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Abstract

The current study aimed to investigate the effects of thymoquinone (TQ) to enhance the anti-diabetic effect of
metformin (MET) in streptozotocin-induced diabetes in male rats. The mutual effect of TQ and MET on biochemical
parameters such as glucose, cholesterol, triglycerides, and glycated hemoglobin was estimated. Also, their
combined influence on malonaldehyde (MDA) and total anti-oxidant capacity (TAC) in liver and pancreas tissues
homogenates were assessed. Furthermore, their synergistic effects on the expression of mRNA encoding glucose
transporter-2 (Glut-2) were evaluated. Moreover, insulin receptor labeling index percentage in liver tissues was
estimated. Results revealed that the alteration in biochemical levels due to streptozotocin action was corrected and
restored by TQ plus MET with more pronounced effect than MET alone. Also, in liver homogenate both TQ and MET
decreased the elevated MDA level to 8.82 and augmented the TAC level to 2.71, compared to their values in MET
group 14.64 and 1.19, respectively. Furthermore, TQ plus MET up-regulated the expression level of Glut-2 by
88.2%, compared to 80% in MET group. Taken together, our study revealed that TQ via its anti-oxidant properties is
a useful combination therapeutic agent to enhance the anti-diabetic activity of MET in STZ-induced diabetic rats.
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Introduction
Diabetes mellitus (DM) is characterized by chronic hyperglycemia

with metabolism disorder of carbohydrate, fat and protein resulting
from failures in insulin secretion, insulin impact, or together [1].
Mainly, there are two types of diabetes mellitus; type 1 and type 2 [2].
Type 1 is a defect in the immune system resulting in a loss of self-
tolerance and inflammatory destruction of the insulin producing β-
cells [3,4]. Type 2 is the most common type and involving insulin
resistance and deficiency [5]. Type 2 diabetes is a global epidemic with
an estimated worldwide prevalence of 415 million people in 2015,
which is predicted to increase to 642 million people by 2040 [6]. The
majority of this diabetic population gets from developing countries [7].

The very considerable health, social and economic burdens caused
by DM [8,9] present a major challenge to health-care systems around
the world. To lower the risk of diabetic complications effective
management of continued glycemic control was required [10]. The
usage of anti-diabetic drugs mainly depends on type of diabetes. Type
2-antidiabetic drugs fundamentally possess activities to lower blood
glucose by increasing the quantity of pancreatic insulin secretion,
increase sensitivity of target organs to insulin or decrease the absorbed
rate of glucose from the gastrointestinal tract [11].

Metformin (MET), an oral hypoglycemic drug related to biguanides,
is commonly used for the management of type 2 diabetes. MET

diminishes fasting glucose concentration by decreasing hepatic glucose
production level via gluconeogenesis and glycogenolysis [12,13].

One of the medicinal plants with anti-hyperglycemia and anti-
hyperlipidemia effects is Nigella sativa (NS) [14,15] and most of its
therapeutic properties are due to the presence of thymoquinone (TQ)
(28-57%) [16-18]. Moreover, its hepatoprotective, anti-inflammatory,
anti-oxidant, cytotoxic, anti-cancer, hypoglycemic [19,20] and radical
scavenging activities [21] has been reported.

Consequently, the aim of the current study was to investigate the
combined effect of TQ and MET on biochemical profile, lipid
peroxidation, total anti-oxidant capacity (TAC), and glucose
transporter-2 (Glut-2) in streptozotocin (STZ) induced DM in male
rats.

Materials and Methods

Animals
Fifty white male albino rats (Rattus norvegicus) (aged 6-7 weeks and

weighing 120-130 g) were purchased from the laboratory animal house
of Tanta University, Egypt and housed in well-ventilated plastic cages.
The animals were housed under standardized environmental
conditions. Animals received food and water ad libitum. Rats were
maintained on a 12:12 h light/dark cycle and acclimated for 1 week
before beginning of the experiment. Rats were maintained as
performed by national guidelines and protocols, approved by the
University Scientific Research Ethics Committee.
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Thymoquinone (TQ)
TQ was obtained from Sigma Chemical Co. (St. Louis, MO). It was

dissolved firstly in dimethyl sulfoxide (DMSO), followed by saline
addition (the final concentration of DMSO was less than 0.5%). The
solution was administered orally through stomach tube at a dose of 50
mg/kg body weight once daily, for 7 successive weeks.

