves tissues of
the rats were harvested and tissue fragments were fixed in
10% neutral buffered formalin solution, embedded in
paraffin and sectioned at 5 pm thickness. Immunocyto-
chemical reactions were performed according to the ABC
technique described by Hsu et al. [38]. The procedure
involved the following steps: (1) endogenous peroxidase
activity was inhibited by 3% H,O, in distilled water for
30 min; (2) the sections were washed in distilled water for
10 min; (3) nonspecific binding of antibodies was blocked
by incubation with normal goat serum (DAKO X 0907,
Carpinteria, CA, USA) with PBS, diluted 1:4; (4) the
sections were incubated with specific monoclonal mouse
antisera against human insulin protein (18-0066; Zymed,

San Francisco, CA, USA), diluted 1:50 for 1 h and then
kept at room temperature; (5) the sections were washed in
PBS for 3 X 3 min; (6) the sections were incubated with
ABC complex (DAKO LSAB 2 Kit); (7) the sections were
washed in PBS for 3 X 3 min; (8) peroxidase was detected
with an aminoethylcarbazole substrate kit (AEC kit;
Zymed Laboratories); (9) the sections were washed in tap
water for 10 min and then dehydrated; (10) nuclei were
stained with hematoxylin; and (11) the sections were
mounted in DAKO paramount.

Electron microscopy

For electron microscopy, sciatic nerves specimens were
fixed with 2.5% glutaraldehyde in 0.1 M sodium phosphate
buffer (pH 7.2) for 3 h at 4°C, washed in the same buffer
for 1 h at 4°C and post-fixed with 1% osmium tetraoxide in
sodium phosphate buffer for 1 h at 4°C. The tissues were
then dehydrated in graded series of ethanol starting at 50%
each step for 10 min and, after two changes in propylene
oxide. The tissue specimens were embedded in araldite.
Ultrathin sections were prepared with Mg-uranyl acetate
and lead citrate for the electron microscopic (Jeol JEM
1010) evaluation. Some specimens were sliced into semi-
thin (I pm) cross-sections and stained with toluidine blue.
Six different images from each specimen were taken to
calculate myelinated fibre area and density using an image
analysis system (Image-Pro Plus 5.0, Media Cybernetics,
Silver Spring, MD, USA). The investigator was blind to
group identity during the morphometry process.

Image analysis

The system used consisted of a PC with hardware and
software for image acquisition and analysis, a Spot Insight
QE (Diagnostic Instruments, Silver Spring, MD, USA)
camera, and an optical microscope. The method requires
preliminary software procedures involving spatial calibra-
tion (on a micron scale) and setting of colour segmentation
for quantitative colour analysis. Ten Langerhans islets from
each rat (100 islets for each group) were chosen randomly.
The intensity of staining with antiinsulin antibodies of
p-cells in pancreatic islets of control, diabetic untreated,
diabetic treated with NS and diabetic treated with TQ
groups were scored as O (absent), 1 (weak), 2 (moderate), 3
(strong), or 4 (very strong) in image analysis system. Then
the percentage of the insulin immunoreactive ff-cell area in
the Langerhans islets (100 islets for each group) was esti-
mated. The percentage of the insulin immunoreactive
p-cells was calculated according to these results. The
investigator who obtained these measurements was una-
ware of the experiment being performed.
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Statistical analysis

The data were expressed as the mean + standard deviation
(SD), and analysed by repeated measures of variance. A
Tukey test was used to test for differences among means
when an analysis of variance (ANOVA) indicated a sig-
nificant (P < 0.05) F ratio. For the analysis of the
immunohistochemical data, a nonparametric test (Kruskal—
Wallis) was used. Differences were considered statistically
significant when the P < 0.05.

