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Cardiovascular diseases account for most of the morbidity and mortality associated
with diabetes. Diabetic cardiomyopathy (DCM) is associated with heart failure in diabetic
patients without relation to other cardiovascular diseases such as hypertension or coronary
artery disorders. Eugenol is a phenolic compound extracted from the clove tree and exhibits
effective mitigation of hyperglycemic conditions in diabetic animals. Thus, in the current study,
we aimed to explore the effect of eugenol treatment on rats with DCM. The experimental animals
included 30 Sprague Dawley male rats which are divided into three experimental groups (10 rats
each) as the following: the non-diabetic control group (ND), diabetic group (D), and a treated-
diabetic group (20mg/kg/day of eugenol) (D+E). Diabetes was induced by streptozotocin (STZ)
injection (60 mg/ kg). After 6 weeks, blood samples and left ventricles were collected for analysis.
Serum glucose levels, heart weight/body weight ratio, and the myocardial mRNA expression
of transforming growth factor 81 (TGF-1), tumor necrosis factor-a (TNF-a), caspase 3 (casp3),
vascular endothelial growth factor-A (VEGF-A), and collagen IV were evaluated. Furthermore,
the myocardial superoxide dismutase (SOD) activity was measured. Diabetic rats showed a
significant appearance of hyperglycemia and increased expression of myocardial TNF-a, TGF-81,
caspase 3, and VEGF-A compared to the control group (P < 0.05), and a tendency to increase
collagen IV (P < 0.1). On the other hand, the eugenol treatment mitigates diabetic-associated
hyperglycemia and the increased mRNA expression levels of myocardial TGF-81, VEGF-A,
caspase 3, and TNF-a (P < 0.05). In addition, the overexpression of collagen IV was inhibited,
and the myocardial SOD activity was improved in the diabetic rats treated with eugenol. The
study provided evidence that eugenol may have a potential therapeutic effect in the experimental
models of DCM by reducing the expression of pro-inflammatory, pro-fibrotic, angiogenic, and
pro-apoptotic factors (TNF-a, TGF-8, collagen IV, VEGF-A, and caspase 3 respectively). It is
recommended for further studies investigate the exact molecular processes by which eugenol
may ameliorate the DCM phenotype.

Keywords: Diabetes Mellitus; Diabetic Cardiomyopathy; eugenol; Rats.

Vol. 15(2), p. 623-633

Despite the development of preventive
measures, diagnostic procedures, and treatment
options, the diabetic disease is still one of the
commonest metabolic disorders among adults.
Unfortunately, by 2030, the prevalence of diabetes
among individuals aged between 20 to 79 years

will reach 7.7% worldwide which will affect
more than 400 million adults 2. Type 1 Diabetes
Mellitus (DM-1) is characterized by its association
with the chronic autoimmune features related to
the distinctive destruction of insulin-producing
pancreatic a-cells. On the other hand, type 2
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Diabetes Mellitus (DM-2) is a heterogeneous
disease related to the complicated interaction
between genetic and environmental factors leading
to diminished insulin function *3. Besides many
other conditions, diabetes mellitus is associated
with cardiovascular conditions. For instance,
cardiovascular complications affect more than 30
% of DM-2 patients which makes heart failure
conditions the major cause of high morbidity and
mortality *°. Diabetic cardiomyopathy (DCM) is a
cardiac disorder that is related to DM disease and
distinguished by abnormal structural and function
features of the myocardium '*!'. The early stage of
DCM is clinically asymptomatic and characterized
by diastolic dysfunction and increased fibrosis
and stiffness *'2. As the DCM proceeds, diastolic
and systolic dysfunction may coexist, leading to a
reduced ejection fraction and heart failure %',
Chronic hyperglycemia increases
advanced glycation end-products (AGEs),
contributing therefore to the development of
diastolic dysfunction via activation of AGE
receptors (RAGE) '>!>!¢. Activation of RAGE
consequently activates the transforming growth
factor & (TGF-4) pathway, causing an increased
inter-myofibril and perivascular collagen
deposition which leads to fibrosis '>!"!¥, Activation
of inflammatory cytokines, such as interleukin
(IL) IL14, IL6, nuclear factor-éB (NF-EB), and
tumor necrosis factor-a (TNF4), also has been
related to the pathophysiology of DCM 31920,
The increased fibrosis and inflammation, along
with hyperglycemia lead to the triggering of
the cytochrome c—activated caspase-3 apoptotic
route, suggesting induction of death of the
myocardial cells and decreasing the performance
ofthe myocardium 2!, Furthermore, an abnormal
angiogenic process has been described in the
pathogenesis of DCM which has been shown
through the impaired expression of vascular
endothelial growth factor (VEGF) %
Eugenol is a clove tree extract
characterized by its phenolic property. Previously,
eugenol possesses potent anti-hyperglycemic, anti-
inflammatory, and anti-oxidative effects in diabetic
animals %", In addition, the cardioprotective
effect of eugenol was observed in doxorubicin
and arsenic-induced cardiotoxicity 2%, and
isoproterenol-induced myocardial infarction *.
Moreover, a study showed the protective effect of