Induction of diabetes
Diabetes was induced in male rats by administering

intraperitoneally injection of a freshly prepared solution of STZ
(Sigma) (65 mg/kg body weight) in 0.1 M citrate buffer (pH 4.5) to the
overnight fasted rats. After 3 days, fasting blood glucose levels were
measured and rats with glucose concentration higher than 200 mg/dl
were considered diabetic and used in the study [22].

Experimental design
A total of 50 rats included 10 normal and 40 STZ-diabetic were used

in the experiment. Rats were divided into 5 groups each consisting 10
rats.

Group 1: Control group: rats were orally taken citrate buffer.

Group 2: Diabetic group: diabetic rats were orally given saline
containing DMSO, daily for 7 successive weeks.

Group 3: TQ group: diabetic rats orally treated with TQ (80 mg/kg),
daily for 7 successive weeks.

Group 4: MET group: diabetic rats orally treated with MET (500
mg/kg) (sigma), daily for 7 successive weeks.

Group 5: TQ + MET group: diabetic rats orally treated with TQ (80
mg/kg) + MET (500 mg/kg) (orally), daily for 7 successive weeks.

Treatment was continued for 7 weeks. The initial and final (before
sacrificing) body weights of all the experimental animals from each
group were measured using a digital balance to calculate body weight
gain (BWG). At the end of the treatment period, the rats were fasted
overnight, anaesthetized with diethyl ether and the liver and pancreas
of each rat was dissected out.

Sampling and analysis
Blood samples were collected into a tube containing

ethylenediaminetetraacetic acid (EDTA) (Sigma) for measurement of
glycated hemoglobin (HbA1c) and other samples were allowed to
coagulate and then centrifuged at 3000 × g for 10 min and sera were
collected for biochemical analysis. Liver and pancreas tissues were
washed in cold saline. Part of the liver and pancreas was homogenized
in cold PBS, centrifuged at 3000 × g for 10 min at 4°C and the
supernatant was stored at -20°C. The other specimen was fixed with
10% formalin solution for immunohistochemistry examinations.

Biochemical assays
The biochemical alterations in the serum included glucose [23],

cholesterol [24], and triglycerides [25] were assessed as well as HbA1c
was estimated in the blood as previously described [26].

Estimation of lipid peroxidation
Malondialdehyde (MDA) level is an index of lipid peroxidation. The

degree of lipid peroxidation was determined by measuring

thiobarbituric acid reactive substances (TBARS) in the tissue
supernatant [27]. Briefly, liver and pancreas tissues homogenates were
centrifuged at 3000 rpm for 15 min and supernatants were collected
and used for the estimation of TBARS as MDA equivalents. The
absorbance was measured spectrophotometrically at 532 nm and the
concentrations were expressed as nmol TBARS/g wet tissue.

Estimation of total anti-oxidant capacity (TAC)
TAC in liver and pancreas tissues homogenates was estimated by

ferric reducing anti-oxidant power (FRAP) assay [28]. Briefly, ferric
iron (Fe3+) is initially reduced by electron-donating anti-oxidants
present within the sample to its ferrous form (Fe2+). The iron complex
develops a dark blue color product upon reduction which can be
measured at 593 nm. Samples can be related to the iron standard for
determining anti-oxidant potential.

qRT-PCR assay
Total RNA was isolated from 30 mg of liver tissues using an RNA

extraction kit (easy-REDTM, iNtRON Biotechnology, #17063, South
Korea) according to the supplier’s protocol. Synthesis of first strand
complementary DNA (cDNA) was performed using an oligo-dT
primer and superscript reverse transcriptase using reverse
transcription kits (Thermo Scientific, Fermentas, # EP0451)). qRT-PCR
for Glut-2 and β-actin was performed using the SYBR green method
with a StepOnePlus real time thermal cycler (Applied Biosystems, Life
technology, USA). The primer sequences used for PCR were as follows:
Glut-2, forward TAGTCAGATTGCTGGCCTCAGCTT, reverse
TTGCCCTGACTTCCTCTTCCAACT; β-actin, forward
AAGTCCCTCACCCTCCCAAAAG, reverse
AAGCAATGCTGTCACCTTCCC. Cycling conditions for
amplification of Glut-2 and β-actin were as follows: 95°C for 10 min,
followed by 40 cycles of denaturation at 95°C for 15 s, annealing at
58°C for 30 s, and extension at 72°C for 30 s. The relative gene
expression levels were calculated as previously described [29].

