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Abstract: Diabetes mellitus (DM) is a multifaceted metabolic disorder that results in dysfunction
and failure of various organs. The present study aimed to evaluate the role of Thymoquinone
(TQ), on antidiabetic, oxidative stress, and anti-inflammatory activities in streptozotocin (STZ)-
induced (55 mg/kg b.w) diabetic rats. TQ was orally given for 8 consecutive weeks at dose of
150 mg/kg b.w. The blood glucose, insulin, total cholesterol, triglycerides, liver function enzymes,
high density lipoprotein (HDL)-cholesterol, and low-density lipoprotein (LDL)-cholesterol levels were
measured accordingly in control, diabetes control (DC), and TQ-treatment groups. These experiments
confirmed that TQ conserves the insulin level (0.4 ng/mL vs. 0.23 ng/mL), fasting blood glucose
(146 &+ 7 mg/dL vs. 225 + 5 mg/dL), and HbAlc (7.5% vs. 10.6%) quite considerably as compared
to DC animals. Our results also confirmed that TQ treatment conserves the body weight and lipid
profile significantly in STZ-treated animals as compared to the DC group. Moreover, the antioxidant
enzymes (GSH, SOD, GST, and CAT) levels decreased, liver function enzymes (ALT, AST, and ALP),
lipid peroxidation and inflammatory markers (TNF-a, CRP, IL-133, IL-6) increased by STZ treatment,
that is significantly restored after TQ treatment. As compared to untreated animals, TQ restored the
hepatocytes architectural changes and collagen fibers and cox-2 protein expression in liver tissues
as evaluated by hematoxylin and eosin, Masson’s trichrome, and immunohistochemistry staining.
Taken together, all these findings indicated that TQ ameliorates glucose level and lipid metabolism.
It restores liver function, antioxidant enzymes, anti-inflammatory markers, and maintains hepatocytes
architecture in STZ-induced diabetes mellitus rats. Here, in this study, we have demonstrated for the
first time the role of TQ in the reduction of the expression of cyclooxygenase-2 and fibrosis formation
in diabetic rats. Based on the findings, the study suggests that TQ is a novel natural drug with a wide
range of clinical applications including the management of diabetes mellitus.

Keywords: thymoquinone; anti-diabetic; oxidative stress; inflammatory markers; immunohistochem-
istry; streptozotocin

1. Introduction

Diabetes mellitus (DM) has been increasing at an alarming rate around the world,
which is a serious, chronic, and multifaceted metabolic disorder of numerous etiologies
with grave consequences [1]. The population with DM is increasing rapidly and it is
predicted to reach almost 600 million by the year 2035 [2]. The severe effects of diabetes
mellitus include prolonged damage, failure, and dysfunction of different vital organs [3].
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Type 2 diabetes is the most predominant form of diabetes as it accounts for almost 90% of
total diabetes cases [4]. The pancreatic 3-cell function is diminished in type II diabetes and
insulin resistance occurs in hepatic as well as peripheral tissues, causing an uncontrolled
hepatic glucose level and altered uptake of peripheral glucose [5]. The complications of
DM have been recognized for a long time, but detailed knowledge of its main causes and
its proper treatments were not fully known till date [6]. More than fifty percent of cases of
DM are undiagnosed globally because such diseased cases are ignorant of their condition
and maximum cases are from low or middle-income countries [7].

Different lines of treatments have been tried for the prevention of DM including
effective hypoglycemic drugs. Theses hypoglycemic formulations have shown serious
adverse complications after long use [8]. Evidence from different studies have proven
that some bioactive compounds from important medicinal plants or natural compounds
from various sources ameliorate pathological conditions as they are rich source of an-
tioxidants [9]. An advised remarkable approach is a plant-based formulation or natural
compound derived from the medicinal plants or functional food, which plays an important
role in the management of DM and its associated complications [10].

Nigella sativa is a well-known medicinal plant that is used for thousands of years in the
treatment of various diseases. Nigella sativa and its key active component thymoquinone
(TQ) have been well-reported to exert its pharmacological actions by improving important
biological activities, such anti-inflammatory, immunomodulatory, antitumor, analgesic,
antihypertensive, antidiabetic, antimicrobial, antioxidant, and tissue protective properties
in a several types of disorders [11-16].

Based on the novel findings from previous studies, which report the vital role of TQ
in diseases management, here in this study, we aimed to assess the anti-diabetic effects
of TQ in STZ-induced diabetic rats. We further elaborated our findings by evaluating the
antioxidant, anti-inflammatory, liver function enzymes, and hepatoprotective effects of TQ.

2. Materials and Methods
2.1. Chemicals and Reagents

Streptozotocin and thymoquinone were procured from Sigma (Missouri, USA). The liver
function enzyme kits were purchased from Abcam. The antioxidant enzyme kits including
(GST, CAT, SOD, and GSH), the inflammatory marker rat specific ELISA kits (TNF-c, CRP,
IL-6, and IL-1f3) were procured from Abcam (Abcam, Cambridge, UK). The lipid profile
kits were purchased from Crescent diagnostics, Jeddah, Saudi Arabia. The staining kits
(Masson trichrome and Sirius red) and Cox-2 antibody were also purchases from Abcam.
All the other routine chemicals were purchased from Sigma. In addition, some chemical
and reagents utilized in this study, were obtained from the local distributors of different
companies in Saudi Arabia.

