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Abstract 

Introduction: There are extensive people exposures to paraquat (PQ) herbi-
cide resulting in human health hazards. Aim of the Work: To compare the 
beneficial neuroprotective effects of hesperidin and benfotiamine on paraquat 
(PQ)-induced spinal cord neurotoxic effects in rats. Materials and Methods: 
Rats were divided into 4 groups as following: control, paraquat (PQ 20.8 mg/kg, 
oral gavage (e.g.)), paraquat + benfotiamine (50 mg/kg, oral gavage (e.g.)) 
and paraquat + hesperidin (40 mg/kg, oral gavage (e.g.)). PQ is given as the 
previous dose. Rats are treated 6 days per week. Results: There was a signifi-
cant increased mean value of malondialdehyde associated with a significant 
reduction in the content of reduced glutathione and antioxidant enzymes ac-
tivities associated with a significant increase in Serum phosphorylated neurofila-
ment-H, neurospecific enolase and s100 levels were recorded and significant 
spinal cord histopathological changes in paraquat treated group as compared to 
their corresponding values in the control group and immunohistochemical 
examination confirmed these results. Upon supplementation with benfotiamine 
and hesperidin to paraquat treated rats, there was a significant decrease in the 
mean values of malondialdehyde associated with a marked increase in the 
content of reduced glutathione and antioxidant enzymes activities associated 
with a significant decrease in Serum phosphorylated neurofilament-H, neuros-
pecific enolase and s100 levels were also recorded with significant improve-
ment of spinal cord architecture when compared with the paraquat treated 
group. Conclusion: The use of benfotiamine and hesperidin produced a sig-
nificant protection against all of the above-mentioned changes.  
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1. Introduction 

Paraquat (PQ) has a wide range of use as an herbicide, and one of the most im-
portant agents to control weeds in a variety of crops. PQ is not only hazardous to 
human health but also highly toxic to plants, farm animals and man [1] [2]. 

Oral, inhalation and damaged skin are the main routes of exposure to the para- 
quat. Paraquat Mortality rate is high because of suicidal attempts by its ingestion 
or occupational dermal damage. Paraquat is a corrosive agent to the skin make it 
is easily absorbed into the body. Due to its local accumulation, the lung is the 
primary site of its toxic effects [3]. Additionally, chronic exposure to PQ was rec-
orded to be accompanied with liver failure, kidney failure, and Parkinsonian lesions 
with lung fibrosis [4]. 

Paraquat is environmental pro-oxidant pollutants that induce free radical re-
lease. At high concentrations, they cause oxidative stress, a damageable process 
that can impair cell function, structures and has been claimed in many patho-
logical situations [5]. 

Thiamine (Vitamin B1) is essential for the nervous system. It is the precursor 
of thiamine Diphosphate (ThDP), an important coenzyme for transketolase, py-
ruvate dehydrogenase and 2-oxoglutarate dehydrogenase [6]. It is thus essential 
for nervous system energy metabolism. ThDP is formed by pyro phosphorylation 
of thiamine, a reaction catalyzed by Thiamine Pyro Phosphokinase (TPK) [7]. 

Presently, the most widely used is Benfotiamine (BNF). Initially, BNF was used 
to increase blood thiamine levels in patients suffering from thiamine deficiency. 
It was later shown to prevent experimental diabetic retinopathy [8]. More recent-
ly, BFT was shown to have powerful beneficial effects in mouse models of neu-
rodegenerative diseases [9] [10]. 

Benfotiamine (BNF), an acyl thiamine derivative, is a powerful NADPH oxi-
dase inhibitor that protects tissue injury in many experimental models [11]. Benfo- 
tiamine has been recorded to offer protection against diabetes mellitus compli-
cations as neuropathy, nephropathy and retinopathy [12]. Benfotiamine inhibits 
the Protein Kinase C (PKC) pathway, thus inhibiting the NF-κB activation in di-
abetes mellitus patients [13]. Moreover, benfotiamine activates the transketolase 
enzyme that eventually blocks the production of NADPH oxidase and increases 
the antioxidant properties (Figure 1) [14]. 

Flavonoids are compounds polyphenolic in nature that are obtained from all 
foods of plant origin. They protect biological organs against free radical-induced 
oxidative damage (Figure 2) [15]. 

Hesperidin (HSP) is a flavanone glycoside hugely found in orange and lemon 
and is a cheap by product of citrus cultivation [16]. HSP is beneficially supple-
mented in the complementary treatment protocols. Abnormal capillary leakage, 
limbs pain, weakness and cramps are caused by HSP deficiency. Supplemental 
hesperidin also helps in reducing fluid exudation from capillaries [17]. HSP had an-
timutagenic activity [18], nerve health-promoting effects [19] and to protect 
against neurotoxicity [20]. 
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Figure 1. Role of benfotiamine in different conditions and its molecular targets. 
 

 

Figure 2. Role of hesperidin in different conditions. 
 

Aim of this work is to compare the neuroprotective role of benfotiamine and 
hesperidin against paraquat produced biochemical, and histological changes in 
the spinal cord of adult albino rats. 

Ethics approval 
This study was approved by the local ethical committee of the Faculty of Medi-

cine, Zagazig, Egypt. 

2. Material and Method 
2.1. Chemicals 
2.1.1. Paraquat 
It was (≥ 98%) purchased from (St. Louis, MO, USA). was diluted in water. 

2.1.2. Benfotiamine 
It was purchased from Sigma-Aldrich, (MO, USA). 
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2.1.3. Hesperidin 
It was purchased from Sigma-Aldrich Chemical Company (St. Louis, MO, USA). 

2.1.4. Distilled Water 
As diluent to the paraquat and other chemicals. 

2.2. Kits 
2.2.1. Oxidative Stress Markers (MDA, GSH, CAT Enzyme, SOD Enzyme,  

and GPx Enzyme) 
Kit was purchased from Bio diagnostic chemical company in Cairo.  