Immunohistochemical examination
Liver slides of all experimental groups were deparaffinized with

xylene and dehydrated in a graded ethanol to distilled water
concentration series. Antigen retrieval was performed by insertion the
slides in 10 mM citrate buffer (pH 3.0), heating all in a microwave
oven for 20 min, and allowing them to cool to room temperature (RT).
After the slides were rinsed once with PBS, the endogenous peroxidase
activity was blocked by incubating the slides in blocking solution (3%
H2O2 in PBS) for 30 min followed by rinsing three times with PBS. The
primary antibody, anti-insulin receptor IgG1/K (thermo fisher
scientific, UK), was applied to the slides. All slides were incubated
overnight with the primary antibody at RT, washed by PBS then
incubated with secondary antibody for 15 min followed by washing
with PBS. Bound antibody was detected using a modified labeled
avidin-biotin reagent for 20 min then washing in PBS.
Diaminobenzidine (0.1%) was used for 5 min as a chromogen. Slides
were read blindly under a light microscope at × 400 magnification.
Over 1,000 cells from at least 5 different fields were counted. Insulin
receptor labeling index percentage was calculated as follows: number
of positive cells ÷ total cells counted × 100 [30].
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Statistical analysis
Data were expressed as mean ± standard deviation. Statistical

analyses were performed using one-way analysis of variance (ANOVA)
to assess significant differences among treatment groups. P value less
than 0.05 was accepted as significant.

Results

Effect of TQ and MET on the level of glucose, cholesterol,
and triglycerides

Results in Figure 1 showed that the mean values of fasting blood
glucose were significantly (P<0.001) increased in rats of diabetic group,
compared with those of the normal control. But, treating diabetic rats
with both TQ and MET for 7 weeks significantly (P<0.001) reduced and
normalized the elevation of glucose level. Furthermore, the level of
cholesterol in diabetic rats was significantly (P<0.001) increased
compared with normal ones. Treating the diabetic rats with either TQ,
MET or both significantly (P<0.001) decreased  the  level  of  serum
cholesterol, although being higher than that of the non-diabetic
control group. Moreover, triglycerides level was significantly (P<0.001)
elevated in diabetic rats compared with rats in normal control group.
The elevation of triglycerides level was significantly (P<0.01) or (P<0.05)
reduced after the treatment with either TQ or MET, compared with
diabetic group. Interestingly, triglycerides level was corrected to the
normal values after the treating with both TQ and MET together.

Figure 1: Effect of TQ and/or MET on glucose, cholesterol, and
triglycerides level. Data are presented as mean ± standard deviation.
Significantly (*P˂0.05, **P˂0.01, ***P˂0.001) different from the
diabetic control. TQ: thymoquinone; MET: metformin.

Effect of TQ and MET on body weight gain
As shown in Figure 2, the administration of STZ resulted in

significant (p<0.001)  loss  in  BWG  as  compared  to  normal  control
group. The treatment of diabetic rats with either TQ or MET
significantly (p<0.001) declined  the  loss  in  the  BWG. However, the
treatment with both TQ plus MET for 7 weeks showed a significant
improvement in BWG rather than that of either TQ or MET group,
individually.

Figure 2: Effect of TQ and/or MET on body weight gain in male
rats. Data are presented as mean ± standard deviation. Body
weights were measured at day 1 and 49 by using digital balance and
expressed by (gm). ***p<0.001 versus diabetic control.