2.2. Animals

Male Albino white wistar rats weighing as 250 & 10 grams, were acquired from King
Saud University (KSU), Saudi Arabia (SA). The total number of animals used in this study
were 32 divided randomly in 4 groups as normal control (n = 8), disease control (n = 8),
positive control (n = 8), and thymoquinone treatment (n = 8). The animals were kept as
such, for one week, as an acclimatization period to reduce the transportation stress, prior
to the start of the experiment. They were randomly housed as 8 rats/cage and received
normal rat chow and tap water ad libitum in a constant animal house environment with
22 °C temperature, relative humidity (50% =+ 5), and a 12 h light/dark cycle. The rat chow
used was also purchased from the KSU, SA.

Animal Ethics

The animal handling protocols were performed as per the procedures given by the
animal care unit of College of Applied Medical Sciences, Qassim University. The study
was approved by the Laboratory Animal Ethics Committee (ethics committee no. 2019-
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2-2-1-5623) of the Qassim University. All protocols were applied to reduce the animal
suffering.

2.3. Induction of Experimental Diabetes Mellitus and Experimental Design

All the animals were allowed to fast overnight prior to start the experiment. Diabetes
was induced in rats by a single intraperitoneal (i.p.) injection of streptozotocin (STZ) (55 mil-
ligrams/kg b.w.) dissolved in freshly prepared in citrate buffer [17], except the control
group animals which were injected with the same volume of buffer solution intraperi-
toneally. The STZ-treated animals were allowed to take glucose solution for overnight
which was replaced with normal tap water onwards. After 72 h, the glucose concentration
was measured by puncturing the tail vein, in all the animals with a glucometer. The glucose
concentration was measured by test strip glucometer (ACCU-CHEK, Active, Germany).
The animals with blood glucose level more than 200 mg/dl were considered as diabetic and
were included for the experiments. The treatments were started on day 4 after STZ injection,
and this was considered day 1 for treatment and was continued for eight weeks. A total of
32 experimental rats were used to examine the anti-diabetic effect of thymoquinone on the
experimental rats. The rats were divided into the four groups as:

Group Number Group Name Experimental Conditions
1 Normal Control (NC) Rats allowed to have free access to tap
water and a standard rat chow
) Disease control (DC) Diabetic rats induced by STZ (55 mg/kg

b.w.), serving as diabetic control [17]
Animals serving as positive control, were
3 Positive control (PC) injected with STZ and Glibenclamide

(5 mg/kg b.w.) [18]
Diabetes treatment group, STZ-induced
diabetic animals treated with 50 mg/kg
b.w. TQ [19]

Thymoquinone treatment
(STZ + TQ)

In the current study, the TQ dose used is 50 mg/kg b.w. which is significantly a very
low dose and this dose did not show any toxicity. The LDsq after oral ingestion has been
reported as 870.9 mg/kg and LDs5j values presented 100-150 times greater than dose of
TQ for its anti-inflammatory, antioxidant, and anti-cancer effects [20]. The high dose of
TQ showed toxicity as rats which received oral ingestion of TQ showed transient toxicity
signs. Two deaths were reported at dose of 500 mg/kg as a result of bowel obstruction
complications [21]. Based on these reports, we did not include an additional TQ treatment
only group.

2.4. Body Weight Measurements

At the start of every week, the body weights of all animals were measured and the
results were analyzed accordingly.

2.5. Blood Glucose Estimation

The fasting blood glucose level of all the experimental animals was estimated to
measure the diabetic status within each group. The blood was collected by pricking the
rat tails and blood glucose levels were estimated with the help of a standard glucometer.
At the end of experiment, the rats were devoid of food for overnight. The serum insulin
levels were measured as per the manufacturer’s instruction.

2.6. Lipid Profile Measurement

The lipid parameters such as total cholesterol (TC), triglycerides (TG), high-density
lipoprotein (HDL) cholesterol, and low-density lipoprotein (LDL) cholesterol were esti-



Appl. Sci. 2021, 11,3223

40f18

mated by using kits (Crescent diagnostics, Jeddah, KSA) and results were interpreted
accordingly.

2.7. Measurement of Liver Function Enzymes

After blood collection in plain vials, it was allowed to clot at room temperature
for 30 min. The serum was separated by centrifugation at 3000 x g for 15 min at room
temperature. In serum, aspartate aminotransferase (AST), alanine aminotransferase (ALT),
and alkaline phosphatase (ALP) was measured as per the manufacturer instruction.