2.2.2. Phosphorylated Neurofilament-H (PNF-H) 
It was purchased from Sigma-Aldrich, (BioVendor Research and Diagnostic Prod-
uct, Heidelberg, Germany). 

2.2.3. Neurospecific Enolase (NSE) 
It was purchased from Sigma-Aldrich (CanAg Diagnostics, Gothenburg, Swe-
den). 

2.2.4. S100 
It was purchased from Sigma-Aldrich (CanAg Diagnostics, Gothenburg, Swe-
den). 

2.3. Animals 

This study was carried on 40 adult male albino rats, each weighing 150 grams. 
The study had been designed in the Faculty of Medicine, Zagazig University. All 
animals received care in compliance with the Animal Care Guidelines and Ethi-
cal Regulations in accordance with “The Guide for the Care and Use of Labora-
tory Animals” (Institute of Laboratory Animal Resources (1996). In order to ex-
clude fallacies, the following environmental conditions were standardized accor-
dingly to Cuschier and Backer (1977). 

1) The climate conditions in the animal house and in the cage free from any 
source of chemical contamination under room temperature (22˚C ± 2˚C), rela-
tive humidity 50% ± 5% and a 12 h light cycle with free access to tap water with 
proper ventilation. 

2) Intensity, quality, periodicity and duration of light were that of the natural 
light. 

3) Bedding and wood shavings were usually kept in galvanized iron-mesh 
cages with solid bottoms that were changed frequently to keep the animal 
clean. 

4) Overcrowding was avoided as well as isolation was avoided so, 10 rats per 
cage were put. 

5) Low noise level was maintained as noise may affect the behaviour of the 
animals. 

The rats were kept in this environment for two weeks before starting experi-
mentation to be adapted to any possible stress secondary to transportation pro-
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cedure from the animal supplier or due to sudden environmental modification 
and exclude any diseased animals. The rats received balanced food, rich in all 
stuffs necessary to maintain their health before and during drug administration. 
It consists of ad libitum. Distilled water was offered in separate clean containers 
[21]. 

Study Design 
The study was done for 4 weeks and the rats were randomly divided into 4 
groups each of 10 rats. All chemicals are dissolved in (1 ml) distilled water and 
are given once daily 6 days/week: 

Group I (control group): Each rat received only regular diet and distilled 
water to determine the basic values of performance. These rats were left without 
intervention to measure the basic parameters. 

Group II (paraquat group (PQ): Each rat was gavaged orally with 20.8 
mg/kg/day paraquat [22].  

Group III (benfotiamine + paraquat group (BNF + PQ): Each rat was ga-
vaged orally with 100 mg/kg/day benfotaimine [23]. was given 1 hour before pa-
raquat that given in the previous doses and manner. 

Group IV (hesperidin + paraquat group (HSP + PQ): Each rat was gavaged 
orally with 40 mg/kg hesperidin [24]. was given 1 hour before paraquat that 
given in the previous doses and manner. 

Oral administration was via appropriate sized metallic tube specific for gastric 
intubation of rats. Excess use of vehicle was avoided for fear of causing gastric 
distention, overflow or regurgitation that might lead to tracheal aspiration. One 
month injection in rats is equivalent to 24 months in human being [25]. 

2.4. Methods 

 After 24 hours of the last administration, the rats were anesthetized with so-
dium pentobarbital (50 mg/kg body weight) by intraperitoneal injection. Blood 
samples were taken from retro-orbital plexuses into tubes containing EDTA 
for biochemical analysis, and then each rat was pinned to a dissecting board 
in a prone position. A midline incision was made from the neck to the sacral 
region [26]. Dead animals in each group were dissected, laminectomy was 
done and spinal cords were excised and examined for histopathological stu-
dies by light microscopy to know the underlying histopathological changes. The 
spinal cords specimens were fixed in Bouin’s fixative, then processed to pre-
pare 5-mm-thick paraffin sections, and stained with hematoxylin and eosin 
according to [27].  

 The rat spine was harvested en bloc from the T11 vertebra to the L1 ver-
tebra where the lumbar spinal cord located (Figure 3) (last rib was the land 
mark = T13, T13 - L1 vertebrae = L4 - L5 spinal segments), then it was cleared 
of the paraspinal muscles and fixed in 10% neutral formalin then lateral la-
minectomy was done to each vertebra to clear lumbar spinal cord which 
post fixed in 10% neutral formalin for histopathological examination [28]. 
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Figure 3. Dissection of the lumbar part of spinal cord. (a) The rat spine was dissected 
from the T11 vertebra to the L1 vertebra where the lumbar spinal cord located; (b) The 
rat spine was harvested en bloc [29]. 

2.5. Biochemical Assays 
2.5.1. Reduced Glutathione (GSH) Level in Spinal Cord 
This was determined by the method of Ellman [30] measuring yellow colour 
when 5,5-dithio-bis-2 nitro benzoic acid (DTNB) was added with spinal cords 
homogenates in phosphate buffer, then centrifuged. The absorbance was meas-
ured spectrophotometrically by ErbaChem 7. 

2.5.2. Malonyldialdehyde (MDA) Level in Spinal Cord 
This was detected in the spinal cord homogenates by the method of Draper and 
Hadley [31] following the reaction of thiobarbituricacid (TBA) with malonyldial- 
dehyde (MDA). The pink color produced was detected spectrophotometrically 
by ErbaChem 7. 

2.5.3. Antioxidant Enzyme Activities in Spinal Cord 
1) Catalase activity (CAT): This was detected following Aebi [32] by adding 

the homogenate hydrogen superoxide (H2O2) with phosphate buffer; the changes 
in absorbance were recorded spectrophotometrically by ErbaChem 7. 