Effect of TQ and MET on HbA1c level
Estimation of HbA1c has been found to be particularly useful in

monitoring the effectiveness of therapy in diabetes [31]. Thus, the
effect of TQ and MET in diabetic rats was measured. As displayed in
Figure 3, positive control group showed significant (P<0.001) increase in
HbA1c level as a result of STZ-induced diabetes, compared with that of
the non-diabetic group. Treating diabetic rats with TQ or MET
significantly (P<0.001) decreased the level of HbA1c, the recorded level
is 6.9% and 6.63%, respectively. Meanwhile, the combined effect of TQ
plus MET was reduced the HbA1c level to 6.08%.

Figure 3: Effect of TQ and/or MET on HbA1C% level. Data are
presented as mean ± standard deviation. Significantly ***P˂0.001
different from the diabetic control. HbA1C%: glycated hemoglobin
percent.

Effect of TQ and MET on MDA level
Results in Figure 4 revealed that the mean values of MDA level in

the diabetic group were significantly (P<0.001) increased roughly 4-
folds compared with those of the negative control group in both liver
and pancreas homogenates. As a result of treating diabetic rats with
either TQ or MET; the mean values of MDA in liver and pancreas
homogenates were significantly decreased compared to diabetic group.
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Remarkably, the combined effect of TQ plus MET showed the highest
decline level of lipid peroxidation in two homogenates compared to
TQ or MET group.

Figure 4: Effect of TQ and/or MET on MDA level in liver and
pancreas homogenates. Data are presented as mean ± standard
deviation. MDA level was expressed by (nmol/g tissue).
Significantly (* P˂0.05, ** P˂0.01, *** P˂0.001) different from the
diabetic control. MDA: malonaldehyde.

Effect of TQ and MET on TAC level
As shown in Figure 5, the TAC level in the diabetic group were

significantly (P<0.001)  diminished  due to the  effect of STZ in both
homogenates, compared to the corresponding normal control.
However, the combined treatment with TQ and MET exhibited
significant effect on TAC level in both homogenates compared to the
individual effect of TQ or MET. As the TAC level in liver and pancreas
homogenates were not only restored to normal values but also
increased to 1.5- and 2-fold, respectively than that of normal group.

Figure 5: Effect of TQ and/or MET on TAC level in liver and
pancreas homogenates. Data are presented as mean ± standard
deviation. TAC level was expressed by (µmol/g tissue). Significantly
(**P˂0.01, ***P˂0.001) different from the diabetic control. TAC:
total antioxidant capacity.

Effect of TQ and MET on Glut-2 mRNA expression level
Comparing with normal rats, STZ-induced diabetes was found to

significantly  (P<0.01) suppress Glut-2 mRNA expression in liver tissues
as shown in Figure 6. In TQ group, a significant (P<0.05) elevation in
Glut-2 expression was noticed compared with the diabetic group and
the observed value was 0.24. Also, the administration of MET in
diabetic rats increased Glut-2 expression to 0.43. Conversely, diabetic
rats treated with both TQ and MET for 7 weeks showed the highest
elevation in Glut-2 mRNA expression and the detected value was 0.77.

Figure 6: Effect of TQ and/or MET on Glut-2 mRNA expression in
liver tissues. Data are presented as mean ± standard deviation.
Glut-2 mRNA expression was related to β-actin. Significantly
(*P˂0.05, **P˂0.01) different from the diabetic control. Glut-2:
glucose transporter-2.

Effect of TQ and MET on insulin receptor labeling index
percentage

Figure 7: Effect of TQ and/or MET on insulin receptor in liver
tissues, as determined by immunohistochemistry assay. Insulin
receptor was expressed as labeling index percentage. Data are
presented as mean ± standard deviation. Significantly (** P˂0.01,
*** P˂0.001) different from the diabetic control.

Insulin receptor in liver tissues of diabetic rats was detected using
immunohistochemistry assay and measured as labeling index
percentage. As displayed in Figure 7, in comparison with non-diabetic
group, insulin receptor was significantly (P<0.01) declined in liver
tissues of diabetic rats, the detected value was 25.5%. Treating diabetic
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rats with TQ or MET significantly (P<0.01) increased the percentage
by 73.35 or 80, respectively. However, insulin receptor levels were
significantly (P<0.001) augmented by 88.2% after the treatment with
both TQ and MET.