2.8. Glycosylated Haemoglobin Level

The glycosylated hemoglobin (HbAlc) in the blood was measured with a little modi-
fication to the previously described method [22]. Briefly, the saline washed erythrocytes
were collected and incubated at 37 °C for 15 min. The supernatant was discarded, then for
the additional process for assessment of HbAlc, 0.5 mL of saline was added and properly
mixed. The contents were heated after the addition of 0.05 mL of aliquot and 6 mL of
oxalate hydrochloric solution. The solution was cooled and precipitated with 3 mL of 40%
TCA. To the 0.6 mL of supernatant, 0.06 mL of phenol and 4.0 mL of H,SO4 were added.
After 30 min, the color was developed that was measured at 480 nm.

2.9. Creatinine and Urea

The creatinine and urea level in serum was measured by colorimetric assay kits
according to the producer’s instructions.

2.10. Estimation of Antioxidant Enzymes Levels

The liver tissues from each animal groups were homogenized in ice-cold TCA-
phosphate buffer saline (10%). The liver homogenates were then centrifuged at 4 °C
temperature at 15,000 g for 10 min. The supernatants were obtained for the estimation of
antioxidant enzymes including SOD, GST, and CAT activities and the levels of GSH. The
antioxidant enzymes were estimated calorimetrically by using commercial kits (Abcam,
Cambridge, UK) according to the manufacturer instructions.

2.11. Lipid Peroxidation Levels Measurement

The lipid peroxidation was measured spectrophotometrically by checking the con-
centration of thiobarbituric acid reactive product and the absorbance was measured at
534 nm [23].

2.12. Measurement of Pro-Inflammatory Parameters

An ELISA test was performed for the estimation of TNF-«, CRP, IL-13, and IL-6
according to the manufacturer’s protocol and results were interpreted accordingly.

2.13. Hematoxylin and Eosin (H&E) Staining for Histological Examinations

The liver tissues of all experimental animals were taken and washed with the normal
saline and fixed with 10% formalin. The tissues were processed by using tissue processor
(Leica, Germany). The paraffin wax was used to embed the tissues and 5 pm thin sections
were made and mounted on the polylysine coated slides. All the slides were stained with
H&E and observed under light microscope by multiple magnifications to examine the
tissues architecture. The entire assessment was evaluated by a pathologist in a blinded
fashion.

2.14. Masson’s Trichrome Staining

All the liver tissues were fixed in 10% phosphate-buffered formalin. The tissues were
processed using automated tissue processor (Leica, Germany), then embedded in paraffin,
sliced into 5-um sections, and stained with Masson’s trichrome at room temperature
according to the manufacturer’s instruction. All sections were evaluated and the images
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were captured under light microscopy (Olympus Corporation, Tokyo, Japan) and the result
were interpreted accordingly.

2.15. Expressional Evaluation of Cox-2 Protein

The Cox-2 protein expression was measured through immunochemistry as per the
method previously described [24,25]. The antigen retrieval was performed in all the
tissues and the primary monoclonal antibodies Cox-2 were incubated overnight at 4 °C
temperature. Biotinylated secondary antibodies (Abcam kits, Cambridge, UK) were added
and incubation was performed for one hour at room temperature. Horseradish peroxidase
was applied on tissues for 30 min at room temperature. Finally, diaminobenzidine (DAB)
was used as chromogen and the sections were counterstained with hematoxylin stain. The
images of sections were taken by using a digital camera, and the results were interpreted
accordingly.

2.16. Statistical Analysis

All values were expressed as mean =+ SD. The statistical significance was evaluated by
one-way analysis of variance (ANOVA) using SPSS. The post hoc test (Tukey test) was used
to compare different groups. A value of p < 0.05 was considered to indicate a significant
difference between the animal groups.

3. Results
3.1. Effect of TQ on Body Weight in Experimental Groups

The body weight of all experimental group rats was measured weekly. The body
weight of all experimental animals exhibited no noticeable changes between the different
groups. After 8 weeks of continuous treatment, the body weight of normal control rats
gained significantly (260 £ 9 g vs. 310 £ 10 g). STZ led to a significant weight loss (205 £ 9 g)
in the STZ-treated group (DC group) in comparison to the normal control (NC group)
and rats” body weights notably augmented in diabetic rats treated with TQ (290 + 10 g)
(p < 0.05) [Figure 1]. Supplementation of TQ to diabetic rats showed a significant lowering
effect on the body weight changes as compared with diabetic rats fed with normal diet.
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Figure 1. (a) The initial and the last body weight of different groups of rats after 8 weeks of experiment. (b) The week-wise

measurement of body weight of all experimental animals from week 1 to week 8. The animals were randomly distributed

into each group (n = 8 per group). Data are means =+ standard error of the mean (SEM). Groups: Normal control (NC);
disease control (DC) i.e., STZ-treated group; positive control (PC) animal treated with STZ and Glibenclamide; diabetic rats
treated with TQ (STZ + TQ). p < 0.05 (significant difference of final b.w. between DC vs. NC) p < 0.05 (significant difference
of final b.w. between DC vs. STZ + TQ).
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3.2. Effect of TQ on Glucose-Related Parameters in STZ-Toxicated Diabetic Rats

The blood glucose levels (fasting) in all the rats were examined weekly from week 0 to 8
during the experiment. The average fasting blood glucose in STZ-injected diabetic rats was
significantly higher (225.5 4= 7.50 mg/dL) than that in normal control rats (94 & 5.30 mg/dL)
(p < 0.05) (Figure 2). After 8 weeks of continues treatment with the TQ, a decline in fasting
blood glucose level in STZ-induced diabetic rats (STZ + TQ) was noticed to be (146 + 6.20)
(# < 0.05) as compared to the DC group (Figure 2). These finding reveal that TQ plays a
substantial role in the induction of hypoglycemic effects or recovered the hyperglycemic
state near to normal in diabetic rats.