eugenol against ischemia/reperfusion injury in the
transplanted heart in rats. The potential protective
effect of eugenol in the heart transplantation model
has been attributed to the down-regulation of
inflammatory and apoptotic markers *'. Therefore,
in the current study, we aimed to investigate the
potential cardio-protective effect of eugenol on the
development of DCM in diabetic rats.

MATERIAL AND METHODS

Before the performance of animal
experimental procedures, ethical approval
was gained by the Institutional Animal Care
and Use Committee at Yarmouk University
(IACUC/2021/3). The experimental animals
included thirty male rats (Sprague-Dawley) which
were supplied by the local institutional animal
house. Normalization conditions were achieved
by maintaining animals on a 12:12 h light-dark
cycle at 24°C and standard rat chow-fed status.
The experimental animals included thirty rats
that weighed 200+50g which then were randomly
assigned into three equal groups. The first group is
assigned as a non-diabetic control (ND), the second
group is assigned as a diabetic induced rat (D),
while the third group is representing the diabetic
rats receiving eugenol treatment by intraperitoneal
injection at 20mg/kg/day dose (D+E) for 6 weeks.
Diabetes induction was performed by a single
intraperitoneal STZ injection (Sigma-Aldrich,
USA) (60 mg/kg prepared in 0.9 % normal saline)
after an overnight fast. Rats were provided for
24 h with 10% sucrose ad libitum water to avoid
hypoglycemia. After that, blood glucose was
measured from the tip of the tail 48 h post the STZ
treatment to select the diabetic group that showed
glucose levels of more than 200 mg/dl.

Tissue and blood samples collection

For tissue and blood sample collection,
all rats were decapitated after six weeks where
the hearts were quickly removed, rinsed with
phosphate-buffered saline (PBS), weighed,
and dissected. Serum was isolated from blood
samples after centrifugation at 4,500 rpm/5 min
and stored at -80°C for further analysis. Dissected
left ventricles were immediately frozen in liquid
nitrogen and stored at -80°C.

Total mRNA Isolation and Quantification

Total mRNA was isolated from left
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ventricle tissues using a commercially available
kit (TRI Reagent from Zymo, USA) following the
manufacturer’s instructions. RNA quantification
was performed using QuantiFluor-RNA based on
Quantus Fluorometer System provided by Promega
(Madison, USA). cDNA synthesis was performed
using Reverted First Strand cDNA Synthesis Kit
provided by (Molecular, Lithuania (EU)) which is
based on oligo-(DT) 15 primers and follows the
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manufacturer’s instructions. The yielded cDNA
was stored at “20 ° C until the next use.
Quantitative real-time PCR for TGF-4l,
caspase3, VEGF-A, TNF- 4, and collagen IV
expressions, was determined using Line-Gen 9600
Thermal cycler (Bioer Technology, Bingjiang,
China). The amplification conditions were
performed as the following: activation at 95 ° C
for 3 min followed by 40 cycles of 95 ° C for 5

Table 1. The sequence of primers used for qRT-PCR.