Discussion
DM is a multi-factorial illness described by hyperglycemia,

lipoprotein abnormalities and altered intermediary metabolism of
nutrients associated with deficiencies in insulin secretion and/or
resistance to its action. Therefore, the present study aimed to assess the
anti-diabetic effect of combined oral administration of both TQ and
MET against STZ-induced diabetic rats.

The metabolic disorder of diabetes is frequently diagnosed by
hyperglycemia which occurs when cells become unable to utile glucose
and/or the liver and skeletal muscles can’t store glycogen [32]. This is
obviously noticed in Figure 1 which showed that diabetic rats possess
significantly increased blood glucose level, compared to normal
control. But, the combined treatment with TQ and MET markedly
reduced and normalized the elevation of glucose level. This might be
related to the effect of TQ causing partial regeneration and
proliferation of pancreatic β-cells leading to increase in insulin
secretion [33]. Also, it supports the utilization of glucose by cells in
glycolysis and Kreb’s cycle pathways [34]. Additionally, TQ possessed
effect in decreasing liver glucose production via gluconeogenesis [35]
and decreasing intestinal glucose absorption [36]. Furthermore, the
anti-hyperglycemic effect of TQ due to reduction of oxidative stress
preserving pancreatic β-cell integrity and leading to insulin levels
increase [37]. Moreover, the anti-hyperglycemic effect of metformin
might be linked to improving peripheral sensitivity to insulin,
inhibiting gastrointestinal absorption of glucose [38], or decreasing
hepatic glucose production [39].

The levels of cholesterol and triglycerides of the positive control
group were significantly increased compared with those of the negative
control group. These results were concomitance with the previously
mentioned that diabetes was associated with an increasing in the
synthesis of cholesterol, which may be due to the increased activity of
3-hydroxy-3-methylglutaryl-coenzyme A reductase (HMG CoA R)
[40]. On the other hand, treating the diabetic rats with either TQ or
MET significantly decreased the level of serum cholesterol and
triglycerides. Remarkably, the level of serum triglycerides and
cholesterol was reduced and corrected to the normal values after the
treating with TQ and MET. It was stated that plasma triglyceride and
cholesterol levels diminished in the diabetic rats treated with TQ [41]
due to its anti-oxidant activity [42]. Also, the anti-lipidemic action of
TQ may be caused by its ability to stimulate insulin secretion and
action. In addition, TQ generated a hypocholesterolemic effect in
diabetic rats through regulation of cholesterol via up-regulation of
hepatic LDL receptor gene and suppressing the HMG-CoA R gene
[41].

The energy lost from the body in DM may be replaced through the
degeneration of the adipocytes and muscle tissues which will lead to
loss in body weight. This finding was agreed with our result in Figure 2
where STZ-induced diabetes caused a significant loss in BWG in rats
after consecutive 7 weeks. On the other hand, the treated diabetic rats
with TQ or MET reduced the loss in the BWG, however, the combined
treatment showed the highest improvement in the loss of BWG. These
findings are in agreement with the previously stated that the
improvement of the body weight in diabetic rats may be due to the

improved glycemic control [43]. Also, it has been reported that MET
reduces hyperglycemia and protein wasting due to carbohydrate
inaccessibility [44]. Consequently, the maximum effect of TQ plus
MET to reduce the loss in body weight might be related to their
hypoglycemic activity.

During diabetes the excess of glucose present in blood reacts with
hemoglobin to form HbA1c [45]. It is widely accepted as a single most
reliable indicator of metabolic control in diabetes mellitus. Data in
Figure 3 demonstrated that the level of HbA1c% was elevated in STZ-
diabetic rats, compared to the corresponding normal rats. Our result
was in agreement with the previously reported which stated that
plasma HbA1c levels were higher in diabetic rats than in normal
groups [46]. The observed increase in the levels of HbA1c% in diabetic
control group rats is due to the presence of excessive amounts of blood
glucose.

Conversely, TQ or MET decreased the level of HbA1c%, however,
the maximum reduction was noticed after the treatment with TQ and
MET. Glycated protein concentration reflects an average of blood
glucose level over a period time; their determination provides a reliable
means of monitoring diabetic control [47,48] Therefore, the ability of
combination given of TQ and MET to decline the elevated level of
HbA1c% might be related to their hypoglycemic effects.