2) Superoxide dismutase activity (SOD): This was estimated according to 
Beauchamp and Fridovich [33] by adding potassium phosphate buffer, EDTA, 
L-methionine, riboflavin and nitro blue tetrazolium (NBT). Blue color in the reac-
tion was measured spectrophotometrically by ErbaChem 7. 

3) Glutathione peroxidase activity (GPx): This was detected following Flohe 
and Günzler [34] procedure. The mixture of phosphate buffer, glutathione (GSH), 
sodium aside, and H2O2 and spinal cords homogenates was prepared. Tubes 
were centrifuged and the supernatant was collected. The absorbance was rec-
orded spectrophotometrically by ErbaChem 7. 
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2.5.4. Serum Phosporylated Neurofilament-H (PNF-H) Levels 
Serum phosphorylated neurofilament-H (PNF-H) serum levels of rats in each group 
were analyzed using an enzyme-linked immunosorbent assay (ELISA), accord-
ing to the manufacturer instructions. Detection limit is 23.5 pg/ml, within- and 
inter run assay precision < 5% [35]. 

2.5.5. Serum Neurospecific Enolase (NSE) Levels 
The levels of serum NSE were depended on 2 monoclonal antibodies processed 
against 2 separate antigenic determinants of the NSE molecule. The monoclonal 
antibodies unit to the subunit of the enzyme. NSE serum levels were measured 
by Enzyme Immunometric Assay (EIA) kit. The detection limit of the kit is (1 - 
150 μg/L) [36]. 

2.5.6. Serum S100 Levels 
The serum S100 levels were determined by a commercially available ELISA kit. 
The assay is depended on an antibody specific for the S100 dimer as catcher and 
HRP labeled monoclonal antibodies specific for S100 detection. The detection 
limit of this assay is 0.02 g/L [37]. 

2.5.7. Histopathological and Immunohistochemical Studies 
The lumbar part of the spinal cord of rats from all groups were excised and fixed 
in 10% neutral formalin, then dehydrated in 70% ethanol. Each lumbar spinal 
cord was then embedded in paraffin and subjected to the following: 

Histopathological evaluations 
Five μm sections were sectioned from the paraffin block and stained by hema- 

toxylin and eosin then were examined under light microscope. The recommended 
technique was acorrding to Horobin and Bancroft [38]. 

Immunohistochemical evaluations 
Immunostaining was done on serial sections, 4 μm in thickness were cut on 

slides. The tissue sections were deparaffinized in xylene and rehydrated in graded 
ethanol. Deparaffinized tissue sections were emersed in hydrogen peroxide for 
10 min to inhibit non-specific peroxidase reaction. Microwave antigen retrieval 
was processed for 20 min in citrate buffer 0.01 M (pH 6.0). After washing with 
PBS, the slides were incubated for 60 min at room temperature with monoclonal 
antibodies (primary antisera against nitrotyrosine); Anti-3-Nitrotyrosine anti-
body ([39B6] ab61392, dilution 1:200, abcam, UK). Binding site of primary an-
tibodies was visualized by using the Dako EnVisionTM kit (Dako, Copenhagen, 
Denmark). Then, the sections were counterstained with Mayer’s hematoxylin 
[39]. 

Method of evaluation of IHC results 
Qualitative interpretation of IHC data was used as a method of evaluation as 

identified by Zimmermann et al. [40]. The spectrum of categories describing dif-
ferent force of IHC expression in investigated groups include: negative (−), weak 
(+), moderate (++) and strong (+++). 

The biochemical and IHC results of the present study have been tabulated and 
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themed to statistical analysis. 
Statestical analysis 
The collected data were expressed as Mean ± SD. The statistical analysis was 

performed using a commercial software package (SPSS version 20 for Windows). 
The data were presented by means and the following tests were used: Arithmetic 
mean (X) and Standard deviation (SD). Student t test was used for comparison 
between means Level of significance. Significance was set at P value less than 
0.05 for all comparisons. 

3. Results 
3.1. Biochemical Results 
3.1.1. Reduced Glutathione (GSH) Level in Spinal Cord 
There was highly significant decrease of spinal cord tissue (GSH) content in 
(PQ) treated rats group when compared with the control, (BNF + PQ) and (HSP 
+ PQ) groups (Table 1, Table 4, Table 5). There was non-significant difference 
of spinal cord tissue (GSH) content in (BNF + PQ) treated rats group when 
compared with the (HSP + PQ) group (Table 6). There was non-significant dif-
ference of spinal cord tissue (GSH) content in (BNF + PQ) and (HSP + PQ) 
treated rats group when compared with the control group (Table 2, Table 3). 

3.1.2. Malonyldialdehyde (MDA) Level in Spinal Cord 
There was highly significant increase of spinal cord tissue (MDA) content in 
(PQ) treated rats group when compared with the control, (BNF + PQ) and (HSP 
+ PQ) groups (Table 1, Table 4, Table 5). There was non-significant difference 
of spinal cord tissue (MDA) content in (BNF + PQ) treated rats group when  
 
Table 1. A statistical comparison between (control group “I” and PQ treated group “II”) 
as regard mean values of as regard mean values of glutathione peroxidase and malonyldialde-
hydeby t-test. 

Group 
Parametrs 

Control 
Group 

Mean ± SD 

PQ 
Group 

Mean ± SD 
p 

Reduced glutathione (mg/g) 235.00 ± 2.27 162.17 ± 2.37 <0.001** 

Malonyldialdehyde (nmol/g) 28.35 ± 0.69 63.7 ± 3.93 <0.001** 

SD = Standard deviation; N.B: ** = highly significant; PQ = paraquat. t test = student’s t-test. 
 
Table 2. A statistical comparison between (control group “I” and BNF + PQ treated 
group “III”) as regard mean values of as regard mean values of glutathione peroxidase 
and malonyldialdehydeby t-test. 

