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Protective effect of thymoquinone improves cardiovascular
function, and attenuates oxidative stress, inflammation
and apoptosis by mediating the PI3K/Akt
pathway in diabetic rats
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Abstract. Thymoquinone is the main active monomer
extracted from black cumin and has anti-inflammatory,
antioxidant and anti-apoptotic functions. However, the protec-
tive effects of thymoquinone on cardiovascular function in
diabetes remain to be fully elucidated. The present study
aimed to investigate the molecular mechanisms underling
the beneficial effects of thymoquinone on the cardiovascular
function in streptozotocin-induced diabetes mellitus (DM)
rats. Supplement thymoquinone may recover the insulin levels
and body weight, inhibit blood glucose levels and reduce the
heart rate in DM-induced rats. The results indicated that the
heart, liver and lung to body weight ratios, in addition to the
blood pressure levels, were similar for each experimental
group. Treatment with thymoquinone significantly reduced
oxidative stress damage, inhibited the increased endothelial
nitric oxide synthase protein expression and suppressed the
elevation of cyclooxygenase-2 levels in DM-induced rats. In
addition, thymoquinone significantly suppressed the promo-
tion of tumor necrosis factor-a and interleukin-6 levels in
the DM-induced rats. Furthermore, administration of thymo-
quinone significantly reduced caspase-3 activity and the
promotion of phosphorylated-protein kinase B (Akt) protein
expression levels in DM-induced rats. These results suggest that
the protective effect of thymoquinone improves cardiovascular
function and attenuates oxidative stress, inflammation and
apoptosis by mediating the phosphatidylinositol 3-kinase/Akt
pathway in DM-induced rats.
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Introduction

Diabetes mellitus (DM) is a type of chronic metabolic disease
involving the interaction of genetic and environmental factors.
It is characterized by dysinsulinism, insulin resistance (IR)
and disorders of the blood sugar, lipid and protein metabo-
lisms (1). An increase in the prevalence rate of DM in China is
reported to be due to the economic development and increase
in the average life expectancy (2). The first national census of
DM demonstrated that the prevalence rate in China was 1% in
1979 and 2.02% in 1989 (3). In addition, the prevalence rate
of type-I DM was 0.00057% and type-II DM was 3.21% in
1996 (4). At present, there are 40 million patients with DM
in China (4), however, in developed cities, such as Shanghai,
the prevalence rate of DM may be as high as 10% (5). The
number of obese individuals, particularly those suffering
from abdominal obesity, has increased due to the change of
living standards, resulting from the increased levels of sugar
in their diet, smoking and alcohol consumption. Therefore,
the higher prevalence rate of DM observed may be due to
abdominal obesity, as it had been reported to be the basis of
IR (6).

DM is characterized by chronic complications resulting
in pain for the patients and a financial burden to their fami-
lies (7). Diabetic cardiovascular disease (DCD) is one of the
leading causes of death in patients with DM. The cardio-
vascular complications may occur at an early stage in DM
and have a progressive development (8). The risk of stroke
in patients with DM is 2 to 4 times higher compared with
the risk of patients with cardiovascular diseases and without
DM (7,8). Furthermore, patients suffering from DM and
myocardial infarction have reduced cardiac output compared
with patients with myocardial infarction and without DM (7).

Thymoquinone is the main active monomer extracted from
black cumin in Middle Eastern countries (9). A previous study
demonstrated that thymoquinone acts as a tumor suppressor
and inhibits the growth of various types of cancer cells (10).
The aim of the present study was to identify whether the
protective effect of thymoquinone improves cardiovascular
function in diabetic rats and to explore its possible mecha-
nisms.
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Materials and methods

Reagents. Streptozotocin (STZ) and thymoquinone
(purity >98%) were purchased from Sigma-Aldrich (St. Louis,
MO, USA). Malondialdehyde (MDA), superoxide dismutase
(SOD), cyclooxygenase (COX)-2, tumor necrosis factor-a
(TNF-0) and interleukin-6 (IL-6) ELISA kits and caspase-3
activity kits were purchased from Jiancheng Biotech Co., Ltd.
(Nanjing, China).

Animals. A total of 40 healthy male albino Wistar rats
(6-8 weeks old; 230-300 g) were purchased from the Animal
Experiment Center of Dalian Medical University (Dalian,
China) and maintained under standard conditions (22+2°C with
a 12-h dark-light cycle) and experiments were conducted in
accordance with the Guide for the Care and Use of Laboratory
Animals adopted by the Institutional Animal Care and Use
Committee (11). All rats were fed with regular chow and given
free access to water.