*
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f=
= 06
2 #
[
= 0.4 * L
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0
DC PC STZ+TQ NC DC PC STZ+TQ
Animal groups Animals groups

Figure 2. The level of blood glucose and insulin change in different groups of rats after 8 weeks of continues treatment.

The experimental animals were evenly distributed into each group (1 = 8 per group). Data are means =+ standard error of
the mean (SEM). Groups: Normal control (NC); disease control (DC) i.e., STZ-treated group; positive control (PC) animal
treated with STZ and Glibenclamide; diabetic rats treated with TQ (STZ + TQ). * p < 0.05 (significant different of average
glucose and insulin level between DC vs. NC) # p < 0.05 (significant difference of average glucose and insulin level between

DC vs. STZ + TQ).

The STZ-treated rats showed significant reduction in insulin level (0.23 ng/mL)
(p < 0.05) as compared to normal control group rats (1.1 ng/mL). Moreover, the diabetic
animals treated with TQ (STZ + TQ) showed increased serum insulin level (0.4 ng/mL)
and the difference in insulin level in the STZ-treated group treated with thymoquinone was
statically significant (# < 0.05). These results suggest that TQ administration ameliorates
STZ-induced diabetes mellitus (Figure 2).

The glycosylated hemoglobin (HbAlc) level of the rats was also measured. The results
confirmed that HbAlc level (10.64 & 1.15%) of STZ-intoxicated diabetic rats was signifi-
cantly (p < 0.05) increased in comparison to the normal control (5.89 £ 0.5%). STZ-induced
diabetic plus TQ-treated animals showed significantly decreased percentage of HbAlc
level (7.5 £ 0.32%) (p < 0.05) and these findings demonstrated that TQ plays a vital role in
decreasing the hemoglobin glycosylation level (Figure 3).

3.3. Effect of Thymoquinone on Lipid Profile and Liver Function Enzyme Markers in
STZ-Intoxicated Diabetic Rats

The lipid profile was measured in all experimental groups. The results indicated that
serum total cholesterol (TC) (139.37 £ 8.7 mg/dL), triglycerides (TG) (132.3 & 9.5 mg/dL),
low-density lipoprotein (LDL)-cholesterol (102.23 &+ 8.7 mg/dL) levels were significantly
increased and high-density lipoprotein (HDL)-cholesterol decreased (38.6 &= 7.2 mg/dL)
in STZ-injected diabetic rats. The TQ treatment caused a significant reduction of TC, TG,
LDL-cholesterol levels as (117.23 £ 4.7 mg/dL, 201.23 & 9.4 mg/dL, 132.3 & 8.7 mg/dL)
respectively. Moreover, the decreased serum HDL-cholesterol in diabetic rats was also
upturned (61.9 & 7.2 mg/dL) toward the normal level after the treatment with TQ (p < 0.05)
(Figure 4).
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Figure 3. The percentage of HbAlc in different groups of rats after eight weeks of treatment. Rats
were evenly divided into each group (n = 8 per group). Data are means =+ standard error of the
mean (SEM). Groups: Normal control (NC); disease control (DC) i.e., STZ-treated group; positive
control (PC) animal treated with STZ and Glibenclamide; diabetic animals treated with TQ (STZ +
TQ). * p < 0.05 (significant difference of HbAlc percentage between DC vs. NC), # p < 0.05 (significant
difference of HbAlc percentage between DC vs. STZ + TQ).
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Figure 4. The lipid profile in different groups of rats after 8§ weeks of follow up. Rats were uniformly
divided into each group (n = 8 per group). Data are means + standard error of the mean (SEM).
Groups: Normal control (NC); disease control (DC) i.e., STZ-treated group; positive control (PC)
animal treated with STZ and Glibenclamide; diabetic rats exposed with TQ (STZ + TQ). * p < 0.05
(significant difference of between DC vs. NC), # p < 0.05 (significant difference between DC vs. STZ +
TQ).