Results
Biochemical findings

Blood glucose and serum insulin levels of experimental
animals are shown in Table 1. The diabetic animals
exhibited consistently hyperglycaemia (P < 0.01) and
insulin deficiency (P < 0.001). The treatment of both NS
and TQ caused a sharp decrease in the elevated serum
glucose (P < 0.01, 0.05, respectively), and an increase in
the lowered serum insulin concentrations (P < 0.01, 0.05,
respectively) (Table 1) in STZ induced diabetic rats.

The baseline weights of the rats at the beginning of the
study were similar in all groups. At the end of the treat-
ment, diabetic animals presented weight loss. The initial
and final body weights were not different in control rats
and NS and TQ-treated diabetic rats (Table 1).

Table 1 Body weight, serum glucose and insulin levels of A (con-
trol), B (diabetic untreated), C (diabetic treated with NS) and D
(diabetic treated with TQ) groups

Parameters A B C D

Initial body weight (g) 235+ 11 233 %9 238 £ 11 232 +38

Final body weight (g) 239+9 187 +9" 234+8 23110

Initial serum 98 + 8 95+ 5 97 +7 96 + 6
glucose (mg/dl)

Final serum 99+8 287+ 14° 156+9° 183 + 8¢
glucose (mg/dl)

Initial serum 56 £5 57«5 586 576
insulin (mU/1)

Final serum 59+6 11x2° 25+3"  17x38

insulin (mU/1)

Statistical analysis used one-way ANOVA with Tukey’s test. Values
are expressed as means = SD, n = 10 for each group

% P <0.05 compared to A group
> P <0.01 compared to A group
¢ P < 0.01 compared to B group
4 P < 0.05 compared to B group
¢ P < 0.001 compared to A group
fP<0.01 compared to B group
& P < 0.05 compared to B group
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Immunohistochemical findings

Immunohistochemical labelling of the pancreatic tissues of
control rats revealed strong insulin antigen positivity in the
f-cells of the islets (Fig. 1a). In diabetic untreated rats, the
cells were essentially negative for insulin-immunoreactiv-
ity and only a few f-cells in some islets displayed slight
insulin-immunopositivity in small granules (P < 0.0001)
(Fig. 1b). In diabetic rats with NS treatment, both the
number of insulin-immunoreactive f-cells and the immu-
nopositivity of their granules increased in comparison to
that seen in diabetic untreated rats (P < 0.001) (Fig. 1c)
and diabetic treated with TQ (P < 0.01) (Fig. 1d)
(Table 2). The percentage of the insulin immunoreactive
p-cells area was calculated and results are shown in Table 3.
STZ induced a significant decrease in the area of insulin
immunoreactive f-cells (P < 0.0001). NS (P < 0.001) and
TQ (P < 0.01) treatment resulted in increased area of insulin
immunoreactive f5-cells significantly.

Histopathologic changes

The mean myelinated fibre area was decreased in diabetic
rats (34.6 £+4.8) compared with nondiabetic rats
(554 £ 6.2) and these changes were alleviated by NS
(48.3 = .1) and TQ (41.7 = .7). In contrast, the mean fibre
density was increased in diabetic rats (19.8 + .25) com-
pared with nondiabetic rats (10.3 + .9), but the increase
was inhibited by NS (13.2 +.1) and TQ (163 =.7)
administration (P < 0.05 or 0.01; Table 4).

In control rats, histology of sciatic nerves was normal
(Fig. 2a). An increase of the connective tissue was seen
around the epineurium (Fig. 2b) in diabetic rats, whereas
the mass of connective tissue of sciatic nerves was mark-
edly reduced in TQ (Fig. 2d) and especially NS treated
groups (Fig. 2c).