Group 
Parametrs 

Control 
Group 

Mean ± SD 

BNF + PQ 
Group 

Mean ± SD 
p 

Reduced glutathione (mg/g) 235.00 ± 2.27 232.16 ± 3.39 0.10# 

Malonyldialdehyde (nmol/g) 28.35 ± 0.69 30.85 ± 2.57 0.78# 

SD = Standard deviation; N.B: # = non significant; PQ = paraquat; BNF = benfotiamine. t test = student’s t-test. 
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Table 3. A statistical comparison between (control group “I” and HSP + PQ treated group 
“IV”) as regard mean values of as regard mean values of glutathione peroxidase and malonyl- 
dialdehydeby t-test. 

Group 
Parametrs 

Control 
Group 

Mean ± SD 

HSP + PQ 
Group 

Mean ± SD 
p 

Reduced glutathione (mg/g) 235.00 ± 2.27 232.70 ± 2.54 0.12# 

Malonyldialdehyde (nmol/g) 28.35 ± 0.69 28.35 ± 0.69 0.25# 

SD = Standard deviation; N.B: # = non significant; PQ = paraquat; HSP = hesperidin. t test = student’s t-test. 

 
Table 4. A statistical comparison between (PQ group “II” and BNF + PQ treated group 
“III”) as regard mean values of as regard mean values of glutathione peroxidase and malonyl- 
dialdehydeby t-test. 

Group 
Parametrs 

PQ 
Group 

Mean ± SD 

BNF + PQ 
Group 

Mean ± SD 
p 

Reduced glutation (mg/g) 162.17 ± 2.37 232.16 ± 3.39 <0.001** 

Malonyldialdehyde (nmol/g) 63.7 ± 3.93 30.85 ± 2.57 <0.001** 

SD = Standard deviation; N.B: ** = highly significant; PQ = paraquat; BNF = benfotiamine. t test = student’s t-test. 
 
Table 5. A statistical comparison between (PQ group “II” and HSP + PQ treated group 
“IV”) as regard mean values of as regard mean values of glutathione peroxidase and malonyl- 
dialdehydeby t-test. 

Group 
Parametrs 

PQ 
Group 

Mean ± SD 

HSP + PQ 
Group 

Mean ± SD 
p 

Reduced glutathione (mg/g) 162.17 ± 2.37 232.70 ± 2.54 <0.001** 

Malonyldialdehyde (nmol/g) 63.7 ± 3.93 28.35 ± 0.69 <0.001** 

SD = Standard deviation; N.B: ** = highly significant; PQ = paraquat; HSP = hesperidin. t test = student’s t-test. 

 
compared with the (HSP + PQ) group (Table 6). There was non-significant dif-
ference of spinal cord tissue (MDA) content in (BNF + PQ) and (HSP + PQ) treated 
rats group when compared with the control group (Table 2, Table 3).  

3.1.3. Antioxidant Enzyme Activities 
Spinal cord antioxidant enzyme activities significantly decreased in the (PQ) 
treated group as compared to the control, (BNF + PQ), and (HSP + PQ) groups, 
in the activities of (CAT) (Figure 4), (SOD) (Figure 5) and (GPx) (Figure 6) in 
spinal cord homogenates of rats. 

3.1.4. Serum Phosporylated Neurofilament-H (PNF-H) Levels 
When serum PNF-H mean values of the PQ treated group “II” compared to 
group “I”, BNF + PQ group “III”, and HSP + PQ group“IV”, showed a highly sig-
nificant increase after 4 weeks of PQ treatment (P < 0.001) (Table 7, Table 10, 
Table 11). 
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Figure 4. Bar chart showing comparative magnitude of activity of catalase enzymes (CAT) 
at different groups: control, paraquat (PQ), benfotaimine + paraquat (BNF + PQ) and 
hesperdin + paraquat (HSD + PQ) treated groups after 4 weeks of the study. 
 

 

Figure 5. Bar chart showing comparative magnitude of activity of superoxide dismutase 
enzyme (SOD) at different groups: control, paraquat (PQ), benfotaimine + paraquat (BNF 
+ PQ) and hesperdin + paraquat (HSD + PQ) treated groups after 4 weeks of the study. 
 

 

Figure 6. Bar chart showing comparative magnitude of activity of glutathione peroxidase 
enzyme (GPx) at different groups: control, paraquat (PQ), benfotaimine + paraquat (BNF 
+ PQ) and hesperdin + paraquat (HSD + PQ) treated groups after 4 weeks of the study. 
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Table 6. A statistical comparison between (BNF + PQ group “III” and HSP + PQ treated 
group “IV”) as regard mean values of as regard mean values of glutathione peroxidase 
and malonyldialdehydeby t-test. 

Group 
Parametrs 

BNF + PQ 
Group 

Mean ± SD 

HSP + PQ 
Group 

Mean ± SD 
p 

Reduced glutathione (mg/g) 232.16 ± 3.39 232.70 ± 2.54 0.41# 

Malonyldialdehyde (nmol/g) 30.85 ± 2.57 28.35 ± 0.69 0.11# 

SD = Standard deviation; N.B: # = non significant; PQ = paraquat; BNF = benfotiamine; HSP = hesperidin. 
t test = student’s t-test. 
 
Table 7. A statistical comparison between (control group “I” and PQ treated group “II”) 
as regard mean values of serum biochemical parameters by t-test. 

Group 
Parametrs 

Control 
Group 

Mean ± SD 

PQ 
Group 

Mean ± SD 
p 

Serum phosporylated neurofilament-H (PNF-H) 
(ng/ml) 

0.49 ± 0.04 6.19 ± 0.20 <0.001** 

Serum Neurospecific enolase (NSE) 
(μg/L) 

8.54 ± 0.32 31.55 ± 0.86 <0.001** 

Serum S100 levels 
(μg/L) 

0.095 ± 0.003 0.353 ± 0.036 <0.001** 

SD = Standard deviation; N.B: ** = highly significant; PQ = paraquat. t test = student’s t-test. 