The liver function enzymes were measured in all experimental groups. In the current
study, it was noticed that STZ (55 mg/kg b.w.)-induced diabetic rats showed significantly
increased liver function enzymes like ALP (153.2 + 3 U/L), ALT (147.5 £ 9 U/L), and AST
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(194.6 £ 3) in comparison to the control group (p < 0.05). In addition, the treatment of
STZ-treated diabetic rats with TQ led to a significant reduction in levels of liver function
enzymes (112.6 =9 U/L, 120.5 £ 8 U/L, 139.3 + 9 U/L) towards normal levels, which is
evidence that TQ protects hepatocytes (Figure 5).
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Figure 5. The liver function test profile in different groups of rats after 8 weeks of follow up. The animals were equally
divided into each group (1 = 8 per group). Data are means =+ standard error of the mean (SEM). Groups: Normal control
(NC); disease control (DC) i.e., STZ-treated group; positive control (PC) animal treated with STZ and Glibenclamide; diabetic
rats managed with TQ (STZ + TQ). * p < 0.05 (significant difference of between DC vs. NC), #p<0.05 (significant difference
between DC vs. STZ + TQ).

3.4. Effect of Thymoquinone on Antioxidant Enzyme Levels in STZ-Treated Diabetic Rats

The antioxidant activity of TQ was analyzed by measuring the antioxidant status in
liver homogenate of different groups of animals. The antioxidant status like glutathione
level (GSH) and antioxidant enzyme like superoxide dismutase (SOD), Glutathione-S-
transferase (GST), and catalase (CAT) activities were checked. In the current study, it was
found that STZ- induced animal groups showed decreased level of antioxidant enzyme
activities (SOD as 34.3 & 3 U/mg protein, GST as 87.9 &+ 10 U/mg protein, and CAT as
19.2 + 3 U/mg protein) in the hepatic tissues. Additionally, the activities these enzyme
(SOD as 45.8 &= 9 U/mg protein, GST as 152.4 + 9 U/mg protein and CAT as 25.6 =1 U/mg
protein) activities and the intensity of GSH prominently increased in the STZ + TQ group
(p < 0.005) (Figure 6). The treatment with TQ restored the enzyme activities towards the nor-
mal value. These findings evidently show that that TQ plays a vital role as hepatoprotective
against STZ-induced diabetic animals by employing its antioxidant properties.

3.5. TQ Inhibits Lipid Peroxidation in STZ-Treated Diabetic Rats

The higher levels of oxidative stress (ROS) induce lipid peroxidation within the
membranes and the production of malondialdehyde (MDA). Liver MDA levels were
significantly higher in the STZ-induced rat group (136.3 & 3 nmol/g) in comparison to the
control animals (95.7 = 6 nmol/g). The MDA level decreased significantly (p < 0.05) in the
STZ-induced rats + TQ treatment group (96.3 £ 4 nmol/g) as compared with the diabetes
control animals (Figure 7).
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Figure 6. The antioxidant enzymes and antioxidant profile in different groups of rats after 8 weeks of
follow up. The experimental animals were evenly distributed into different groups (1 = 8 per group).
Data are means =+ standard error of the mean (SEM). Groups: Normal control (NC); disease control
(DC) i.e., STZ-treated group; positive control (PC) animal treated with STZ and Glibenclamide;
diabetic rats treated with TQ (STZ + TQ). * p < 0.05 (significant difference of between DC vs. NC),
# p < 0.05 (significant difference between DC vs. STZ + TQ).
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Figure 7. The lipid peroxidation, MDA level in different groups of rats after 8 weeks continued
treatment. The experimental animals were uniformly divided into each group (1 = 8 per group). Data
are means =+ standard error of the mean (SEM). Groups: Normal control (NC); disease control (DC)
i.e., STZ-treated group; positive control (PC) animal treated with STZ and Glibenclamide; diabetic
rats treated with TQ (STZ + TQ). * p < 0.05 (significant difference of between DC vs. NC), # p <0.05
(significant difference between DC vs. STZ + TQ).

3.6. TQ Decreases the Creatinine and Urea Level in STZ-Treated Diabetic Rats

Urea and creatinine were measured in serum of all experimental rats. The results
revealed that these parameters were significantly increased (urea as 35.9 + 1.8 mg/dL and
creatinine as 98.7 £ 7.8 pmole/L) in STZ-toxicated diabetic rats as compared to the control
rats. In addition, the STZ-treated diabetic rats with TQ led to a considerable decrease
(urea as 14.6 £ 2.6 mg/dL and creatinine as 67.5 £ 6.9 umole/L) in levels of these kidney
function parameters (Figure 8).
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Figure 8. The kidney function test profile in different groups of rats after 8 weeks of follow up. Rats
were uniformly divided into each group (1 = 8 per group). Data are means + standard error of the
mean (SEM). Groups: Normal control (NC); disease control (DC) i.e., STZ-treated group; positive
control (PC) animal treated with STZ and Glibenclamide; diabetic rats treated with TQ (STZ + TQ).
* p < 0.05 (significant difference of between DC vs. NC), #p<0.05 (significant difference between DC
vs. STZ + TQ).