Electron microscopic findings

Ultrastructural examination of the sciatic nerves in control
group showed normal structure (Fig. 3a). Sciatic nerve
electronmicrograph of diabetic rats shows myelin
destructions with onion-bulb and bubble form protrusion
on the myelin sheath and axolemma border of myelinated
axons. The most striking morphologic changes of the
axonal myelins were vacuolization and lamellar sepera-
tion. Shrunken and swollen axons were common. Total
damage and deformation of the axons was evident in some
nerve fibres. Degenerative changes were also observed in
Schwann cells. There were vacuolization in the cytoplasm
of these cells. In the endoneural areas among the myelin-
ated and unmyelinated axons there were seen abundant
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Fig. 1 (a) Control group
showing f-cells in the islet of
Langerhans that are strongly
stain with the antiinsulin
antibody. (b) In the islets of
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Table 2 Image analysis of immunohistochemical staining intensity of insulin in ff-cells in pancreatic islets of A (control), B (diabetic untreated),
C (diabetic treated with NS) and D (diabetic treated with TQ) groups

Groups 0 (absent) 1 (weak) 2 (moderate) 3 (strong) 4 (very strong)
A - - - 20.63 = 2.59' 80.36 + 6.47
B 96.55 + 8.15% 3.45 +0.21¢ - - -

C 4550 + 6.11° 30.50 + 4.44° 17.95 + 2.63¢% 6.05 + 0.54 -

D 61.22 + 5.98° 24.02 + 3.02" 12.66 + 1.19" 2.76 + 0.49" -

Kruskal-Wallis test was used for statistical analysis. Values are expressed as means + SD, n = 100 islets for each group
% P < 0.01 compared to C group
® P < 0.05 compared to D group
¢ P < 0.05 compared to B group
4 P < 0.001 compared to C group
¢ P < 0.05 compared to D group
f P <0.01 compared to B group
& P < 0.05 compared to D group
" P < 0.05 compared to C group
! P < 0.01 compared to C group

5 P < 0.05 compared to D group
K P < 0.001 compared to A group

collagen fibres. Fibre degeneration was associated with
endoneurial edema. Collagen fibres among the myelinated
fibres were less than surrounding unmyelinated axons.
Unmyelinated fibres were relatively normal (Fig. 3b).
Histologic evaluation of the tissues in animals pretreated
with TQ and especially NS showed fewer morphologic
alterations. Myelin breakdown decreased markedly after
treatment with TQ (Fig. 3d), but to lesser extent than NS
(Fig. 3c). Likewise, ultrastructural features of myelin and
axons showed remarkable improvement. Vacuolization and
lamellar seperation of the axonal myelin was less obvious.
The fine structure of Schwann cells was seemingly normal.

Collagen fibres and endoneurial edema were also less in
NS and TQ groups as compared with the diabetic rats
(Fig. 3c, d).

Discussion

In the current study, we compared the possible beneficial
effects of NS and TQ on PN in STZ induced diabetic rats.
DPN is a multifactorial disorder, attributable to the
reversible metabolic consequences of hyperglycaemia,
insulin deficiency, or both [12] that are thought to induce
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Table 3 Comparison area of the insulin immunoreactive fS-cells in
the Langerhans islets of A (control), B (diabetic untreated), C (dia-
betic treated with NS) and D (diabetic treated with TQ) groups

Groups Mean area of insulin immunoreactive
p-cells in islets %

A 96.55 + 8.15

B 3.45 +0.21*

C 445 + 4.1°

D 31.1 £3.2¢

Kruskal-Wallis test was used for statistical analysis. Values are
expressed as means = SD; n = 10 animals for each group

% P <0.0001 compared to A group
4 P < 0.001 compared to C group
® P < 0.05 compared to D group

¢ P <0.01 compared to B group

Table 4 Comparison area and density of the myelinated fibres in the
sciatic nerves of A (control), B (diabetic untreated), C (diabetic
treated with NS) and D (diabetic treated with TQ) groups

Groups Myelinated fibre Myelinated fibre density
area (pmz) (><103 per mmz)

A 554 +£6.2 103 £0.9

B 34.6 £ 4.8° 19.8 + 1.25¢

C 483 +5.1° 132+ 1.1°

D 41.7 + 4.7° 163 + 1.7°

Kruskal-Wallis test was used for statistical analysis. Values are
expressed as means = SD; n = 10 animals for each group