Model and grouping. All rats were randomly assigned into
four groups (n=10): Sham group (Sham), thymoquinone group
(THY), DM group (DM) and DM + thymoquinone group
(DM + THY). STZ was dissolved in citrate buffer (Beijing
Tiandz Biological Technology, Inc., Beijing, China; 60 mg/kg
of body weight, pH 4.5) and DM was induced by intravenous
injection of STZ into the tail vein of the rats. The sham group
was injected with the same volume of citrate buffer only,
and the thymoquinone group was injected with 50 mg/kg
thymoquinone for 30 days. The DM and DM + THY groups
were injected with STZ + citrate buffer to induce DM. The
DM group was then treated with citrate buffer only and the
DM + THY group was injected with 50 mg/kg thymoquinone
for 30 days.

Biochemical and body weight measurements. Body weight
was determined for all groups prior and subsequent to
DM-induction and treatments. Blood samples were collected
from the tail vein of rats and glucose levels were measured using
the glucose oxidase method (Bpc BioSed Srl, Capena, Italy).
A Glucose Oxidase ELISA kit (Elabscience Biotechnology
Co., Ltd., Wuhan, China) and Insulin ELISA kit (Elabscience
Biotechnology Co., Ltd.) were used to determine insulin levels.
Insulin levels were measured using the Multiskan EX micro-
plate photometer (Thermo Fisher Scientific, Inc., Waltham,
MA, USA).

Tail-cuff blood pressure (BP) measurement. The CODA
8-channel high throughput non-invasive tail cuff blood pres-
sure system (Kent Scientific Corporation, Torrington, CT,
USA) was used to measure the BP of rats by determining the tail
blood volume. All rats were placed into a designated platform
maintained at 37°C and the system provided measurements of
four BP parameters: Systolic, diastolic and mean BP and heart
rate for 10 min. The proximal occlusion cuff constricts the tail
artery, while the distal cuff detects alterations in the tail artery
volume when the blood flow resumes following the deflation
of the occlusion cuff. Measurements of an average of three
sessions, each consisting of 15 cycles, were used for statistical
analysis.
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Determination of oxidative stress, COX-2 and inflammation.
Following thymoquinone treatment, blood was collected from
the tail vein and centrifuged at 8,000 x g, for 10 min at room
temperature. The serum was used to measure the MDA, SOD,
COX-2, TNF-a and IL-6 levels in accordance with the manu-
facturer's instructions (Jiancheng Biotech Co., Ltd.).

Determination of caspase-3 activity. Following thymoquinone
treatment, rats were sacrificed by decollation under anesthesia
(chloral hydrate; Sigma-Aldrich) and cardiac tissue specimens
were collected and prepared in lysis buffer (Beijing Applygen
Gene Technology Co., Ltd., Beijing, China). Samples were
then centrifuged at 8,000 x g for 10 min at 4°C and protein
concentration was determined with the BCA protein assay
kit (Bio-Rad Laboratories, Ltd., Hemel Hempstead, UK)
according to the manufacturer's instructions. The caspase-3
activity was blended by chromogenic caspase substrates and
Ac-DEVD-pNA according to the manufacturer's instruc-
tions (Jiancheng Biotech Co., Ltd.), and measured at 405 nm
with a Multiskan EX microplate photometer (Thermo Fisher
Scientific, Inc.).

Western blot analysis. Following thymoquinone treatment,
protein concentrations were determined as described above
using the BCA protein assay kit (Bio-Rad Laboratories,
Ltd.). Proteins (50 mg) were separated by sodium dodecyl
sulfate polyacrylamide gel (100 v; Beijing Tiandz Biological
Technology, Inc.) electrophoresis in a 8-12% polyacrylamide
gel, and transferred to polyvinyl difluoride membranes
(Millipore, Billerica, MA, USA). Following blocking with 5%
non-fat milk, membranes were incubated overnight with mono-
clonal rabbit anti-endothelial nitric oxide synthase (eNOS; cat.
no. 9572; 1:500, Cell Signaling Technology, Inc., Danvers, MA,
USA), monoclonal rabbit anti-phosphorylated-protein kinase B
(p-Akt; cat. no. 9271; 1:500; Cell Signaling Technology, Inc.)
and monoclonal (-actin (cat. no. sc-1616; 1:500; Santa Cruz
Biotechnology, Inc., Santa Cruz, CA, USA) primary anti-
bodies. Membranes were then incubated with horseradish
peroxidase-conjugated goat anti-biotin secondary antibody
(cat. no. 7075; 1:500; Cell Signaling Technology, Inc.) for 2 h at
room temperature, and proteins were visualized using Hybond
enhanced chemiluminescence (Amersham International; GE
Healthcare Life Sciences, Chalfont, UK). Protein expression
was quantified using ImageJ software (version 1,37; National
Institute of Health, Bethesda, MD, USA).

