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Abstract: Antioxidants have valuable effects on the process of spermatogenesis, particularly with
diabetes mellitus (DM). Therefore, the present study investigated the impact and the intracellular
mechanisms by which thymoquinone (TQ) works against diabetes-induced testicular deteriorations
in rats. Wistar male rats (n = 60) were randomly allocated into four groups; Control, Diabetic
(streptozotocin (STZ)-treated rats where diabetes was induced by intraperitoneal injection of STZ,
65 mg/kg), Diabetic + TQ (diabetic rats treated with TQ (50 mg/kg) orally once daily), and TQ
(non-diabetic rats treated with TQ) for 12 weeks. Results revealed that TQ significantly improved
the sperm parameters with a reduction in nitric oxide (NO) and malondialdehyde (MDA) levels
in testicular tissue. Also, it increased testicular reduced glutathione (GSH) levels and superoxide
dismutase (SOD) activity. Interestingly, TQ induced downregulation of testicular inducible nitric
oxide synthase (iNOS) and nuclear factor kappa-B (NF-κB) and significantly upregulated the
aromatase protein expression levels in testicles in comparison with the diabetic rats. In conclusion,
TQ treatment exerted a protective effect against reproductive dysfunction induced by diabetes not
only through its powerful antioxidant and hypoglycemic effects but also through its downregulation
of testicular iNOS and NF-κB along with upregulation of aromatase expression levels in diabetic rats.
Keywords: thymoquinone; testicular deterioration; oxidative stress; iNOS; NF-κB; aromatase;
diabetic rat

1. Introduction
Diabetes mellitus (DM) is a metabolic disorder accompanied by hyperglycemia due to inadequate
insulin secretion or insulin resistance [1]. Spermatogenesis is associated with many diseases,
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2. Results
The overall experimental design including animal groups and treatments is
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in Figure
Figure 1.
1.

Figure 1. Experimental design.
Figure 1. Experimental design.

2.1. Survival Percentages
2.1. Survival Percentages
The number of animal deaths was recorded each week during the trial period where the control
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Diabetic + TQ: 80%; TQ: 86.67% (Figure 2).
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Figure 2. Survival percentages in groups: Control (93.33%), Diabetic (66.67%), Diabetic + TQ (80%),
Figure 2. Survival percentages in groups: Control (93.33%), Diabetic (66.67%), Diabetic + TQ (80%),
and TQ2.(86.67%).
TQ; thymoquinone.
Figure
Survival
in groups: Control (93.33%), Diabetic (66.67%), Diabetic + TQ (80%),
and
TQ (86.67%).
TQ;percentages
thymoquinone.
and TQ (86.67%). TQ; thymoquinone.

2.2. Body Weight and Accessory Glands Weight
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Figure 3. Body weight (A), relative weight of testicles (B), seminal vesicle (C), epididymis (D), prostate
gland (E)
in Control,
Diabetic
+ TQ,
and TQ(B),
groups.
** pvesicle
< 0.01 (C),
andepididymis
*** p < 0.001(D),
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Control.
Figure
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and + pTQ,
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+
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and
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**
p
<
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***
p
<
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+++ p < 0.001 vs. Diabetic. # p < 0.05 and ### p < 0.001 vs. TQ. TQ; thymoquinone.
+++ p < 0.001 vs. Diabetic. # p < 0.05 and ### p < 0.001 vs. TQ. TQ; thymoquinone.
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2.3. Serum Glucose, Glycated Hemoglobin, and Insulin
2.3. Serum
Glucose, Glycated of
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and Insulindiabetic rats ameliorated the higher blood glucose
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level Oral
(p < 0.05)
as stated for of
theTQ
diabetic
group. Diabetic
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(p < blood
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A1c
(HbA1c)
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and
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1).
level (p < 0.05) as stated for the diabetic group. Diabetic rats showed a significant (p < 0.05)(Table
increase
Furthermore,
there
were
no
significant
differences
between
TQ-treated
rats
and
the
control
group.
in hemoglobin A1c (HbA1c) percentage in comparison with control and other groups (Table 1).
Furthermore, there were no significant differences between TQ-treated rats and the control group.
Table 1. Effect of thymoquinone (TQ) on serum glucose, insulin levels, and HA1c percentage in all
experimental
groups
at the 12th week.
Values
areglucose,
given asinsulin
±SEM,levels,
and Duncan’s
range
test ‡ was
of thymoquinone
(TQ) on
serum
and HA1c
percentage
in
Table 1. Effect
applied.
all experimental groups at the 12th week. Values are given as ±SEM, and Duncan’s range test
‡

was applied.
Experimental Group

Control
Diabetic
Control + TQ
Diabetic
Diabetic
TQ

Experimental Group

Glucose (mg/dL)
HA1c (%)
c
101.4 ± 2.24
5.887 ± 0.81 c
Glucose (mg/dL) a
HA1c (%)
379.4 ± 5.04
9.767 ± 0.46 a
c
c
101.4
± 2.24
5.887
b
167.6
± 3.34
7.100±± 0.81
0.61ab
a
379.4 ± 5.04 bc
9.767 ± 0.46 c
124.8 ± 2.88
5.700 ± 0.30b
b

Insulin (ng/mL)
2.167 ± 0.21 a
Insulin (ng/mL)
0.8600 ± 0.08 c
2.167±±0.12
0.21ba
1.733
0.8600 ± 0.08 c
2.000 ± 0.05 bb

Diabetic + TQ
167.6 ± 3.34
7.100 ± 0.61
1.733 ± 0.12
b
SEMs bearing different
superscript
letters
are bc
significantly
(p ±
< 0.05)
from±the
values
TQ
5.700
0.30 cdifferent
124.8
± 2.88
2.000
0.05other
within
the same column. The superscript letter a is the highest mean value, then b, then c in cases of
‡ SEMs bearing
different superscript letters are significantly (p < 0.05) different from the other values within the
in the
same
column
are
significantly
different,
while b,bcdifferences.
are nonsignificant
differences.
Therefore,
same column.
The superscript
letter aa,b,c
is the
highest
mean
value,
then
b, then c in cases
of significant
a,b,c
b,bc
Therefore,
in the same column are significantly different, while
are non-significantly different.
significantly
different.
‡