% P <0.01 compared to A group
® P < 0.05 compared to B group
¢ P < 0.05 compared to B group
4 P < 0.01 compared to A group
¢ P < 0.05 compared to B group
fP<0.05 compared to B group

further neurochemical, neurotrophic, or neurovascular
defects in the peripheral nervous system. Accumulating
evidence implicates increased oxidative stress [39—42] and
alterations in glucose-sensitive signal transduction path-
ways [43] in the pathogenesis of experimental diabetic
neuropathy. Hyperglycaemia is proposed to promote oxi-
dative stress and generate reactive oxygen species (ROS).
In turn, increased ROS are directly neurotoxic, promoting
neuronal apoptosis [44, 45], and may inhibit mitochondrial
respiratory enzymes, leading to deficits of nerve energy
production and nerve functional deficits. Insulin deficiency
can also promote alterations in fatty acid metabolism [46],
limiting the formation of arachidonate [46], and thereby
perturbing the production of vasodilating eicosanoids
including prostacyclin [47] and prostaglandin (PG) E; [48].
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In the nerve, increased oxidative stress [49, 50], and nerve
hypoxia [51].

Peripheral neuropathy, associated with diabetes, neuro-
toxic chemotherapy, human immunodeficiency virus
(HIV)/antiretroviral drugs, alcoholism, nutrient deficien-
cies, heavy metal toxicity and other etiologies, results in
significant morbidity. Diabetes results in increased prod-
ucts of oxidation. In hyperglycaemia, glucose combines
with protein, yielding glycosylated proteins, which can
become damaged by free radicals and combine with fats,
yielding AGEs that damage sensitive tissues. In addition,
glycosylation of antioxidant enzymes can render the
defense system less efficient. Significant evidence points to
increased oxidative stress in DPN, either because of
enhanced production of ROS or defective scavenging of
free radicals. Conventional pain medications primarily
mask symptoms and have significant side effects and
addiction profiles. However, a widening body of research
indicates alternative medicine may offer significant benefit
to this patient population. Alpha-lipoic acid, acetyl-L-car-
nitine, benfotiamine, methylcobalamin and topical
capsaicin are among the most well researched alternative
options for the treatment of PN [52]. The pathology of
diabetic neuropathy also involves polyol pathway flux,
oxidative stress, AGE and microvascular injuries. Polyol
pathway flux activated by hyperglycaemia plays an
important role in diabetic neuropathy and other tissues
prone to diabetic complications [53].

It has been reported that at week 12, rats with STZ
induced diabetes exhibited symptoms of diabetes and dia-
betic complications, including peripheral sensory nerve
injury. Moreover, clinical data have shown that up to 100%
of diabetic patients suffering PN manifest electrophysio-
logical conduction abnormalities [54]. In an experiments,
diabetic rats treated with bendazac lysine (BDL) and
epalrestat exhibited amelioration of the changes in patho-
logical morphology of myelinated nerve fibres. Therapy
with an AR inhibitor has been reported to correct periph-
eral nerve defects, such as improving slowed motor nerve
conduction velocity, increasing nerve blood flow and pre-
venting structural nerve fibre damage [55]. In diabetic
models, BDL exhibited dose-dependent inhibitory effects
on AR [56]. Animal studies also confirm the benefit of
benfotiamine for neuropathy in a rat model of DPN [57,
58]. One study comparing the effect of water-soluble thi-
amine with lipid-soluble benfotiamine found benfotiamine
superior in preventing functional nerve damage and pre-
venting formation of AGEs—a cause of DPN [58]. In STZ
induced diabetic rats, methylcobalamin resulted in
decreased demyelination and protection of nerve fibre
density and size. The rats were administered intra-muscular
methylcobalamin at a very high-daily dose of 500 mcg/kg
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Fig. 2 Representative light
microphotographs showing the
sciatic nerve. (a) Control rats:
normal connective tissue
without fibrosis around the
epineurium is seen. (b) Diabetic
neuropathy rats: an increase of
the connective tissue with
fibrosis is seen around the
epineurium (arrow head). (c)
Diabetic neuropathy rats treated
NS: light fibrosis are seen
around the epineurium (arrow
head). (d) Diabetic neuropathy
rats treated TQ: mild fibrosis
(arrow head) is seen around the
epineurium. H&E, scale bar
100 pm