Gene Forward (5'-3") Reverse (5'-3")

GAPDH ATGGTGAAGGTCGGT GAACTTGCCGTGGGTAGA
TGF-B1 GTGGAGCAACACGTAGAAC TTGGTTCAGCCACT

TNF- a TTCGGAACTCACTGGATCCC GGAACAGTCTGGGAAGCTCT
VEGF- A CGAACAGAGAGAGGGACAGG GTCTGTCTGTCTGTCCGTCA
Caspase-3 GTGGAACTGACGATGATATGGC CGCAAAGTGACTGGATGAACC
Collagen IV TTGGCTTTCCTGGTAGTCGT CAACCTTTCCTGCTTGACCC

GAPDH: Glyceraldehyde 3-phosphate dehydrogenase; TGF-B1: Transforming growth factor-f1; TNF- a:
Tumor necrosis factor a; VEGF-A: Vascular Endothelial Growth Factor-A

Table 2. Effect of eugenol treatment on the heart weight/body weight
ratio and blood glucose level.

Parameter ND D D+E
Heart weight/body weight ratio 0.32+£0.015 0.33+£0.017 0.34+£0.015
Blood glucose (mg\dl) 117.51+4.75 361.84 £ 16.50" 193.02 £15

“P < 0.05 compared to the ND group. *P < 0.05 compared to D group. Data represent the mean = SEM.
Abbreviations: ND: non-diabetic; D: Diabetic; D+E: Diabetic rats treated with 20mg/kg eugenol.
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Fig. 1. Effect of eugenol treatment on the TGF-a, mRNA expression. "P < 0.05 compared to the ND group. *P <
0.05 compared to D group. Data represent the mean + SEM. Abbreviations: ND: non-diabetic; D: Diabetic; D+E:
Diabetic rats treated with 20mg/kg eugenol; TGF-al: Transforming growth factor-al
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sec and extension and quenching at 60 ° C for
30 sec. As a housekeeping gene, Glyceraldehyde
3-phosphate dehydrogenase (GAPDH) was
amplified in triplicate for each target gene. For all
target and reference genes, the specific primers
were designed using the Primer3 software. The
stock primers at a concentration of 100mmol were
provided by IDT (Integrated DNA Technologies,
INC,, IA, USA) as shown in Table 1. The specificity
of the target sequences agarose gel electrophoresis
was performed. The quantitative RT-PCR reactions
were performed in triplicates in 20 ul total volume
using Premix Ex Taqll PCR master mixture

16

(Takara, USA) where 10 il of SYBR green
master mix was mixed with 1 il of each primer
set, 6 il nuclease-free water, and 2 il cDNA). The
expression level of each gene was calculated based
on the 2"AA¢T yalue followed by normalized relative
to the housekeeping gene (GAPDH) level.
Serum Glucose Measurement

Glucose levels from the serum samples
were determined by the glucose oxidase method
using the GOD-PAP colorimetric method,
according to the manufacturer’s protocol (Fortress
diagnostics, UK).
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Fig. 2. Effect of eugenol treatment on the VEGF-A mRNA expression. "P < (.05 compared to the ND +D+E
groups. Data represent the mean = SEM. Abbreviations: ND: non-diabetic; D: Diabetic; D+E: Diabetic rats
treated with 20mg/kg eugenol; VEGF: vascular endothelial growth factor.
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Fig. 3. Effect of eugenol treatment on the TNF- 4 expression. *P < (.05 compared to the ND and D+E groups.
Data represent the mean £ SEM. Abbreviations: ND: non-diabetic; D: Diabetic; D+E: Diabetic rats treated with
20mg/kg eugenol; TNF- &: Tumor necrosis factor
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Superoxide dismutase (SOD) activity

Tissue homogenates were prepared by
homogenizing the left ventricular tissue samples in
the ice-cold homogenizing buffer and centrifuged
at 8000g/10min/4°C. Enzymatic activity of the
superoxide dismutase (SOD) was determined
in the homogenate utilizing a commercially
available kit (Sigma-Aldrich, USA). The assay
procedure of the enzyme activity was performed
following the manufacturer’s instructions. For
protein quantification, the Bicinchoninic Acid
(SMART-BCA) protein assay kit was used (Intron
Biotechnology, Korea).
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Statistical Analysis

For all statistical tests, SPSS V23 software
was used (SPSS Inc., Chicago, IL). Specifically,
our data were analyzed using the One-way analysis
of variance (ANOVA) test. When the P value
is less than 0.05 the association was considered
significant.