Sperm Parameters
2.4. Sperm

Results in Figure 4 show the semen picture of diabetic rats, which revealed that diabetic rats had
concentration, motility,
motility, and
and viability, with a higher percentage
percentage of
of sperm
sperm abnormalities.
abnormalities.
lower sperm concentration,
thecontrary,
contrary,TQ-treated
TQ-treateddiabetic
diabeticrats
rats
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motility,
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On the
had
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motility,
and and
viability
and
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in comparison
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rats. in
Rats
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in comparison
with with
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rats. Rats
theinTQ
had nonnon-significant
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in sperm
parameters
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tocontrol
the control
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in sperm
parameters
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to the
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Figure
Figure 4.
4. Sperm
Sperm cell
cellconcentration
concentration (A),
(A), Motility
Motility %
%(B),
(B),Abnormalities
Abnormalities(C),
(C),and
andViability
Viability (D)
(D) in
inControl,
Control,
++
+++
++ pp<<0.01,
0.01,+++ pp << 0.001
Diabetic,
Diabetic++ TQ,
TQ,and
andTQ
TQgroups.
groups.****pp<<0.01
0.01and
and***
***p p< <0.001
0.001vs.
vs.Control.
Control.
Diabetic, Diabetic
0.001
# p < 0.05, and ###
#
###
p
<
0.001
vs.
TQ.
TQ:
thymoquinone.
vs.
Diabetic.
vs. Diabetic. p < 0.05, and
p < 0.001 vs. TQ. TQ: thymoquinone.
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2.5. Testosterone and Estradiol
2.5. Testosterone and Estradiol
The results showed significant decreases (p < 0.05) in testicular acid phosphatase (ACP) and
The results showed significant decreases (p < 0.05) in testicular acid phosphatase (ACP) and
improvement in alkaline phosphatase (ALP) as determined in the testicular homogenate of diabetic
improvement in alkaline phosphatase (ALP) as determined in the testicular homogenate of diabetic rats
rats as compared with control and TQ-treated groups, which had restored ACP and ALP activities as
as compared with control and TQ-treated groups, which had restored ACP and ALP activities as in the
in the control, while in the TQ group, TQ kept the ACP and ALP near their levels in Control (Table 2).
control, while in the TQ group, TQ kept the ACP and ALP near their levels in Control (Table 2).
Table 2. Effect of thymoquinone (TQ) on enzyme markers of the testicles, antioxidant status, and
Table 2. Effect of thymoquinone (TQ) on enzyme markers of the testicles, antioxidant status, and
Johnsen score in experimental groups at the 12th week. Values are given as ±SEM, and Duncan’s range
Johnsen
score in experimental groups at the 12th week. Values are given as ±SEM, and Duncan’s range
test ‡ ‡was applied.
test was applied.
Testicular
Enzymes
Markers
EnzymaticStatus
Statusof
ofTesticular
TesticularAntioxidant
Antioxidant
Testicular
Enzymes
Markers
Enzymatic
ACP
(U/mg ALP
ALP
(U/mg MDA
MDA(nmol/mg
(nmol/mg SOD
SOD(U/mg
(U/mg
GSH
ACP
(U/mg
(U/mg
GSH (nmol/mg
(nmol/mg NO
NO (nmol/mg
(nmol/mg
Protein)
Protein)
Protein)
Protein)
Protein)
Protein)
Protein)
Protein)
Protein)
Protein)
Protein)
Protein)
Control
22.5 ± 2.12 a
869.25 ± 6.21 a
30.12 ± 4.37 bc
29.2 ± 3.12 a
9.12 ± 1.2 a
49 ± 2.1 c
Control
22.5 ± 2.12 a b 869.25 ± 6.21 a b 30.12 ± 4.37 bca
29.2 ± 3.12 ba
9.12 ± 1.2ba
49 ± 2.1a c
Diabetic
7.8 ± 1.13
562.12 ± 8.41
68.15 ± 6.2a
8.9 ± 1.10 b
3.22 ± 0.1 b
99 ± 4.1 a
b
b
Diabetic
68.15 ± 6.2 b
99 ± 4.1b
562.12 ± 8.41 ab
7.8 ± 1.13
8.9 ± 1.10 ab
3.22 ± 0.1a
701 ± 12.13
35.2 ± 5.2
25.1 ± 3.21
7.25 ± 0.9
60 ± 5.1
Diabetic + TQ
18.2 ± 2.51 a
Diabetic + TQ
18.2 ± 2.51 a a 701 ± 12.13 ab a
7.25 ± 0.9aa
35.2 ± 5.2 b c
25.1 ± 3.21 aba
60 ± 5.1c b
TQ
23.5 ± 3.12
889.2
±
7.15
25.24
±
4.2
30.2
±
2.42
9.65
±
2.1
48 ± 3.1
TQ
23.5 ± 3.12 a
889.2 ± 7.15 a
25.24 ± 4.2 c
30.2 ± 2.42 a
9.65 ± 2.1 a
48 ± 3.1 c

Group
Group

‡

‡

Johnsen
Johnsen
Score
Score
9.86 ± 0.1 a a
9.86 ± 0.1
4.97 ± 0.2 c c
4.97 ± 0.2
8.71 ± 0.2 b b
8.71 ± 0.2
9.77 ± 0.1 a a
9.77 ± 0.1

SEMs bearing different superscript letters are significantly (p < 0.05) different from the other values

SEMs bearing different superscript letters are significantly (p < 0.05) different from the other values within the
within
the same
column. The
superscript
lettermean
a is the
highest
mean
then
b, then c in
cases of
same
column.
The superscript
letter
a is the highest
value,
then b,
then value,
c in cases
of significant
differences.
a,b,c in the same column are significantly
a,ab and b,bc are non-significantly different.
b,bc
Therefore,
different,
whileare
column
significantly different, while a,ab andACP:
significant
differences. Therefore, a,b,c in the same
acid phosphatase; ALP: alkaline phosphatase; MDA: malondialdehyde; SOD: superoxide dismutase; NO: nitric
are non-significantly different. ACP: acid phosphatase; ALP: alkaline phosphatase; MDA:
oxide; GSH: reduced glutathione.

malondialdehyde; SOD: superoxide dismutase; NO: nitric oxide; GSH: reduced glutathione.