body weight for 16 weeks [59]. An in vitro study helps to
illuminate a possible mechanism for pyridoxine in the
prevention of DPN. Both pyridoxine and its intermediate
metabolite pyridoxamine were found to inhibit free radical
formation, lipid peroxidation, and protein glycosylation,
and protect (Na+/K+)-ATPase activity—all mechanisms
involved in DPN—in red blood cells exposed to high-
glucose concentrations [60].

Among pathogenetic factors associated with diabetic
neuropathy, hyperglycaemia may be the trigger for bio-
chemical dysfunction leading to the development of DPN.
Persistent hyperglycaemia also brings about an abatement of
insulin secretion and insulin resistance of peripheral tissues,
which further worsens the control of blood glucose levels in
diabetes [61, 62]. TQ and especially NS ameliorated blood
glucose and insulin levels in the present study, in accordance
with data reported previously [34, 35]. This indicates that NS
and TQ affects blood glucose levels, and insulin. We
deduced that the antioxidant activity of NS may alleviate
damage to f-cells in the pancreas caused by STZ, so that the
condition in NS-treated diabetic rats in the present study,
including the secretion of insulin and hyperglycaemia levels
in the serum, was better than that of the TQ group.

In our previous study [28], we found that NS has some
neuroprotective and restorative effects on secondary
pathochemical events after spinal cord injury in rats. These

restorative effects mainly observed on oxidative stress and
neuronal numbers and neuronal morphology. But to date,
no biochemical and histopathological changes of sciatic
nerves in STZ induced diabetic rats by NS and TQ treat-
ment have been reported. In this study, histologic
evaluation of the tissues in diabetic animals treated with
TQ and especially NS showed fewer morphologic altera-
tions. Myelin breakdown decreased significantly after
treatment with TQ, but to lesser extent than NS. Vacuoli-
zation and lamellar seperation of the axonal myelin was
less obvious in NS group. Collagen fibres and endoneurial
edema were also less in NS group as compared with the TQ
treated diabetic rats.

As in previous studies [63, 64], the weight gain of the
diabetic rats was significantly decreased as compared with
that of the control animals. This is caused by a decreased
availability of glucose and amino acids to cells, creating a
shortage of substrates for cellular biosynthesis and affect-
ing related cellular metabolism [64]. Dietary supplemen-
tation with 10 and 20% xylitol in the diabetic rats led to
increased body weight as compared with the diabetic rats
without xylitol. This is most likely a consequence of the
ability of diabetic animals to use xylitol as a substrate in
energy metabolism [65]. Likewise, in our previous study
[24], NS and TQ treated rats had normal weight compa-
rable to that of normal rats.
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Fig. 3 Representative transmission electron micrographs showing
the ultrastructure of sciatic nerves. (a) Control rats: intact myelinated
axon. (b) Diabetic neuropathy rats: serious demyelination (arrow
head) is seen, with entire axon separation from sheaths (asterisk). In
the endoneural edema areas among the myelinated and unmyelinated
axons there were seen abundant collagen fibres. (c¢) Diabetic
neuropathy rats treated with NS: tiny segmental demyelination and

In summary, we conclude that TQ and especially NS
therapy causes biochemical and morphologic improvement
on sciatic nerves which have been subjected to STZ
exposure. We postulate that the neuroprotective effects of
TQ and especially NS are attributed to its direct and indi-
rect antioxidant actions. We believe that further preclinical
research into the utility of NS and TQ may indicate its
usefulness as a potential treatment on PN in STZ induced
diabetic rats.
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