3.7. Effect of Thymoquinone on Inflammatory Marker Levels in STZ-Treated Diabetic Rats

Imbalance between the oxidative stress as well as antioxidant defense system is associ-
ated with the inflammatory response [23]. STZ-induced diabetic rats showed increased lev-
els of pro-inflammatory markers such as C-reactive protein (CRP) (0.91 £ 0.07 ng/mL), tu-
mor necrosis factor- o« (TNF- «) (48.64 £ 2.3 pg/mL), interleukin-6 (IL-6) (103.64 &= 3 pg/mL),
and interleukin-1f (IL-1p) (20.3 & 1.2 pg/mL) in comparison to control (p < 0.05). The
oral administration of TQ (150 mg/kg b.w.) in STZ-induced diabetic rats for consecu-
tive 8 weeks led to reduced inflammatory markers towards the normal levels (CRP as
0.72 + 0.05 ng/mL, TNF- o« as 38.29 &+ 1.3 pg/mL, IL-6 as 78.29 £ 9 pg/mL, and IL-1§3 as
18.10 £ 1.4 pg/mL), indicating the anti-inflammatory activities of TQ (Figure 9).

3.8. TQ Treatment Alleviates Hepatocytes Changes in STZ-Treated Diabetic Rats

The liver histology in the control group showed normal hepatocytes architecture
and appropriate liver sinusoids. The diabetic liver sections from STZ-induced rat groups
showed several changes including a degeneration and damage of hepatocytes, dilated
sinusoids, infiltration of lymphocytes, and congestion. The histopathological examination
of liver sections from the treatment group (STZ + TQ) showed preservation of hepatocyte
structure, mild degeneration, hemorrhages, and infiltration of lymphocytes (Figure 10).
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Figure 9. The inflammatory markers level in different groups of rats after 8 weeks of continues

treatment. The experimental animals were uniformly divided into each group (1 = 8 per group). Data
are means =+ standard error of the mean (SEM). Groups: Normal control (NC); disease control (DC)
i.e., STZ-treated group; positive control (PC) animal treated with STZ and Glibenclamide; diabetic
rats treated with TQ (STZ + TQ). * p < 0.05 (significant difference of between DC vs. NC), # p < 0.05
(significant difference between DC vs. STZ + TQ).

Figure 10. The role of TQ in the maintenance of liver architecture. (a) The normal morphology of hepatocytes was seen
in normal control group. (b,c) The diabetic liver sections from STZ-induced rat groups showed congestion, hemorrhages,
edema, and enhanced inflammatory cells. (d) The histopathological examination of liver sections from treatment group
(STZ + TQ) showed preservation of hepatocyte structure, mild degeneration, hemorrhages, infiltration of lymphocytes.
(e) Normal architecture of hepatocyte of PC group (Scale bar = 100 pm).
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3.9. Effect of Thymoquinone on STZ-Induced Liver Fibrosis

The lipid metabolism pathogenesis and high-level glucose play an important role in the
pathogenesis of liver including formation of liver fibrosis. The Masson’s trichrome staining
was performed to determine the degree of fibrosis or accumulation of collagen. These
sections were evaluated by two independent pathologists in a blinded manner. The degree
of liver fibrosis was estimated using blue stain collagen area of Masson trichrome and
five fields were selected per specimen. The results were presented as the percentage of
fibrotic area in each field [26]. Criteria for scoring were as follows: score 0, normal; score 1,
mild (small fibrous area); score 2, moderate (increased fibrosis); score 3, severe (large
fibrous areas).

Masson’s trichrome staining of liver tissue sections showed the effects of TQ on liver
fibrosis in STZ-induced rats. The STZ-induced rat liver tissue sections showed noticeable
collagen accumulation (Figure 11). Though, TQ treatment showed noteworthy reduction
in the fibrosis in STZ-induced plus TQ administered rats. This finding revealed that TQ
plays a significant role in the liver protection as evident by low collagen accumulation in
the TQ treatment group.

Figure 11. The collagen fiber was measured in all the experimental groups using Masson'’s trichrome staining. (a) Collagen
fiber not observed in normal hepatocytes; (b,c) the collagen fiber was significantly higher in STZ-induced rats; (d) The
TQ treatment in diabetic animal group showed reduction of collagen. (e) PC group only showing very low collagen fiber
deposition (Scale bar = 100 um).

3.10. Role of Thymogquinone on Cox-2 Protein Expression in STZ-Treated Diabetic Rats

The expression of Cyclooxygenase 2 (Cox-2) protein was analyzed in different experi-
mental animals by using immunohistochemistry staining. The significantly high expression
of COX2 protein was noticed in STZ-toxicated diabetic rats. Moreover, COX2 protein ex-
pression was decreased in STZ-induced plus TQ administered rats. However, the Cox-2
expression was not seen in the TQ only treated group. The expression pattern of Cox-2
among different animal groups was significant (Figure 12).
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Figure 12. The Cox-2 protein expression was analyzed in different experimental groups. (a) The
control animals did not show any expression; (b) The significantly high expression of Cox-2 protein
was noticed in STZ-induced diabetic rats; (c¢) Cox-2 protein expression was diminished in STZ-
induced plus TQ administered rats; (d) PC group did not show any expression (Scale bar = 100 pum).