The
0.05) in
in serum
serum testosterone
testosterone
Thedata
dataillustrated
illustratedin
inFigure
Figure55showed
showed aa significant
significant decrease
decrease (p
(p <
< 0.05)
concentration,
testosterone,
andand
estradiol
levels
in diabetic
rats compared
with other
concentration,testicular
testicular
testosterone,
estradiol
levels
in diabetic
rats compared
withgroups
other
(pgroups
< 0.05).(pHowever,
the
TQ-treated
group
showed
greater
testicular
testosterone
and
estradiol
levels
< 0.05). However, the TQ-treated group showed greater testicular testosterone and estradiol
aslevels
well as
serum
concentrations
compared
with diabetic
rats. rats.
as well
astestosterone
serum testosterone
concentrations
compared
with diabetic

Figure 5. Cont.
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Figure5.5.Levels
Levelsof
of testicular
testicular testosterone
testosterone (A)
(A) and
Figure
and estradiol
estradiol (B)
(B) and
andserum
serumtestosterone
testosterone(C)
(C)ininControl,
Control,
++
+++ p < 0.001
++
Diabetic,Diabetic
Diabetic+ +TQ,
TQ,and
andTQ
TQgroups.
groups.* p* p< <0.05
0.05and
and***
***p p< <0.001
0.001vs.
vs.Control.
Control. pp<< 0.01,
0.01, +++
Diabetic,
p < 0.001
### p < 0.001 vs. TQ. TQ; thymoquinone.
vs.Diabetic.
Diabetic.#### pp << 0.01,
0.01, and
and ###
vs.
p < 0.001 vs. TQ. TQ; thymoquinone.

2.6. Testicular Histopathology and Spermatogenesis
2.6. Testicular Histopathology and Spermatogenesis
Control and TQ-treated groups exhibited normal testicular construction and spermatogenesis
Control and TQ-treated groups exhibited normal testicular construction and spermatogenesis with
with active Leydig cells, whereas diabetic rats showed degeneration of seminiferous tubules and
active Leydig cells, whereas diabetic rats showed degeneration of seminiferous tubules and sloughing of
sloughing of the germinal epithelium. The deleterious effect of diabetes was improved by TQ, which
the germinal epithelium. The deleterious effect of diabetes was improved by TQ, which was proven
was proven by restoration of seminiferous tubules with active Leydig cells. Regarding
by restoration of seminiferous tubules with active Leydig cells. Regarding spermatogenesis, Johnsen
spermatogenesis, Johnsen scores were 9.86, 4.97, 8.71, and 9.77 for Control, Diabetic, Diabetic + TQ,
scores were 9.86, 4.97, 8.71, and 9.77 for Control, Diabetic, Diabetic + TQ, and TQ, respectively. There
and TQ, respectively. There was a significant improvement in the TQ-treated group in comparison
was a significant improvement in the TQ-treated group in comparison with the diabetic group (Table 2).
with the diabetic group (Table 2).