Statistical analysis. Data are presented as the mean + standard
deviation. Statistical analysis was performed using analysis of
variance, followed by a post hoc Newman-Keuls test (InStat
software version 3.06; Graphpad Software, Inc., La Jolla, CA,
USA). P<0.05 was considered to indicate a statistically signifi-
cant difference.

Results

Effect of thymoquinone treatment on the ratios of heart, liver
and lung to body weight. The chemical structure of thymoqui-
none is presented in Fig. 1. As indicated in Fig. 2, the ratios
of heart, liver and lung to body weight were not significantly
different among the experimental groups.
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Figure 1. Chemical structure of thymoquinone.
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Figure 2. Effect of THY on body/weight ratio in the (A) heart, (B) liver
and (C) lung tissues in the sham, THY-treated, DM-induced and
DM + THY-treated groups. THY, thymoquinone; DM, diabetes mellitus.

Effect of thymoquinone treatment on the insulin levels and
body weight. As demonstrated in Fig. 3, the insulin levels and
body weight in the DM-induced group were lower compared
with the sham (P<0.01) and THY-treated groups. In addition,
administration of thymoquinone resulted in an increase in the
insulin levels and body weight of the DM + THY-treated group
compared with the DM-induced group (P<0.01; Fig. 3).

Effect of thymoquinone treatment on the blood glucose levels.
As demonstrated in Fig. 4, the levels of blood glucose were
significantly increased in the DM-induced groups compared
with the sham (P<0.01) and THY-treated groups during the
30-day experiment. Administration of thymoquinone resulted
in a reduction in the blood glucose levels of the DM-induced
rats compared with the DM rats that had not received the treat-
ment (P<0.01; Fig. 4).
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Figure 3. Effect of THY on (A) insulin levels and (B) body weight in the sham,
THY-treated, DM-induced and DM + THY-treated groups. “P<0.01 vs. the
sham group and "P<0.01 vs. the DM-induced group. THY, thymoquinone;
DM, diabetes mellitus.
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Figure 4. Effect of THY on the blood glucose levels the sham, THY-treated,
DM-induced and DM + THY-treated groups. “P<0.01 vs. the sham-treated
group, "P<0.05 and "P<0.01 vs. the DM-treated group. THY, thymoquinone;
DM, diabetes mellitus.
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Figure 5. Effect of THY on (A) heart rate and (B) blood pressure in the sham,
THY-treated, DM-induced and DM + THY-treated groups. “P<0.01 vs. the
sham-treated group and **P<0.01 vs. the DM-treated group. THY,
thymoquinone; DM, diabetes mellitus.

Effect of thymoquinone treatment on BP and heart rate. A
significant increase in the heart rate of DM-induced rats was
observed compared with the sham (P<0.01) and THY-treated
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Figure 6. Effect of THY on the (A) MDA and (B) SOD content in the sham,
THY-treated, DM-induced and DM + THY-treated groups. “P<0.01 vs. the
sham-treated group and *"P<0.01 vs. the DM-treated group. THY,
thymoquinone; MDA, malondialdehyde; DM, diabetes mellitus; SOD,
superoxide dismutase.
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Figure 7. Effect of THY on the (A) TNF-a and (B) IL-6 level in the sham,
THY-treated, DM-induced and DM + THY-treated groups. “P<0.01 vs. the
sham-treated group and *"P<0.01 vs. the DM-treated group. THY,
thymoquinone; TNF-a, tumor necrosis-o; DM, diabetes mellitus, IL-6,
interleukin-6.

groups (Fig. 5A). Following treatment with thymoquinone, the
heart rate levels of the DM + THY group were significantly
reduced compared with the DM group (P<0.01; Fig. 5A).
However, BP levels did not exhibit a significant difference
among the experimental groups (Fig. 5B).