 
When serum PNF-H mean values of BNF + PQ treated group “III” compared 

to group I, there was non-significant difference along the duration of the study 
(P < 0.05) (Table 8). 

When serum PNF-H mean values of the HSP + PQ treated group “IV” com-
pared to group “I”, showed non-significant difference after 4 weeks of HSP with 
PQ treatment (P < 0.001) (Table 9). 

When serum PNF-H mean values of the HSP + PQ treated group “IV” com-
pared to BNF + PQ group “III”, showed non-significant difference after 4 weeks 
of HSP with PQ treatment (P < 0.001) (Table 12). 

3.1.5. Serum Neurospecific Enolase (NSE) Levels 
When serum NSE mean values of the PQ treated group “II” compared to group 
“I”, BNF + PQ group “III”, and HSP + PQ group“IV”, showed a highly signifi-
cant increase after 4 weeks of PQ treatment (P < 0.001) (Table 7, Table 10, Ta-
ble 11). 

When serum NSE mean values of BNF + PQ treated group “III”, compared to 
group I, there was non-significant difference along the duration of the study (P < 
0.05) (Table 8). 

When serum NSE mean values of the HSP + PQ treated group “IV” compared 
to group “I”, showed non-significant difference after 4 weeks of HSP with PQ 
treatment (P < 0.001) (Table 9). 
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Table 8. A statistical comparison between (control group “I” and BNF + PQ treated 
group “III”) as regard mean values of serum biochemical parameters by t-test. 

Group 
Parametrs 

Control 
Group 

Mean ± SD 

BNF + PQ 
Group 

Mean ± SD 
p 

Serum phosporylated neurofilament-H (PNF-H) 
(ng/ml) 

0.49 ± 0.04 0.53 ± 0.06 0.20# 

Serum Neurospecific enolase (NSE) 
(μg/L) 

8.54 ± 0.32 8.63 ± 0.55 0.40# 

Serum S100 levels 
(μg/L) 

0.095 ± 0.003 0.102 ± 0.005 0.07# 

SD = Standard deviation; N.B: # = non significant; PQ = paraquat; BNF = benfotiamine. t test = student’s t-test. 
 
Table 9. A statistical comparison between (control group “I” and HSP + PQ treated 
group “IV”) as regard mean values of serum biochemical parameters by t-test. 

Group 
Parametrs 

Control 
Group 

Mean ± SD 

HSP + PQ 
Group 

Mean ± SD 
p 

Serum phosporylated neurofilament-H (PNF-H) 
(ng/ml) 

0.49 ± 0.04 0.55 ± 0.08 0.13# 

Serum Neurospecific enolase (NSE) 
(μg/L) 

8.54 ± 0.32 9.61 ± 1.22 0.09# 

Serum S100 levels 
(μg/L) 

0.095 ± 0.003 0.100 ± 0.007 0.18# 

SD = Standard deviation; N.B: # = non significant; PQ = paraquat; HSP = hesperidin. t test = student’s t-test. 
 
Table 10. A statistical comparison between (PQ group “II” and BNF + PQ treated group 
“III”) as regard mean values of serum biochemical parameters by t-test. 

Group 
Parametrs 

PQ 
Group 

Mean ± SD 

BNF + PQ 
Group 

Mean ± SD 
p 

Serum phosporylated neurofilament-H (PNF-H) 
(ng/ml) 

6.19 ± 0.20 0.53 ± 0.06 <0.001** 

Serum Neurospecific enolase (NSE) 
(μg/L) 

31.55 ± 0.86 8.63 ± 0.55 <0.001** 

Serum S100 levels 
(μg/L) 

0.353 ± 0.036 0.102 ± 0.005 <0.001** 

SD = Standard deviation; N.B: ** = highly significant; PQ = paraquat; BNF = benfotiamine. t test = student’s t-test. 
 
Table 11. A statistical comparison between (PQ group “II” and HSP + PQ treated group 
“IV”) as regard mean values of serum biochemical parameters by t-test. 

Group 
Parametrs 

PQ 
Group 

Mean ± SD 

HSP + PQ 
Group 

Mean ± SD 
p 

Serum phosporylated neurofilament-H (PNF-H) 
(ng/ml) 

6.19 ± 0.20 0.55 ± 0.08 <0.001** 

Serum Neurospecific enolase (NSE) 
(μg/L) 

31.55 ± 0.86 9.61 ± 1.22 <0.001** 

Serum S100 levels 
(μg/L) 

0.353 ± 0.036 0.100 ± 0.007 <0.001** 

SD = Standard deviation; N.B: ** = highly significant; PQ = paraquat; HSP = hesperidin. t test = student’s t-test. 
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When serum NSE mean values of the HSP + PQ treated group “IV” compared 
to BNF + PQ group “III”, there was non-significant difference along the dura-
tion of the study (P < 0.05) (Table 12). 

3.1.6. Serum S100 Levels 
When serum S100 mean values of the PQ treated group “II” compared to group 
“I”, BNF + PQ group “III”, and HSP + PQ group“IV”, showed a highly signifi-
cant increase after 4 weeks of PQ treatment (P < 0.001) (Table 7, Table 10, Ta-
ble 11). 

When serum S100 mean values of BNF + PQ treated group “III” compared to 
group I, there was non-significant difference along the duration of the study (P < 
0.05) (Table 8). 

When serum S100 mean values of the HSP + PQ treated group “IV” compared 
to group “I”, there was non-significant difference along the duration of the study 
(P < 0.05) (Table 9). 

When serum S100 mean values of the HSP + PQ treated group “IV” compared 
to BNF + PQ group “III”, there was non-significant difference along the dura-
tion of the study (P < 0.05) (Table 12). 

3.1.7. Histopathological Changes of the Spinal Cord 
Macroscopic examination 
Showed the spinal cord of both control and treated groups revealed normal 

appearance with no significant changes in size, any cystic changes or abnormal 
masses. Cut sections were normal. 