2.7. Testicular Oxidative Stress and Antioxidant Status
2.7. Testicular Oxidative Stress and Antioxidant Status
The effects of TQ on lipid peroxidation and the antioxidant status of testicles in diabetic rats
The effects of TQ on lipid peroxidation and the antioxidant status of testicles in diabetic rats
were investigated, and the antioxidant capacities were found to have significant differences (p < 0.05)
were investigated, and the antioxidant capacities were found to have significant differences (p < 0.05)
(Table 2). Conversely, diabetic rats showed significantly (p < 0.05) higher testicular malondialdehyde
(Table 2). Conversely, diabetic rats showed significantly (p < 0.05) higher testicular malondialdehyde
(MDA) concentration compared with the control group. Testicular GSH levels in STZ-treated rats
(MDA) concentration compared with the control group. Testicular GSH levels in STZ-treated rats
were significantly (p < 0.05) lowered (Table 2). Oral supplementation of TQ significantly (p < 0.05)
were significantly (p < 0.05) lowered (Table 2). Oral supplementation of TQ significantly (p < 0.05)
restored the testicular GSH drop in Diabetic + TQ rats. Testicular superoxide dismutase (SOD) activities
restored the testicular GSH drop in Diabetic + TQ rats. Testicular superoxide dismutase (SOD)
were significantly reduced (p < 0.05) in diabetic rats when compared with the control. Additionally,
activities were significantly reduced (p < 0.05) in diabetic rats when compared with the control.
TQ administration to diabetic rats significantly improved testicular SOD activities in relation to diabetic
Additionally, TQ administration to diabetic rats significantly improved testicular SOD activities in
rats. STZ-induced diabetic rats had significant increases (p < 0.05) in testicular NO levels in comparison
relation to diabetic rats. STZ-induced diabetic rats had significant increases (p < 0.05) in testicular NO
with
theincontrol.
Oral with
supplementation
of TQ
to diabetic ratsofmaintained
normal
NO level compared
levels
comparison
the control. Oral
supplementation
TQ to diabetic
rats maintained
normal
toNO
control
values
(Table
2).
level compared to control values (Table 2).
2.8. INOS, NF-κB-p65, and Aromatase Expressions in Testicular Homogenate
2.8. INOS, NF-κB-p65, and Aromatase Expressions in Testicular Homogenate
The testicular iNOS protein expressions were significantly higher (p < 0.05) in the diabetic group
The testicular iNOS protein expressions were significantly higher (p < 0.05) in the diabetic group
in comparison with the other groups, as presented in Figure 6A. The TQ-treated diabetic group
in comparison with the other groups, as presented in Figure 6A. The TQ-treated diabetic group
showed significantly decreased (p < 0.05) iNOS protein expressions and they returned to the same
showed significantly decreased (p < 0.05) iNOS protein expressions and they returned to the same
levels as the control group. Testicular NF-κB-p65 expression was more activated in the diabetic rat
levels as the control group. Testicular NF-κB-p65 expression was more activated in the diabetic rat
than
of TQ
TQ to
to the
the diabetic
diabeticrats
ratscaused
caused
thanininboth
bothcontrol
controland
andTQ-treated
TQ-treated groups.
groups. Oral
Oral supplementation
supplementation of
aasignificant
reduction
(p
<
0.05)
of
NF-κB-p65
expression
(Figure
6B).
In
testicular
tissue,
aromatase
significant reduction (p < 0.05) of NF-κB-p65 expression (Figure 6B). In testicular tissue, aromatase
immuno-reactivity
1212
weeks
in in
thethe
diabetic
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3. Discussion
Our data revealed that the rats’ body weight and relative weight of accessory glands decreased
during the course of diabetes; these results were consistent with those obtained by Ozdemir et al. [14],
who attributed the reduction of body weight to the breakdown of tissue protein in the diabetic group.
Diabetes causes a significant increment in skeletal muscle catabolism along with a decline in protein
synthesis [15].
Relative body weights of testicles, prostate, seminal vesicle, and epididymis were decreased in
diabetic rats and that may be attributed to the testicular deterioration and decline of the epididymis
weight. In addition, testicles and other reproductive tissues depend upon testosterone, which motivates
growth and secretary action of the reproductive organs [16]. Additionally, Soudamani et al. [17] have
shown that the atrophic alterations in the epididymis are due to reduced tubular diameter, volume,
and surface density in diabetic rats. Diabetic rats showed hyperglycemia and decreased serum
insulin level in the current study; this finding is in harmony with results from Ballester et al. who
found that diabetic rats displayed a reduction in the concentration of serum insulin, testosterone,
follicle-stimulating hormone (FSH), and luteinizing hormone (LH) [18]. Decreased insulin levels
reflected a sharp weakening of spermatogenesis, consistent with results reported by Bruening [19].
Determination of HbA1c level is a pivotal biomarker for diagnosis and prognosis of diabetes and
its complications. The current study showed that diabetic rats had a significant increase in HbA1c
percentage when matched with control and TQ-treated groups and as proved in previous studies
by Abdelmeguid et al. [7] and Meral et al. [20], who stated that Nigella sativa oil and TQ reduced
the blood glucose and HbA1c and increased insulin levels. The noted hypoglycemia may be due to
the improvement of β-cell ultrastructure, thus directing improved insulin levels, which aids glucose
uptake with normoglycemia. Additionally, TQ suppresses the endogenous glucose liberation either by
glycogenolysis or gluconeogenesis in liver and muscles [21]. In the TQ group, serum glucose, HbA1c,
and insulin levels were non-significantly different from the control because TQ is a normoglycemic
compound that induces hypoglycemia in hyperglycemic state.
Hyperglycemia of DM raises the level of ROS that produces DNA destruction in testis and a major
reduction in sperm parameters such as sperm motility, count, and viability [5]. On the contrary,