4. Discussion

The liver is primarily susceptible to the effects of hyperglycemia-induced oxidative
stress [27]. Different mechanisms endorse the hepatocyte injury through inflammation
and oxidative stress [28]. STZ is a diabetogenic and hepatotoxic material which damages
the pancreatic beta-cell membrane, fragments DNA, and reacts with several enzymes
including glucokinase, and significantly decreases the insulin levels [29]. In STZ-induced
hyperglycemia in experimental models, it is important to study the role of anti-diabetic
agents. In this study, TQ (50 mg/kg b.w.) was given to the animals to evaluate its
antidiabetic potential.

STZ-induced diabetes leads to loss of body weight, which may be due to muscle
wasting [30]. In the current study, STZ caused a major weight loss of rats in the diabetic
control group (19.93%) in comparison to the normal control animals. Supplementation
with TQ to the diabetic rats presented a remarkable diminishing effect on the percentage
changes of body weight (11.04%) as compared to the diabetic rats fed with just normal diet.
Some previous studies are in accordance with the current finding, which also report that
the body weights of the STZ-injected diabetic animals are reduced significantly. However,
Nigella sativa oil treatment to such animals increased their body weights in comparison
to diabetic non-treated rats [31]. The possible mechanism of TQ may play an important
role in the maintenance of body weight or its increment through the prevention of loss of
muscle mass in STZ-induced rats.

A high fasting glucose level is a key indicator in diabetic animals. The STZ-treated
group presented increased blood glucose levels (225 £+ 7 mg/dL) as compared to the
animals in the control group (94 &= 5 mg/dL). STZ-induced diabetic animals treated with
TQ showed decreased blood glucose levels (146 = 7 mg/dL). Some previous reports show
that there was a gradual enhancement in blood glucose level due to the administration of
STZ and blood glucose concentration is lowered by TQ treatment [32]. Hyperglycemia in
STZ diabetic rats results from STZ-induced damage of the pancreatic 5-cells, decreased
secretion of insulin and its sensitivity, decreased overall glucose uptake, and also increased
glucose production in the liver [33,34]. A study reported that thymoquinone ameliorates
chemical induced oxidative stress and {3-cell damage in experimental hyperglycemic
rats [35]. The meta-analysis examined by some previous studies evaluated the serum
glucose (SG) level or serum insulin level or body weight (BW). In those studies, it has
been observed an overall pooled standardized mean difference (SMD) of —9.176 mg/dL.
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The TQ decreased the SG level (—9.176 mg/dL) significantly in the STZ-induced diabetic
models. Moreover, a meta-analysis of the effect of TQ on body weight revealed that TQ has
a significant effect on the body weight of diabetic animals. In addition, the overall pooled
estimate of the level of serum insulin was significant with SMD of 1.681 [36].

Nigella sativa has been shown to significantly improve clinical parameters like hyper-
glycemia, with a significant fall in fasting blood glucose, blood glucose level 2 h postpran-
dial, glycated hemoglobin, and insulin resistance, and a rise in serum insulin [37].

The treatment of the STZ diabetic animals with TQ caused improved blood glucose
and insulin secretion indicating that TQ is an effective anti-hyperglycemic agent.

Diabetic mellitus is mainly associated with multiple metabolic disorders, among which
lipid metabolism is comparatively affected resulting in higher concentrations of TG and
TC and low levels of HDL-cholesterol [38]. In the current study, TC (139.37 & 8.7 mg/dL),
TG (238.7 + 7.2 mg/dL), LDL-cholesterol (167.9 £ 7.2 mg/dL) levels were significantly
increased and HDL-cholesterol decreased (38.6 = 7.2 mg/dL) in STZ-treated diabetic rats.
The treatment with TQ caused a significant reduction of TC (117.23 + 4.7 mg/dL), TG
(201.23 £ 9.4 mg/dL), LDL-cholesterol levels (132.3 £ 9.4 mg/dL). Moreover, the decreased
serum HDL-cholesterol in diabetic animals was also upturned toward the normal level
(61.9 £ 9.4 mg/dL) after the treatment with TQ. Previous findings were in accordance with
the current results and it was demonstrated that a significant decline in serum triglyceride
levels in diabetic animals treated by TQ [39] and Nigella sativa significantly decreased
LDL-lipoproteins [40]. TQ administration decreases protein carbonyls and serum level of
TC, LDL-C, TG, and MDA through decreasing the oxidative stress. TQ also improves the
activity of arylesterase accompanied by decrease in the activity of HMG-CoA reductase [41].