Light microscopic examination 
Control group 
Hematoxylin and eosin-stained sections showed normal histological structure 

of the spinal cord including apparent increase in number and size of basophilic 
differentiated motor neurons, decrease in different form of neuroglia and scat-
tered small capillaries (Figure 7). 

Paraquat group 
 
Table 12. A statistical comparison between (BFM + PQ group “III” and HSP + PQ 
treated group “IV”) as regard mean values of serum biochemical parameters by t-test. 

Group 
Parametrs 

BNF + PQ 
Group 

Mean ± SD 

HSP + PQ 
Group 

Mean ± SD 
p 

Serum phosporylated neurofilament-H (PNF-H) 
(ng/ml) 

0.53 ± 0.06 0.55 ± 0.08 0.34# 

Serum Neurospecific enolase (NSE) 
(μg/L) 

8.63 ± 0.55 9.61 ± 1.22 0.12# 

Serum S100 levels 
(μg/L) 

0.102 ± 0.005 0.100 ± 0.007 0.35# 

SD = Standard deviation; N.B: # = non significant; PQ = paraquat; BNF = benfotiamine; HSP = hesperidin. 
t test = student’s t-test. 
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Figure 7. Spinal cord transverse section (lumbar anterior horn) in Control rat shows in-
crease in number and size of basophilic differentiated motor neurons (N), decrease in 
different form of neuroglia (G) and scattered small capillaries (C) H & E (×400). 
 

Haematoxylin and eosin-stained sections showed decrease in differentiated 
and increase in degenerated neurons (eosinophilic, pyknotic). In addition to, 
neuropil hemorrhage, vacuolation neuropil, dilated congested capillaries, and 
neurogliosis (Figure 8).  

Benfotaimine and paraquat group 
Hematoxylin and eosin-stained sections showed near normal appearance of 

the control group sections with few vacuolation, degenerated neurons and di-
lated congested capillaries (Figure 9). 

Hesperidin and paraquat group 
Haematoxylin and eosin-stained sections showed near normal appearance of 

the control group sections with few vacuolation, degenerated neurons and di-
lated congested capillaries (Figure 9). 

Treatment with benfotaimine and hesperidin statistically reduced the patho-
logical lesions caused by paraquat (P < 0.001**) (Table 13).  

Immunohistochemical examination 
Nitrotyrosine cytoplasmic immunostaining was detected exclusively in the of 

neurons. In control group, low proportion of nitotyrosine-positive neurons and 
low morphologic alterations were observed (Figure 10).  

In paraquate group, many nitrotyrosine-positive neurons were found (Figure 
11). 

Benfotaimine + paraquate and hesperidin + paraquate treated groups showed 
low proportion of nitotyrosine-positive neurons (Figure 12). The distribution of 
nitrotyrosine immunohistochemical reactivity within rat tissues were negatively, 
moderately and strongly correlated with histologic and morphologic alterations 
affecting neurons appeared scattered, patchy, and diffuse. 
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Figure 8. Spinal cord transverse section (lumbar anterior horn) in paraquat treated rat 
shows decrease in differentiated and increase in degenerated neurons (eosinophilic [e], 
pyknotic [p]), neuropil hemorrhage (*) vacuolation neuropil (v), dilated congested capil-
laries, and neurogliosis (circle) H & E (×400). 
 

 

Figure 9. Spinal cord transverse section (lumbar anterior horn) in benfotaimine or hes-
peridin with paraquat treated rats shows similar picture to that of the control with few 
vacuolation (v), degenerated neurons (e) and dilated congested capillaries (*) H & E (×400). 
 

 

Figure 10. Spinal cord transverse section (lumbar anterior horn) in control rats Negative 
nitrotyrosine immunoreactivity is observed in neurons (×400). 
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Figure 11. Spinal cord transverse section (lumbar anterior horn) in paraquat treated rats 
shows positive strong Nitrotyrosine immunoreactivity is observed in the degenerated an-
terior horn neuron and reactive astrocytes show positive nitrotyrosine immunoreactivity 
(×400). 
 

 

Figure 12. Spinal cord transverse section (lumbar anterior horn) in benfotaimine or hes-
peridin with paraquat treated rats shows positive moderate Nitrotyrosine immunoreactivity 
is observed in the degenerated neuron and reactive astrocytes show positive nitrotyrosine 
immunoreactivity (×400). 
 
Table 13. Chi-square test statistical analysis of pathological changes in spinal cord of dif-
ferent groups. 

Group 

Control 
(N = 10) 

PQ 
(N = 10) 

BNF + PQ 
(N = 10) 

HSP + PQ 
(N = 10) X2 

Test 
P value 

No (%) No (%) No (%) No (%) 

Congested blood Vessels 0 (0.0) 5 (50.0) 2 (20.0) 3 (30.0) 41.35 <0.001** 

Irregular shrunken cells and 
vacuolated cytoplasm 

1 (10.0) 6 (60.0) 3 (30.0) 2 (20.0) 54.11 <0.001** 

Degenerative changes 0 (0.0) 5 (50.0) 1 (0.0) 3 (30.0) 48.32 <0.001** 

Apoptotic nuclei 2 (20.0) 7 (70.0) 5 (50.0) 4 (40.0) 64.74 <0.001** 

**: highly significant (P: <0.001). 
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Immunohistochemical staining of spinal cord neurons showed negative immune- 
reactivity in 90% of rats of control group (Table 14), while, 80% of rats of para- 
quat treated group showed strong immunoreactivity (Table 14). Moreover, para- 
quat + benfotaimine treated group showed negative to moderate to strong posi-
tive immunoreactivity in 20%, 70% and 10% of rats of this group respectively 
(Table 14). In addition, paraquat + hesperidin treated group showed negative to 
moderate to strong positive immunoreactivity in 10%, 80% and 10% of rats of 
this group respectively (Table 14). 