TQ markedly improves the sperm parameters by scavenging of the ROS and activation of testicular
enzymatic antioxidant status. Concerning the sperm cell count, it is the most critical assessment value
for spermatogenesis, and it is highly associated with fertility. Diabetic rats exhibit a marked decrease
in sperm concentration, live sperm percentage, and increased sperm abnormalities. These findings
were recognized by Scarano et al. [22], who confirmed that diabetic rats had pronounced reduction in
sperm quantity and quality due to associated oxidative injuries.
Testicular testosterone is crucial for spermatogenesis and high testosterone level is essential for
the normal physiology of seminiferous tubules [23], while estradiol is biosynthesized by the action
of aromatase enzyme mainly in the Leydig cells. Estradiol functions to control apoptosis of male
sperm cells [24]. In the present study, testicular testosterone and estradiol were markedly decreased in
diabetic rats, as also found by Farrell et al. [25]. Besides, we found the mean Johnsen score value was
4.97 in the diabetic rats and it significantly improved in the Diabetic + TQ group. This finding explores
the protective effect of TQ on spermatogenesis. Ballester et al. [18] suggested that the low level of
testosterone in diabetic rats may be related to the decrease in Leydig cells or in androgen biosynthesis.
Diabetes provoked a state of oxidative injury that was proved by an increase in levels of testicular
MDA and a reduction in SOD activity. Bauche et al. [26] reported a noticeable increase in lipid
peroxidation product, MDA, levels in diabetic rats. The oxidative stress caused by diabetes was
shown by a drastic decrease in spermatogenesis values [27]. TQ has protected diabetic rats against
the harmful effects of DM through a marked enhancement in testicular antioxidant enzymes [28].
Further, TQ suppresses the cyclooxygenase-2 enzyme expression and lipid peroxidation and raises
SOD activities in diabetic rats [29].
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The oxidative damage in diabetic rats led to the liberation of ALP and ACP to the blood and
increased their levels as a biomarker of testicular injuries. This leakage in testicular ALP and ACP was
counteracted by TQ treatment. Therefore, the testicular levels of both ALP and ACP were significantly
decreased in response to oxidative injuries induced in the diabetic group. Conversely, TQ had been
protecting the testicular injuries and kept the levels of ALP and ACP around the normal activities as in
the control group. The activity of testicular ACP was decreased in malathion-treated due to damage in
testicular tissue [30]. The altered enzyme activities may be coming from the damaged seminiferous
epithelium and the function of the Sertoli cell. ALP is the testicular biomarker; decrease in ALP level is
directly associated with the atrophy of seminiferous tubules, the absence of the spermatozoa in the
lumen, the loss of spermatogenic cell layers, and the degeneration of Leydig cell in Tributyltin-treated
hamster [31].
DM is accompanied by the overexpression of iNOS and NF-κB-p65 with a simultaneous rise
in the testicular NO. It is well known that NO and pro-inflammatory mediators elicit reproductive
dysfunction by generating testicular injuries that lead to testicular atrophy and apoptosis [32,33].
Results of the current study are consistent with diabetic rats exhibiting upregulation of both iNOS
and NF-κB-p65 protein expression and a drastic increase in NO levels. Upregulation of the iNOS
expression enhances the creation of an abundance of NO. High levels of NF-κB and iNOS are main
biomarkers of inflammatory responses [34]. Results revealed significant increases in the testicular NO
levels in Diabetic + TQ group along with the downregulation of iNOS expression. The previous study
by Kanter found that TQ treatment to chronic toluene exposure in rats markedly decreased the iNOS
expression in the Leydig cells [10]. Further, TQ reduced the expression of TNF-α, iNOS, and IL-1β and
attenuated the overexpressed NF-κB. Additionally, the antioxidant enzyme activities of the rat liver
were markedly increased [35].
Aromatase (EC 1.14.14.1) is a member of the cytochrome P450 family involved in development
and reproduction [36]. It has been noticed that aromatase deficiency distorts glucose and lipid
metabolism [37]. Nevertheless, aromatase expression levels in testicular tissues of diabetic rats were
markedly decreased, as reported by Burul-Bozkurt et al. [38]. In the same manner, aromatase has
essential physiological roles in male fertility [39]. Therefore, the decreased sperm quality has been
recorded in men who have mutations in aromatase gene [40]; decreased sperm quality and quantity
has also been found in diabetic males. Overall, the reduced aromatase levels might be one of the
critical mechanisms responsible for male reproduction dysfunctions in DM [5].
4. Materials and Methods
4.1. Chemicals
Streptozotocin (STZ), dimethyl sulfoxide (DMSO), ethylenediaminetetraacetic acid (EDTA), TQ,
glucose, 0.1 M citrate buffer, phosphate buffered saline, and sodium chloride solution (0.9%) were
purchased from Sigma-Aldrich (Sigma Chemical Co., St. Louis, MO, USA). Antibodies against iNOS,
NF-κB, aromatase and β-actin were purchased from Santa Cruz Biotechnology, Inc. (Santa Cruz,
CA, USA).
4.2. Animals
All experiments performed were approved by the ethics committee in Faculty of Veterinary
Medicine, Kafrelsheikh University, Egypt, ethical issue number KVM016/2014 (April 2014). Sixty male
Wistar rats weighing 180–200 g were reared in the Department of Physiology, Faculty of Veterinary
Medicine, Kafrelsheikh University Egypt and housed in well-ventilated plastic cages. They received the
diet and water ad libitum. The composition of the experimental diet is stated in Table 3. All rats were
maintained on a 12:12 h light/dark cycle. Rats were kept untreated for two weeks for acclimatization
before treatment.
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Table 3. Ingredients of basal diet.
Ingredients