Effect of thymoquinone treatment on oxidative stress levels.
Following DM-induction in rats, MDA levels were signifi-
cantly increased and SOD levels were reduced compared
with the sham (P<0.01; Fig. 6) and THY-treated groups
(Fig. 6). Furthermore, administration of thymoquinone
significantly reduced the oxidative stress damage in the DM
rats, compared with the DM group without the treatment
(P<0.01; Fig. 6).
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Figure 8. Effect of THY on the eNOS protein expression. (A) Western
blotting assay and (B) statistical analysis of protein expression levels in
the sham, THY-treated, DM-induced and DM + THY-treated groups.
“P<0.01 vs. the sham-treated group and ""P<0.01 vs. the DM-treated group.
THY, thymoquinone; eNOS, endothelial nitric oxide synthase; DM, diabetes
mellitus.
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Figure 9. Effect of THY on the expression of COX-2 activity in the sham,
THY-treated, DM-induced and DM + THY-treated groups. “P<0.01 vs. the
sham-treated group and "P<0.01 vs. the DM-treated group. THY,
thymoquinone; COX-2, cyclooxygenase-2; DM, diabetes mellitus.

Effect of thymoquinone treatment on TNF-a and IL-6 inflam-
matory factors. As demonstrated in Fig. 7, TNF-a and IL-6 levels
were significantly increased compared with the sham (P<0.01)
and THY-treated groups. In addition, the levels of TNF-a and
IL-6 in the DM-induced rats were observed to return to normal
levels following treatment with thymoquinone, compared with
the DM group (P<0.01; Fig. 7).

Effectofthymoquinone treatment onthe eNOS protein expression
levels. As demonstrated in Fig. 8, the eNOS protein expression
levels were significantly increased in the DM group compared
with the sham (P<0.01) and thymoquinone groups. In contrast,
the increase of the eNOS protein expression levels was inhibited
by treatment with thymoquinone in the DM + THY-treated
group compared with the DM group (P<0.01; Fig. 8).

Effect of thymoquinone treatment on COX-2 activity. As
demonstrated in Fig. 9, the COX-2 levels in the DM group were
markedly increased compared with the sham (P<0.01) and
THY-treated groups. However, administration of thymoquinone
in the DM + THY group indicated an inhibition of this effect
compared with the DM group (P<0.01; Fig. 9).

Effect of thymoquinone treatment on caspase-3 activity. As
demonstrated in Fig. 10, DM-induction increased caspase-3
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Figure 10. Effect of THY on the caspase-3 activity in the sham, THY-treated,
DM-induced and DM + THY-treated groups. “P<0.01 vs. the sham-treated
group and "P<0.01 vs. the DM-treated group. THY, thymoquinone; DM,
diabetes mellitus.
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Figure 11. Effect of THY on p-Akt protein expression. (A) Western blotting
assay and (B) statistical analysis of p-Akt in rats with diabetes mellitus.
“P<0.01 vs. the sham-treated group and #P<0.01 vs. the DM-treated group.
THY, thymoquinone; p-Akt, phosphorylated-protein kinase B; DM, diabetes
mellitus.

activity compared with the sham (P<0.01) and THY-treated
groups. In contrast, thymoquinone treatment resulted in a
significant reduction in caspase-3 activity in the DM + THY
group compared with the DM group (P<0.01; Fig. 10).

Effect of thymoquinone treatment on the p-Akt protein
expression levels . A significant reduction in the p-Akt protein
expression levels of DM rats was observed compared with
the sham (P<0.01; Fig. 11) and THY-treated groups (Fig. 11).
Similarly, the reduction in the p-Akt levels was significantly
suppressed by administration of thymoquinone in the
DM + THY group compared with the DM group (P<0.01;
Fig. 11).

Discussion

DM is a common and frequently occurring disease of the
endocrine system resulting from the combined effect of
several factors and characterized by alterations in the glucose
metabolism (12). DCD is considered the main cause of
mortality and disability in patients with DM and results in
alterations in the pathology of multiple organs, including the
kidney, eyes, heart and skin (13). The prevalence rate of DCD
in patients with DM is 40% in the USA and Europe, which is
17 times higher than in patients without DM (14). The preva-
lence rate of DCD in China increases in line with age (15), and
the prevalence is >50% in individuals over 60 years old (16).
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The present study demonstrated that thymoquinone treatment
significantly increased the insulin levels and body weight, and
reduced the blood glucose and heart rate levels in DM rats.
El-Mahmoudy et al (17) indicated that thymoquinone protects
against the STZ-induced DM via inhibition of nitric oxide.
Furthermore, Pari and Sankaranarayanan (18) demonstrated
that thymoquinone protects against hepatic dysfunction in
STZ-nicotinamide-induced DM rats. The results of the present
study were consistent with those of the previous studies, thus,
thymoquinone may be an improved agent for DCD therapy.