There is a close relationship between the increase of free radicals,
blood glucose, and lipid peroxidation in the progress of diabetes [49].
Diabetics usually exhibit high oxidative stress due to persistent and
chronic hyperglycemia, which thereby depletes the activity of
antioxidative defense system and thus promotes free radicals
generation [50]. Oxygen free radicals could react with polyunsaturated
fatty acids which lead to lipid peroxidation [51]. In our investigation
STZ-diabetic rats showed approximately 4–folds increasing in lipid
peroxidation level (Figure 4) accompanied by decreasing in TAC level
in the liver and pancreas homogenates compared with their
corresponding values in negative control group (Figure 5).

These results are in agreement with previous investigations [52-53]
and may be attributed to the fact that the elevated generation of free
radicals resulting in the consumption of anti-oxidant defense
components which may lead to disruption of cellular functions and
oxidative damage to membranes and may enhance susceptibility to
lipid peroxidation [54,55]. On the other hand, the combined treatment
with TQ and MET improved MDA and TAC and closely restored them
to their normal levels. This result may be attributed to anti-oxidant
activity of TQ and its scavenging effect on the free radicals [56].
Besides, it triggers the oxidative stress resistance by reducing the
elevated levels of MDA [57].

Glut-2 is a carrier protein that facilitates glucose movement across
cell membranes. It is the main transporter for transfer of glucose
between liver and blood and for glucose reabsorption from kidneys
[58]. The current result revealed significant down-regulation in the
expression level of the Glut-2 mRNA in liver of diabetic rats, compared
to non-diabetic control groups (Figure 6). This result agree with
previously stated that the decreased expression of Glut-2 is reversible
and depends on the diabetic environment as well as diabetes induced
decreasing in expression of Glut-2 [59]. In contrast, rats treated by TQ
or MET indicated significant up-regulation in Glut-2 expression level
compared to the diabetic control group, however, the highest
significant up-regulation was detected in rat treated with TQ and MET
together.
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It has been reported that Glut-2 deficiency in mice results in
hyperglycemia [60]. Additionally, drugs enable Glut-2 translocation
and improve insulin sensitivity could be useful for the treatment of
diabetes [61,62]. Also, MET declined blood glucose concentrations by
increasing glucose disposal in skeletal muscle, as well as, AMP-
activated protein kinase (AMPK) stimulated glucose uptake into
skeletal muscle and the inhibition of liver gluconeogenesis.
Furthermore, it has been reported that MET could activate AMPK in
rat hepatocytes [63]. Moreover, studies revealed that nigella sativa
exhibited a remarkable ability to stimulate glucose uptake in skeletal
muscle [64]. Therefore, the maximum dual effect of TQ and MET to
regulated the decreased expression of Glut-2 could be related to their
hypoglycemic effect which lead to the improvement in level of Glut-2
mRNA expression.

Insulin receptor is a transmembrane receptor, which belongs to the
large class of tyrosine kinase receptors, and activated by insulin [65]. It
acts mainly to mediate the metabolic actions of insulin [66]. Our
results in Figure 7 clarified that STZ-induced diabetic rats exhibited
significant reduction in insulin receptor. This finding is compatible
with the previous study revealed that in diabetes; the insulin resistance
is partly mediated by reducing level of insulin receptor expression [67].
Also, it was reported that a decline in insulin receptor signaling leads
to type 2 DM [68].

Alternatively, treating diabetic rats either with TQ or MET
significantly improved and increased the insulin receptor expression.
However, the maximum elevation level of insulin receptor was noticed
in diabetic rats treated with both TQ plus MET. Our result is being
supported by a report indicating that MET increases insulin receptor
activation in human liver [69]. Additionally, MET can improve insulin
sensitivity via its effects on insulin receptor signaling pathways of
insulin action [70]. Moreover, the administration of nigella sativa
significantly induced the IR gene expression of diabetic rats [71].

Conclusion
Our results indicated that TQ can be a useful supplementary agent

used as an add therapy to conventional diabetic drugs.
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