g/kg Diet

Corn flour
Casein
Sucrose
Soybean oil
Cellulose
Mineral mix
Vitamin mix
L -cystine
Choline

529.5
200
100
70
50
35
10
3
2.5

4.3. Induction of Diabetes
Immediately after STZ was dissolved in 0.1 M citrate buffer of pH 4.5, rats were injected
intraperitoneally (IP) with STZ in a dose of 65 mg/kg body weight (0.5 mL/rat) after fasting for 16 h [41].
The STZ-injected rats were given 5% glucose (10 mL/rat) for 24 h to avoid initial hypoglycemic death.
Control rats were injected with 0.5 mL citrate buffer per rat. One week later, blood samples were
collected from the tail vein to determine the serum glucose level using a glucometer (IME-DC GmbH
Co., Hof, Germany). Rats with serum glucose more than 250 mg/dL were considered diabetic as stated
by Kaplanoglu et al. [42].
4.4. Preparation of Thymoquinone
Light-proof and cooled (4 ◦ C) TQ was dissolved initially in DMSO (0.1%), followed by the addition
of normal saline (0.9% NaCl). The solution was administered at a dose of 50 mg/kg body weight once
daily by using gastric gavage, for 12 successive weeks [43].
4.5. Experimental Design
The overall experimental design including animal groups and treatments is shown in Figure 1.
Rats were randomly assigned into four groups (n = 15), and each group was subdivided into three
replicates (n = 5). The treatment schedule was as follows: control rats were injected IP once with 0.5 mL
of 0.1 M citrate buffer. Additionally, diabetic rats were injected IP once with 0.5 mL of 65 mg/kg body
weight STZ for induction of diabetes. For the Diabetic + TQ group, rats were orally treated with TQ at
a dose of 50 mg/kg body weight once daily [43,44], and TQ rats were given 0.5 mL of TQ 50 mg/kg
body weight once daily, orally by the aid of gastric gavage, for 12 successive weeks. Additionally,
all non-TQ groups received 0.5 mL of normal saline containing DMSO (0.1%) by gavage daily. After
12 weeks, the rats were sacrificed, under anesthesia with intravenous injection of sodium pentobarbital
(30 mg/kg), for proper sampling and subsequent analysis.
4.6. Sampling
After 84 days from STZ treatment, rats were euthanized by cervical decapitation and
two blood samples were collected from each rat. One sample was collected into a tube containing
ethylenediaminetetraacetic acid (EDTA) for hemoglobin A1c (HbA1c) assessment. The second sample
was allowed to coagulate and then centrifuged at 1435× g for 5 min. The clear sera were collected and
subjected to biochemical analysis.
For each rat, testicles were excised, cleaned, and washed in cold saline. The testicles and
accessory sex organs, seminal vesicles, prostates, and epididymis were dissected and individually
weighed. Part of the left testis of each rat was homogenized in cold phosphate buffer saline (PBS).
The homogenates were centrifuged at 3000× g for 10 min at 4 ◦ C. The collected supernatants were
stored at −20 ◦ C. The other specimen from the left testis was fixed with 10% formalin solution for
histopathological examination, and the other was kept frozen at −80 ◦ C for a Western blotting assay.
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4.7. Semen Evaluation
Cauda epididymis was cut into small pieces and incised to liberate spermatozoa on a warm, clean
glass slide. Exactly 2 µL from liberated spermatozoa were mixed with 20 µL of 2.9% sodium citrate
and coverslipped. The percentage of motile sperm was individually evaluated at 400× magnification
in at least two microscopic fields [45]. Sperm count was estimated using a hemocytometer and viewed
under a magnification of 40×. Seminal smears were stained with eosin-nigrosine stain and examined
to determine the proportion of viable and abnormal spermatozoa [46].
4.8. Assessment of Spermatogenesis
Spermatogenesis indexes were done using Johnsen scores to sort spermatogenesis at 400×
magnification power. To evaluate the quality of the specimen, we used a slightly modified Johnsen
score count [47]. Microscopically, the spermatogenesis values were classified as 1, for Sertoli cells
only; 2, for spermatogonia only; 3 and 4, for no further than primary spermatocytes (<10 and 10–30
spermatocytes per view, respectively); 5, 6, and 7, for no further than round spermatids (<10, 10–40,
and >40 spermatids per view, respectively); 8, 9, and 10, for maturation phase spermatids (<20, 20–50
and >50 spermatids per view, respectively).
4.9. Biochemical Assay
Serum glucose level was assessed with an enzymatic glucose kit following the method of
Trinder [48]. The HbA1c percentage was estimated using Helena GLYCO-Tek affinity column method
(Helena Laboratories, Beaumont, TX, USA) [49], while serum insulin levels were determined with
the enzyme-linked immunosorbent assay (ELISA) using a commercial kit (DRG Diagnostics GmbH,
Marburg, Germany). Serum testosterone level was measured using rat ELISA assay following the
manufacturer’s instructions (DRG Diagnostics).
Acid phosphatase (ACP, EC 3.1.3.2) [50] and alkaline phosphatase (ALP, EC 3.1.3.1) [51] activities
were evaluated in testicular homogenates in addition to testosterone and estradiol. Briefly, 100 mg of
tissue was rinsed with 1× PBS, homogenized in 1 mL of 1× PBS, and stored overnight at −20 ◦ C. After
two freeze–thaw cycles, the homogenates were centrifuged at 5000× g, 4 ◦ C for 5 min. The supernatants
were collected and analyzed immediately with the ELISA kit. Protein concentrations for testicular
homogenates were determined with Bradford assay for standardization of biochemical analysis [52].
4.10. Analysis of Antioxidant Status in Testicular Tissues
Reduced glutathione (GSH) concentration in testicular tissue was determined according
to the method of Beutler et al. [53]. Lipid peroxidation was assayed with determination of
malondialdehyde (MDA), the main end products of lipid peroxidation, following the protocol of
Ohkawa et al. [54]. Superoxide dismutase (SOD, EC 1.15.1.1) activity was determined according to
the method of Nishikimi et al. [55] depending on the ability of the enzyme to hinder the phenazine
methosulphate-mediated reduction of nitroblue tetrazolium (NBT) dye. Nitric oxide (NO) level in
testicular homogenate was determined as total nitrite/nitrate using the method of Montgomery and
Dymock [56].
4.11. Western Blotting
Testicles samples were homogenized in ice-cold lysis buffer, and the homogenates were
centrifuged at 14,000× g for 20 min at 4 ◦ C. Samples’ protein contents were determined according
to the method of Bradford (Bio-Rad Laboratories, Watford, UK) [52]. Samples of equal protein
concentrations were electrophoresed using 10% SDS/PAGE and electro-transferred to polyvinylidene
difluoride membranes. The membranes were blocked with 5% (w/v) skimmed milk powder in
PBS/Tween-20 for 2 h at room temperature. Then, the membranes were incubated with anti-iNOS
(Santa Cruz Biotechnology), anti-aromatase (diluted 1:5000), and anti-NFκB-p65 antibodies (1:250)
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diluted in tris-buffered saline-tween containing 1% bovine serum albumin, and β actin (Santa Cruz
Biotechnology) as internal control diluted 1:1000 in blocking buffer. The membranes were incubated
with the corresponding secondary antibodies for 1 h at room temperature, washed, and then developed.
Protein bands were densitometrcally measured using ImageJ version 1.48 software (National Institutes
of Health, Bethesda, MD, USA; http://rsb.info.nih.gov/ij/). Densities of bands were standardized to
the corresponding density of β-actin.
4.12. Histopathology
Tissue specimens were collected from left testicles and rapidly fixed in 10% neutral buffered
formalin solution for at least 24 h. Fixed samples were processed through the conventional paraffin
embedding technique including dehydration through ascending grades of ethanol, clearing in three
changes of xylene and melted paraffin, and ending with embedding in paraffin wax at 60 ◦ C. Paraffin
blocks were prepared, from which 3-µm-thick sections were obtained. These sections were stained
with hematoxylin and eosin (H&E) [57].
4.13. Statistical Analysis
All data are presented as mean ± SEM. Statistical analyses were done using GraphPad
Prism 5 (GraphPad Software, San Diego, CA, USA). Results were subjected to Tukey’s multiple
comparisons post-hoc, one way ANOVA. The data serum parameters, testicular enzymes, antioxidant
status, and Johnson score were statistically analyzed with one-way ANOVA followed by Duncan’s
multiple range tests by the SPSS programming tool (IBM SPSS. 20® , IBM Corp., Armonk, NY, USA).
All declarations of significance depended on p < 0.05.
5. Conclusions
Oxidative damage induced in the testicular tissues of diabetic rats is evidenced by the impairment
in testicular tissues and sperm quality. Thymoquinone is considered as an excellent natural protective
remedy against the inflammatory and oxidative damage caused by diabetes through upregulation of
aromatase and downregulation of iNOS and NF-κB-p65 protein expression levels in testicles. Therefore,
we advise enclosing thymoquinone in antidiabetic drugs.
Acknowledgments: We thank Kelly A. Keating (Pharmaceutical Research Institute, Albany College of Pharmacy
and Health Sciences) for the excellent editing and formatting. There was no funding from any organization for
this study.
Author Contributions: Mustafa S. Atta, Essam A. Almadaly, Ali H. El-Far, Rasha M. Saleh, and Doaa H. Assar
contributed equally to the experimental design, experimental work, data analysis, and manuscript writing.
Shaker A. Mousa and Soad K. Al Jaouni contributed in the design, manuscript writing, and manuscript revisions.
Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations
TQ
MDA
ROS
STZ
ACP
ALP