4. Discussion 

Exposure to environmental hazards including herbicides is one of the challenges 
that faces the scientists to discover and measure the safety of human health es-
pecially in occupational exposure that affect the people medical social and eco-
nomic sides. Oxidative stress and radicals has been recorded to be the major 
mechanism causing paraquat (PQ) toxicity [41]. 

In our study, there were highly significant increase, decreased in MAD and 
GSH respectively with decrease antioxidant enzyme activities in paraquate treated 
group indicating oxidative damage. These results are in parallel with Abd El-Rah- 
man et al. [42] who recorded that exposure to PQ significantly increased malon-
dialdehyde (MDA) while decreased glutathione content (GSH) with the enzyme 
activities in the blood, lung and dorsal aorta indicating oxidative stress and in-
creased lipid peroxidation. Redox cycle is the key of PQ induced toxicity as it is 
enzymatically reduced, by NADPH-cytochrome P450 reductase [43] and NADH- 
ubiquinone oxidoreductase (complex I) [44], to produce a PQ free radical with 
the subsequent production of the superoxide radical (O2•–) [45]. hydrogen pe-
roxide (H2O2) and hydroxyl radical (HO). It is skillfully registered that antioxi-
dants entertain a chief role in palliating the devastating effects of oxidative stress 
on different tissues. 

In our study, there was highly significant increase in serum PNF-H level in 
paraquat treated group that is indicating spinal cord damage. This result is in 
accordance with Adel et al. [46] who reported that serum pNF-H was highly sig-
nificant increase in their Multiple sclerosis patients than controls. Neurofilaments,  
 
Table 14. Chi-square test statistical analysis of nitrotyrosine expression in spinal cords of 
different studied groups. 

Group 

Control 
(N = 10) 

PQ 
(N = 10) 

BNF + PQ 
(N = 10) 

HSP + PQ 
(N = 10) X2 

Test 
P value 

No (%) No (%) No (%) No (%) 

Negative (0)/Weak (1) 9 (90.0) 0 (0.0) 2 (20.0) 1 (10.0) 

31.17 <0.001** 
Moderate(2) 1 (10.0) 2 (20.0) 7 (70.0) 8 (80.0) 

Strong(3) 0 (0.0) 8 (80.0) 1 (10.0) 1 (10.0) 

Total 10 (100.0) 10 (100.0) 10 (100.0) 10 (100.0) 

**: highly significant (P: <0.001). 
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a major ingredient of neuronal cells, can be freely set into the cerebrospinal fluid 
and serum in cases of neuronal axonal injury in divergent neurological diseases 
such as multiple sclerosis.  

In our study, there was highly significant increase in serum NSE level in para- 
quate treated group that is indicating spinal cord damage. This result is in paral-
lel with Shash et al. [47] who reported that NSE major component in the cytop-
lasm of neuronal cells, its release in the serum at significant high levels specifies 
neuronal scarring according to Bharosay et al. [48] who announced that endo-
thelial cell death disrupts the blood brain barrier during stroke, and the released 
cytoplasmic elements from damaged neuronal tissues. Although, Fassbender et al. 
[49] in his studies, announced that serum NSE levels are less sensitive, and a de-
vastating injury is required to release a detectable authentic differences. This can 
be explained by the timing of the sample’s extraction; also, the use of dissimilar 
kits.  

In our study, there was highly significant increase in serum s100 level in paraquat 
treated group that is indicating spinal cord damage. This result is in parallel with 
wei et al. [50] who reported that blood sample from a PQ poisoning patient has 
estimated significantly increased of S100A8 and S100A9 levels. The expression of 
S100A8 and S100A9 was also advocated in the lung tissue of PQ-treated rat ac-
companied with lung destruction. Furthermore, the expression of S100 in pa-
tient serum could provide a preferential diagnostic tool and biomarker for pre-
dicting PQ poisoning in patients. 

The present study showed decrease in differentiated neurons and increase in 
degenerated neurons. Also, neuropil hemorrhage, vacuolation, dilated congested 
capillaries and neurogliosis. These findings are in parallel with that declared by 
Bilian et al. [51] neuronal histopathological findings were moderate neuronal de-
generation, edema, gliosis, due to anoxia, and damage to the central white mat-
ter and especially the neuronal tissue around the lateral and third ventricles.  

Reports subsists that herbicides, including paraquat, may be fated in the me-
chanism of a neurodegenerative disorder (Parkinson’s Disease) specified by de-
generation of dopaminergic neurons set into Substantia Nigra and pyramidal 
tract in spinal cord [52] Additionally, it is recorded that paraquat produces se-
vere behavioural, electro cortical and neurodegenerative side effects when given 
into several areas of the rat Brain and spinal cord as well as when given systemi-
cally [53]. These side effects are prohibited by the administration of Cu-free su-
peroxide dismutase (SOD) in the same sites, an enzyme which converts supe-
roxide anions into hydrogen peroxide, submitting that oxidative stress is incor-
porated in the neurotoxicity produced by paraquat [54]. 

Ibi et al. [55] observed that abnormal formation of reactive oxygen species (ROS) 
may attribute a major role in paraquat-induced neuronal damage. In has been de- 
monstrated that dopaminergic neurons are extremely sensitized to ROS output. 
Also, exhaustion of glutathione, another factor implied in sustaining both neuron-
al tissues centrally and peripherally into an antioxidant status, increases liability 
of dopaminergic neurons to nitric oxide and suppresses the mitochondrial com-
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plex I activity in cells leading to neurotoxic effects [56]. 
Nitrotyrosine immunostaining was strongly positive in the neuronal cells in 

PQ treated group. In control, BNF + PQ, and HSD + PQ groups, proportion of 
negative to moderate nitrotyrosine immunostaining and low morphologic alte-
rations were observed. This results confirmed by Choong et al. [57] who stated 
that transgenic mice spinal cord, immunocytochemistry showed strongly immuno- 
stained by nitrotyrosine antibodies in neuronal cells, but no nitrotyrosine immuno- 
cytochemical reaction in neuronal cells were observed in the spinal cord of the 
control mice. Other studies have recorded that antioxidants and NOS inhibitor 
increase SOD life span in neuronal cells in transgenic mouse model. The therapy 
with antioxidant agents may suppress the neurodegenerative process in human 
amyotrophic lateral sclerosis, also it has been recorded to reduce of nitrotyrosine 
production. 