Oxidative stress refers to the tissue damage resulting from
the disequilibrium of the overproduction of reactive oxygen
species (ROS) and the inhibition of the antioxidant defense
mechanisms (19). A previous study suggested that the circu-
lating levels of markers may increase due to ROS damage
and the inability to prevent this effect (19). Patients with DM
suffer from lipid disorders that lead to the production of ROS
and oxidative stress (19,20). The activation of glucose-induced
eNOS may lead to endothelial dysfunction due to the produc-
tion of oxidative stress (21). In the current study, pretreatment
with thymoquinone significantly inhibited the MDA levels and
increased SOD activity in DM rats. Farag et al (22) demon-
strated that thymoquinone improves the disease pathology in
injured kidney and liver tissue by resetting the oxidant/anti-
oxidant balance of the affected organs in rats with acute renal
ischemia/reperfusion. Mabrouk and Ben Cheikh (23) suggested
that thymoquinone supplementation reversed lead-induced
oxidative stress in adult rat testes. These results indicate that
the effect of thymoquinone on DCD may be associated with
the anti-oxidative effect observed in the DM rats of the current
study.

IR and insulin secretory defects further contribute to the
pathogenesis of DM, however the mechanisms underlying this
remain to be fully understood (24). A previous study demon-
strated that various inflammatory factors are associated with
DM, such as C-reactive protein (CRP), thus, inflammation
may be the key initiator of IR (25). Cytokines are regulators
of the adipose tissue metabolism and stimulating factors, such
as overnutrition, may lead to an increase in the secretion of
IL-6 and TNF-a by the adipocytes. This may further lead to
an increase in the hepatic synthesis and secretion of CRP (26).
Furthermore, inhibition of insulin receptor tyrosine kinase
activity and the aggravation of IR result in the production of
macrophage migration inhibitory factor (MIF) (24). MIF can
induce the production of TNF-a, and their interaction may
affect the balance of insulin levels, and lead to IR (24). Previous
studies suggested that insulin may inhibit the synthesis of
CRP, as in the case of IR, the sensitivity of the liver to insulin
is suppressed, leading to a rapid increase in the synthesis of
CRP (24,25). At present, evidence indicates that chronic
inflammation serves an important role in the pathogenesis of
IR, however the mechanism remains to be elucidated (24).

In the current study, thymoquinone treatment signifi-
cantly suppressed the TNF-o and IL-6 levels in DM rats.
Periyanayagam et al (27) observed that thymoquinone
ameliorates NLRP3-induced inflammation in albino Wistar
rats administered with ethanol and fed a high-fat diet.
Rifaioglu er al (28) demonstrated that thymoquinone has an
antioxidative and anti-inflammatory effect in an acute pseu-
domonas prostatitis rat model. These results indicated that the
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effect of thymoquinone on DCD may be associated with an
anti-inflammatory effect in DM rat.

Endothelial progenitor cells (EPCs) are a type of precursors
that differentiate into vascular endothelial cells (29). Previous
studies demonstrated that EPCs are involved in the angiogen-
esis of human embryos and the repair process in endothelial
injury (29,30). EPCs have an important role in the occurrence
and development of vascular complications in DM (29,31).
eNOS is the key enzyme that regulates the production of
endothelium-derived nitric oxide (21) and has an effect on
the phosphatidylinositol 3-kinase/Akt signaling pathway (32).
The PI3K/Akt pathway regulates the metabolism, growth,
migration and proliferation of various cells (32). The results
obtained from the current study demonstrated that treatment
with thymoquinone significantly reduced the eNOS protein
expression levels, COX-2 and caspase-3 activity levels, and
increased the p-Akt protein expression levels in the DM rats.
Idris-Khodja and Schini-Kerth (33) determined that thymoqui-
none improves the aging-associated endothelial dysfunction
through eNOS in the rat mesenteric artery. Kundu er al (34)
demonstrated that in vivo thymoquinone treatment inhibits the
phorbol ester-induced NF-kB and COX-2 expression levels in
the skin from mice. Yu and Kim (35) suggested that thymo-
quinone suppressed COX-2 and caspase-3 activity levels and
activated the PI3K/Akt pathway in rabbit articular chondro-
cytes. The effect of thymoquinone on DCD is suggested to
be associated with the downregulation of eNOS, COX-2 and
caspase-3 activity levels and the upregulation of PI3K/Akt
pathway.

In conclusion, the present study demonstrated that the
protective effect of thymoquinone improves the cardiovas-
cular function through antioxidative, anti-inflammatory and
anti-apoptotic effects in DM rats. The PI3K/Akt pathway is a
possible target in future research focusing upon treatment with
thymoquinone to protect cardiovascular function of DM rats.
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