thymoquinone
malondialdehyde
reactive oxygen species
streptozotocin
acid phosphatase
alkaline phosphatase

References
1.
2.

Gavin, J.R.; James, R.; Alberti, K.G.M.M.; Davidson, M.B.; DeFronzo, R.A. Report of the expert committee on
the diagnosis and classification of diabetes mellitus. Diabetes Care 1997, 20, 1183.
Mosher, W.D.; Pratt, W.F. Fecundity and infertility in the United States: Incidence and trends. Fertil. Steril.
1991, 56, 192–193. [CrossRef]

Int. J. Mol. Sci. 2017, 18, 919

3.

4.
5.
6.
7.

8.
9.
10.
11.
12.
13.
14.
15.

16.

17.

18.

19.
20.

21.
22.

23.

24.

13 of 15

Kianifard, D.; Sadrkhanlou, R.-A.; Hasanzadeh, S. The histological, histomorphometrical and histochemical
changes of testicular tissue in the metformin treated and untreated streptozotocin-induced adult diabetic
rats. Vet. Res. Forum 2011, 2, 13–24.
Vernet, P.; Aitken, R.J.; Drevet, J.R. Antioxidant strategies in the epididymis. Mol. Cell. Endocrinol. 2004, 216,
31–39. [CrossRef] [PubMed]
Amaral, S.; Oliveira, P.J.; Ramalho-Santos, J. Diabetes and the impairment of reproductive function: Possible
role of mitochondria and reactive oxygen species. Curr. Diabetes Rev. 2008, 4, 46–54. [PubMed]
Saalu, L.C. The incriminating role of reactive oxygen species in idiopathic male infertility: An evidence
based evaluation. Pak. J. Biol. Sci. 2010, 13, 413–422. [CrossRef] [PubMed]
Abdelmeguid, N.E.; Fakhoury, R.; Kamal, S.M.; Al Wafai, R.J. Effects of Nigella sativa and thymoquinone
on biochemical and subcellular changes in pancreatic beta-cells of streptozotocin-induced diabetic rats.
J. Diabetes 2010, 2, 256–266. [CrossRef] [PubMed]
El-Far, A.H. Thymoquinone anticancer discovery: Possible mechanisms. Curr. Drug Discov. Technol. 2015, 12,
80–89. [CrossRef] [PubMed]
Al-Zahrani, S.; Mohany, M.; Saleh, K.; Badr, G. Thymoquinone and vitamin E supplementation improve the
reproductive characteristics of heat stressed male mice. J. Med. Plants Res. 2012, 6, 493–499. [CrossRef]
Kanter, M. Thymoquinone reestablishes spermatogenesis after testicular injury caused by chronic toluene
exposure in rats. Toxicol. Ind. Health 2011, 27, 155–166. [CrossRef] [PubMed]
Gökçe, A.; Oktar, S.; Koc, A.; Yonden, Z. Protective effects of thymoquinone against methotrexate-induced
testicular injury. Hum. Exp. Toxicol. 2010, 30, 897–903. [CrossRef] [PubMed]
El-Sheikh, A.A.; Morsy, M.A.; Hamouda, A.H. Protective mechanisms of thymoquinone on
methotrexate-induced intestinal toxicity in rats. Pharmacogn. Mag. 2016, 12 (Suppl. S1), 76–81.
Fouad, A.A.; Jresat, I. Thymoquinone therapy abrogates toxic effect of cadmium on rat testes. Andrologia
2015, 47, 417–426. [CrossRef] [PubMed]
Ozdemir, O.; Akalin, P.P.; Baspinar, N.; Hatipoglu, F. Pathological changes in the acute phase of
streptozotocin-induced diabetic rats. Bull. Vet. Inst. Pulawy 2009, 53, 783–790.
Nair, K.S.; Ford, G.C.; Ekberg, K.; Fernqvist-Forbes, E.; Wahren, J. Protein dynamics in whole body and
in splanchnic and leg tissues in type I diabetic patients. J. Clin. Investig. 1995, 95, 2926–2937. [CrossRef]
[PubMed]
O’Donnell, L.; McLachlan, R.; Wreford, N.; Robertson, D. Testosterone promotes the conversion of round
spermatids between stages VII and VIII of the rat spermatogenic cycle. Endocrinology 1994, 135, 2608–2614.
[PubMed]
Soudamani, S.; Yuvaraj, S.; Malini, T.; Balasubramanian, K. Experimental diabetes has adverse effects on the
differentiation of ventral prostate during sexual maturation of rats. Anat. Rec. A Discov. Mol. Cell. Evol. Biol.
2005, 287, 1281–1289. [CrossRef] [PubMed]
Ballester, J.; Munoz, M.C.; Dominguez, J.; Rigau, T.; Guinovart, J.J.; Rodriguez-Gil, J.E. Insulin-dependent
diabetes affects testicular function by FSH- and LH-linked mechanisms. J. Androl. 2004, 25, 706–719.
[CrossRef] [PubMed]
Bruening, J. Role of brain insulin receptor and control of body weight and reproduction. Science 2000, 289,
2122–2125. [CrossRef]
Meral, I.; Yener, Z.; Kahraman, T.; Mert, N. Effect of Nigella sativa on glucose concentration, lipid peroxidation,
anti-oxidant defence system and liver damage in experimentally-induced diabetic rabbits. J. Vet. Med. A
Physiol. Pathol. Clin. Med. 2001, 48, 593–599. [CrossRef] [PubMed]
Kanter, M. Protective effects of thymoquinone on streptozotocin-induced diabetic nephropathy. J. Mol. Histol.
2009, 40, 107–115. [CrossRef] [PubMed]
Scarano, W.; Messias, A.; Oliva, S.; Klinefelter, G.; Kempinas, W. Sexual behaviour, sperm quantity and
quality after short-term streptozotocin-induced hyperglycaemia in rats. Int. J. Androl. 2006, 29, 482–488.
[CrossRef] [PubMed]
Sharpe, R.M.; Kerr, J.B.; McKinnell, C.; Millar, M. Temporal relationship between androgen-dependent
changes in the volume of seminiferous tubule fluid, lumen size and seminiferous tubule protein secretion in
rats. J. Reprod. Fertil. 1994, 101, 193–198. [CrossRef] [PubMed]
Pentikainen, V.; Erkkila, K.; Suomalainen, L.; Parvinen, M.; Dunkel, L. Estradiol acts as a germ cell survival
factor in the human testis in vitro. J. Clin. Endocrinol. Metab. 2000, 85, 2057–2067. [CrossRef] [PubMed]

Int. J. Mol. Sci. 2017, 18, 919

25.
26.
27.

28.
29.
30.

31.

32.
33.
34.
35.
36.

37.
38.
39.
40.
41.

42.

43.

44.
45.

46.