Nitrous oxide, free radical, has many useful functions when produced in vivo 
by neurons and endothelial cells [58]. But, excess NO produces cytotoxicity [59] 
Nitric oxide significantly interacts with O2·− to give ONOO− [60] Peroxynitrite is 
pro-oxidant interacting with SOD to form a strong nitrating agent, submitting 
the nitration of tyrosine of cellular proteins resulting in cellular dysfunction and 
death [61]. 

Watanabe et al. [62] reported the induction of nNOS and SOD after spinal 
cord ischemia, with most motor neurons showing crucial death. This result rec-
ommended that induction of both nNOS and SOD with production of NO2-Tyr. It 
was also found that the nitrotyrosine immunopositivity rises with development 
of anterior horn cell degeneration and generation of reactive astrocytes. These 
results suggest that oxidative damage in SOD transgenic mice starting the dege-
neration of motor neurons and neuronal death. 

Chou et al. [63] have recorded that neurofilamentous gathering in the motor 
neurons of patients with amyotrophic lateral sclerosis, were immunoreactive with 
an antityrosine antibody. Many of the degenerated neurons represented positive ni- 
trotyrosine immunoreactivity, associated the distributed reactive astrocytes in the 
neuropil of the anterior horns and in the corticospinal tracts were obviously immu- 
nostained for nitrotyrosine. 

Cha et al. [64] described the presence of nitrotyrosine-immunoreactive astro-
cytes and motor neurons in the spinal cords of mutant SOD transgenic mice, when 
were clinically evident this noticeable result is similar to that in sporadic ALS pa-
tients [65] These results indicate that the extent of nitrotyrosine staining harmo-
nized with the degeneration of anterior horn cells and the number of reactive 
astrocytes and that nitrotyrosine expression may be deleterious to the motor 
neuron system and be incorporated in the neurotoxic mechanism [66]. 

In our study, there was highly significant difference in levels of MAD, GPx, 
and nonsignificant difference in PNF-H, NES, and S100 levels in rats of BNF + 
PQ and HSD + PQ groups.  

Lukienko et al. [67] found that thiamine is not diminished inside the cell by 
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PQ exposure, advocating that no considerable amounts of thiamine have reacted 
with ROS produced in the presence of PQ. On the other hand, it was recom-
mended that the oxidation of thiamine by ROS mainly produces thiochrome. They 
determined no increase in thiochrome release by our cells after PQ exposure. 

In our study, co-administration of BFM and HSD cause improvement in levels 
of MAD, GPx, PNF-H, NES, and S100 levels in rats, it was nearly similar to con-
trol group levels. In these groups, pretreatment with BFM and HSD decrease and 
increase the MAD and GSH levels respectively with increase antioxidant en-
zymes activities and decrease PNF-H, NES, and S100 levels beside the improve-
ment of histopathological changes of spinal cords. 

Benfotiamine (BNF) is an artificially produced thiamine precursor with ele-
vated bioavailability. It has advantageous effects against neurodegenerative dis-
eases in mouse. BNF protects the cells against PQ induced toxicity with high ef-
ficacy. The main metabolites of BNF were thiamine and S-benzoylthiamine (S-BT). 
Treatment with it produces a giant increase in intracellular import of thiamine. 
Also BFT, S-BT and thiamine all safeguard the cells against oxidative stress, sub-
mitting an antioxidant effect of thiamine. Thiamine has a secondary effect likely 
mediated by few antioxidants signaling pathways and its thiol form [68]. 

Although, it can be shown that BNF was approximately as defensive agent in 
the presence of the above results, but also, it is shown that the additive protec-
tive effects of BFT and SuBT against PQ toxicity are related to the important 
intracellular accumulation of thiamine. Thiamine protects the devastating ef-
fects of ROS either by direct or indirect antioxidant effects. Direct antioxidant 
effects has been recorded by [69] that thiamine and ThDP have free radical sca-
venging activities in vitro. Sambon et al. [70] showed that thiamine and ThDP 
presented suppressive effects on superoxide production. The probability of a 
protection against PQ by a direct interaction between thiamine and superoxide 
should be appraised. 

Hesperidin supplementation during exposure to PQ has remarkable decreased 
lipid peroxidation and increased GSH in spinal cord. The decrease of oxidative 
stress in blood was associated with normalization of antioxidant enzymes activi-
ties. In the same way decreased oxidative stress in tissues as lung and dorsal aor-
ta was accompanied by improvement of the histopathological changes in both 
tissues. The modifier role of HDN could be assigned to its capacity to suppress 
inflammation [71] by interacting with arachidonic acid metabolism, histamine 
release and by suppressing lipoxygenase, cyclooxygenase and xanthine oxidase 
[72]. Additionally, HDN has antioxidant [73] and metal chelating capacity by 
suppressing the superoxide derived Fenton reaction [74] The free radical sca-
venging ability [75] attributed to its sulfhydryl groups which interact with free 
radicals exactly peroxynitrite [76] and hydroxyl radical so, it is playing a major 
role in antioxidant defense system [77]. 

5. Conclusion 

This study provides evidence that PQ adversely affects spinal cord tissues by in-
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creasing oxidative damage. The benfotaimine and hesperidin administration is high- 
ly effective in preventing neurotoxicity. Further studies are recommended on larger 
population, longer duration and other markers to assess the toxicity. 
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