STZ induces experimental diabetes in rats [42], thereby producing elevated levels of
liver function enzymes ALT, AST, and ALP and this is a good indicator of liver damage.
ALT and AST are directly linked with the reaction of amino acids to keto acids and
are designated to increase in diabetic conditions [43]. The present study demonstrated
the increased activities of serum liver function enzymes, ALT (187.5 £ 9.0 U/L), AST
(194.6 £3.0U/L), ALP (153.2 £ 3.0 U/L) level, designated that hepatotoxicity might be
due to induction of hyperglycemia via STZ induction. The current finding reported that
the treatment of STZ -treated diabetic rats with TQ leads to a substantial reduction in
levels of liver function enzymes, ALT (120.5 & 8.0 U/L), AST (139.3 £ 9.0 U/L), ALP
(112.6 £ 9.0 U/L) towards normal levels that evidences that TQ protect liver cells. Previous
finding demonstrated that beneficial effects of thymoquinone on hepatic key enzymes in
diabetic rats [44]

Lipid peroxidation provides a sign of cellular damage mediated through ROS [45].
The high levels of ROS causes membrane lipid peroxidation in addition to the production
of malondialdehyde (MDA). Liver MDA levels were significantly higher in STZ-induced
rats and it was also observed that TQ supplementation significantly decreased the hepatic
lipid peroxidation.

Inflammation play an important role in diabetes development and is thus associated
with enhanced insulin resistance and reduced response in insulin target tissues [46]. More-
over, NF-kf3 and TNF-« are vital indicators of insulin resistance and pancreatic 3-cells
dysfunction, causative to the development of diabetes mellitus [47]. The circulating levels
of the most proinflammatory cytokines are usually elevated in diabetes mellitus, mainly
as a result of hyperglycemia, which stimulate the blood levels of cytokines to increase
through an oxidative mechanism [48,49]. Previous reports based on in vivo and in vitro
based studies reported that TQ plays a role in the reduction of pro-inflammatory cytokines
such as IL-6, Cox-2, and TNF-« [50,51]. In this study, we reported that TQ inhibited the
overproduction of inflammatory cytokines in STZ-treated diabetic animals because of its
the anti-inflammatory responses.

The actual mechanism of STZ-treated diabetes in rats primarily involves ROS produc-
tion, DNA alkylation, and overproduction of nitric oxide (NO) in pancreatic (3-cells [42].
The loss of (3-cell mass as well as its function is the main reason of the development of
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DM and causes B cell dysfunction [52,53]. In such circumstances, pancreatic 3-cells insulin
production becomes less controlled and leads to elevation of the postprandial glucose level
above the normal range [54]. The enhanced oxidative stress found in diabetic animals
lead to autoxidation of glucose, protein glycation, lipid peroxidation, and low activities of
antioxidant enzymes [55].

In accordance with this study, the current study demonstrates that increased lipid
peroxidation and diminished actions of antioxidant enzymes, including SOD, GPx, and
GST, were noticed in livers of the STZ-treated diabetic rats. The activities of antioxidants
enzymes increased in the STZ + TQ group and restored enzyme activities towards the
normal value. This finding evidently showed that that TQ plays a vital role as hepato-
protective against STZ-induced diabetic animals, primarily by employing its antioxidant
properties. In accordance with current study, previous finding reported that administration
of Nigella sativa oil to the diabetic animals meaningfully elevated the hepatic and pancreatic
catalase and GSH activities in comparison to the diabetic control animals [31]. Besides,
thymoquinone improved insulin secretion and reduced oxidative stress in diabetic rats [31].

In experimental diabetes, STZ exerts its destructive effects on liver and pancreatic
-cells by causing an enhancement in the size of the hepatocytes and in their nuclei [56].
The present study suggest that TQ has a protective potential in the liver injury caused by
STZ-induced diabetes. Some previous studies have reported that liver histological observa-
tions in Nigella sativa-treated rats expressed normal liver tissue architecture displaying the
lobules with the central vein as its center and peripheral portal tracts [31]. Mechanisms of
TQ involved in hepatocytes protection were examined and it was noticed that the TQ plays
a significant function in the inflammatory response. The current study reported that TQ
decreased the Cox-2 protein expression in STZ-induced plus TQ administered rats, which
explains that TQ has ability to decrease the liver injury mediated by STZ. The previous
study based on TQ also reported that Cox-2 protein expression in Schwann cells or sciatic
nerve was decreased by TQ and the mechanism may be involved through the regulation of
the inflammatory reaction [51]. Besides, another study reported that Nigella sativa and its
active compound thymoquinone decreases cyclooxygenase-2 activity and oxidative stress
in pancreatic tissue of diabetic rats [57].

5. Conclusions

In conclusion, TQ demonstrates the anti-diabetic, anti-inflammatory, and hepatopro-
tective effects through the regulation of blood glucose, lipid profile, besides improving
the liver functions and oxidative stress status. In addition, this novel compound from
black seeds reduces the histopathological changes by decreasing the injury in hepatocyte
architecture as compared to the diabetic control animals through its antioxidant and anti-
inflammatory activity. In this study, we have demonstrated for the first time the role
of TQ in the reduction of the expression of cyclooxygenase-2 and fibrosis formation in
diabetic animal models. Overall, thymoquinone ameliorates most of the changes which are
observed in diabetic animals and efficiently manages the damages induced by STZ. The in
depth molecular mechanism of thymoquinone in the management of diabetes needs to be
explored properly.
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