14 of 15

Farrell, J.B.; Deshmukh, A.; Baghaie, A.A. Low testosterone and the association with type 2 diabetes.
Diabetes Educ. 2008, 34, 799–806. [CrossRef] [PubMed]
Bauche, F.; Fouchard, M.H.; Jegou, B. Antioxidant system in rat testicular cells. FEBS Lett. 1994, 349, 392–396.
[CrossRef]
Ghosh, J.; Das, J.; Manna, P.; Sil, P.C. Taurine prevents arsenic-induced cardiac oxidative stress and apoptotic
damage: Role of NF-κB, p38 and JNK MAPK pathway. Toxicol. Appl. Pharmacol. 2009, 240, 73–87. [CrossRef]
[PubMed]
Mabrouk, A.; Ben Cheikh, H. Thymoquinone supplementation ameliorates lead-induced testis function
impairment in adult rats. Toxicol. Ind. Health 2016, 32, 1114–1121. [CrossRef] [PubMed]
Al Wafai, R.J. Nigella sativa and thymoquinone suppress cyclooxygenase-2 and oxidative stress in pancreatic
tissue of streptozotocin-induced diabetic rats. Pancreas 2013, 42, 841–849. [CrossRef] [PubMed]
Geng, X.; Shao, H.; Zhang, Z.; Ng, J.C.; Peng, C. Malathion-induced testicular toxicity is associated with
spermatogenic apoptosis and alterations in testicular enzymes and hormone levels in male wistar rats.
Environ. Toxicol. Pharmacol. 2015, 39, 659–667. [CrossRef] [PubMed]
Kanimozhi, V.; Palanivel, K.; Akbarsha, M.A.; Kadalmani, B. Tributyltin-mediated hepatic, renal and
testicular tissue damage in male syrian hamster (Mesocricetus auratus): A study on impact of oxidative stress.
Springerplus 2016, 5, 1523. [CrossRef] [PubMed]
Kushwaha, S.; Jena, G.B. Telmisartan ameliorates germ cell toxicity in the STZ-induced diabetic rat: Studies
on possible molecular mechanisms. Mutat. Res. 2013, 755, 11–23. [CrossRef] [PubMed]
Singh, V.K.; Lal, B. Pro-steroidogenic and pro-spermatogenic actions of nitric oxide (NO) on the catfish,
clarias batrachus: An in vivo study. Gen. Comp. Endocrinol. 2017, 242, 1–10. [CrossRef] [PubMed]
Patel, S.; Santani, D. Role of NF-κB in the pathogenesis of diabetes and its associated complications.
Pharmacol. Rep. 2009, 61, 595–603. [CrossRef]
Al-Malki, A.L.; Sayed, A.A.R. Thymoquinone attenuates cisplatin-induced hepatotoxicity via nuclear factor
kappa-β. BMC Complement. Altern. Med. 2014, 14, 1. [CrossRef] [PubMed]
Rodriguez-Castelan, J.;
Mendez-Tepepa, M.;
Carrillo-Portillo, Y.;
Anaya-Hernández, A.;
Rodríguez-Antolín, J.; Zambrano, E.; Castelán, F.; Cuevas-Romero, E. Hypothyroidism reduces the
size of ovarian follicles and promotes hypertrophy of periovarian fat with infiltration of macrophages in
adult rabbits. BioMed Res. Int. 2017, 2017, 3795950. [CrossRef] [PubMed]
Grumbach, M.M.; Auchus, R.J. Estrogen: Consequences and implications of human mutations in synthesis
and action. J. Clin. Endocrinol. Metab. 1999, 84, 4677–4694. [CrossRef] [PubMed]
Burul-Bozkurt, N.; Pekiner, C.; Kelicen, P. Diabetes alters aromatase enzyme levels in gonadal tissues of rats.
Naunyn Schmiedebergs Arch. Pharmacol. 2010, 382, 33–41. [CrossRef] [PubMed]
O’Donnell, L.; Robertson, K.M.; Jones, M.E.; Simpson, E.R. Estrogen and spermatogenesis. Endocr. Rev. 2001,
22, 289–318. [CrossRef] [PubMed]
Carreau, S.; de Vienne, C.; Galeraud-Denis, I. Aromatase and estrogens in man reproduction: A review and
latest advances. Adv. Med. Sci. 2008, 53, 139–144. [CrossRef] [PubMed]
Budin, S.B.; Yusof, K.M.; Idris, M.H.M.; Hamid, Z.A.; Mohamed, J. Tocotrienol-rich fraction of palm oil
reduced pancreatic damage and oxidative stress in streptozotocin-induced diabetic rats. Aust. J. Basic
Appl. Sci. 2011, 5, 2367–2374.
Kaplanoglu, G.T.; Bahcelioglu, M.; Gozil, R.; Helvacioglu, F.; Buru, E.; Tekindal, M.A.; Erdogan, D.;
Calguner, E. Effects of green tea and vitamin E in the testicular tissue of streptozotocin-induced diabetic rats.
Saudi Med. J. 2013, 34, 734–743. [PubMed]
Al-Zahrani, S.; Kandeal, S.; Mohany, M.; Badr, G. Effects of vitamin E and thymoquinone on physiological
and histological characteristics of heat-stressed male mice. Afr. J. Pharm. Pharmacol. 2011, 5, 2174–2183.
[CrossRef]
Kanter, M. Effects of Nigella sativa and its major constituent, thymoquinone on sciatic nerves in experimental
diabetic neuropathy. Neurochem. Res. 2008, 33, 87–96. [CrossRef] [PubMed]
Sönmez, M.; Türk, G.; Yüce, A. The effect of ascorbic acid supplementation on sperm quality, lipid
peroxidation and testosterone levels of male wistar rats. Theriogenology 2005, 63, 2063–2072. [CrossRef]
[PubMed]
Amann, R. Use of animal models for detecting specific alterations in reproduction. Fundam. Appl. Toxicol.
1982, 2, 13–26. [CrossRef]

Int. J. Mol. Sci. 2017, 18, 919

47.
48.
49.

50.
51.
52.
53.
54.
55.
56.
57.

15 of 15

Johnsen, S. Testicular biopsy score count—A method for registration of spermatogenesis in human testes:
Normal values and results in 335 hypogonadal males. Horm. Res. Paediatr. 1970, 1, 2–25. [CrossRef]
Trinder, P. Determination of blood glucose using an oxidase-peroxidase system with a non-carcinogenic
chromogen. J. Clin. Pathol. 1969, 22, 158–161. [CrossRef] [PubMed]
Little, R.; Wiedmeyer, H.; England, J.; Wilke, A.; Rohlfing, C.; Wians, F.; Jacobson, J.; Zellmer, V.; Goldstein, D.
Interlaboratory standardization of measurements of glycohemoglobins. Clin. Chem. 1992, 38, 2472–2478.
[PubMed]
Hillmann, G.Z. Prostatic and total acid phosphatase estimation. Klin. Chem. Klin. Biochem. 1971, 9, 273.
Belfield, A.; Goldberg, D. Colorimetric determination of alkaline phosphatase activity. Enzyme 1971, 12,
561–566. [PubMed]
Bradford, M.M. A rapid and sensitive method for the quantitation of microgram quantities of protein
utilizing the principle of protein-dye binding. Anal. Biochem. 1976, 72, 248–254. [CrossRef]
Beutler, E.; Duron, O.; Kelly, B.M. Improved method for the determination of blood glutathione. J. Lab.
Clin. Med. 1963, 61, 882–888. [PubMed]
Ohkawa, H.; Ohishi, N.; Yagi, K. Assay for lipid peroxides in animal tissues by thiobarbituric acid reaction.
Anal. Biochem. 1979, 95, 351–358. [CrossRef]
Nishikimi, M.; Rao, N.A.; Yagi, K. The occurrence of superoxide anion in the reaction of reduced phenazine
methosulfate and molecular oxygen. Biochem. Biophys. Res. Commun. 1972, 46, 849–854. [CrossRef]
Montgomery, H.; Dymock, J. The determination of nitrite in water. Analyst 1961, 86, 414–416.
Bancroft, J.D.; Layton, C. The Hematoxylin and Eosin. In Theory Practice of Histological Techniques, 7th ed.;
Suvarna, S.K., layton, C., bancroft, J.D., Eds.; Churchill Livingstone of El Sevier: Philadelphia, PA, USA, 2013.
© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