RESULTS
Effect of eugenol on glucose level and heart

weight
As shown in Table 2, the results did not
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Fig. 4. Effect of eugenol treatment on the caspase-3 mRNA expression. *P < (.05 compared to the ND and
D+E groups. Data represent the mean + SEM. Abbreviations: ND: non-diabetic; D: Diabetic; D+E: Diabetic rats
treated with 20mg/kg eugenol; casp3:caspase-3
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Fig. 5. Effect of eugenol treatment on the collagen IV expression. “P < 0.1 compared to ND and D groups. Data
represent the mean + SEM. Abbreviations: ND: non-diabetic; D: Diabetic; D+E: Diabetic rats treated with 20mg/
kg eugenol
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Fig. 6. Effect of eugenol treatment on the SOD activity in the heart. "P < 0.05 compared to the ND and D groups.
Data represent the mean + SEM. Abbreviations: ND: non-diabetic; D: Diabetic; D+E: Diabetic rats treated with
20mg/kg Eugenol

show any significant difference in the cardiac
weight/body weight ratio between the non-diabetic,
diabetic, and diabetic treated groups. On the other
hand, post six weeks of treatment, the results
showed a significant change in the glucose level
between the experimental groups (P < 0.05).
Particularly, there was a significant increase in
the glucose level in diabetic rats compared to
the normal control. However, eugenol treatment
showed a significant reduction in blood glucose
levels compared to the diabetic rats (P < 0.05).
Effect of eugenol treatment on cardiac mRNA
gene expressions of TGF-al, VEGF-A, TNF- 4,
caspase 3, collagen IV, and the myocardial SOD
activity

Diabetic rats showed increased myocardial
mRNA levels of TGF-a1, VEGF-A, TNF-4, and
caspase-3 compared to the ND group (P < 0.05).
A tendency to increase the myocardial collagen IV
expression levels was observed in the diabetic rats
(P < 0.1). On the other hand, eugenol treatment
showed a significant attenuation in diabetic-
associated blood glycemic levels and myocardial
mRNA levels of TGF-a1, VEGF-A, TNF-4, and
caspase 3 (Fig 1-4, P < 0.05). Furthermore, the
overexpression of collagen IV was inhibited, and
the myocardial SOD enzymatic activity showed an
improvement in the eugenol-treated rats (Fig 5 and
6).

DISCUSSION

Diabetes is a highly prevalent metabolic
disorder worldwide, and the prevalence of DCM is
increasing in parallel with the increase in diabetes
mellitus 8. DCM which affects approximately 12%
of diabetic patients is a cardiac dysfunction in the
lack of coronary artery disease, valvular disease, or
other cardiac diseases including hypertension %33,
Eugenol is the main active component of essential
oil isolated from Syzygium aromaticum, commonly
known as clove *?°. Recent studies reported that
eugenol has the potential for an anti-diabetic effect
invivo **7. Consequently, we designed the current
study to investigate the potential impact of eugenol
treatment in the mitigation of the development of
DCM in STZ-induced diabetes mellitus in rats.
We demonstrate an effective impact of eugenol
on different molecular markers in STZ-induced
diabetic rats. In particular, treatment with 20mg/
kg/day of eugenol showed a cardio-protective
effect as evident from the reduction in the mRNA
expression of inflammatory and profibrotic factors
(collagen-IV, TNF-a TGF-4), apoptosis, (caspase3),
and the angiogenic factor (VEGF-A) in the treated
diabetic rats.

Cardiac fibrosis, the hallmark feature
in the pathology of DCM, led to distinctive
pathophysiological features involving left
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ventricular hypertrophy, perivascular fibrosis,
increased thickness of the capillary basement
membrane, and diastolic/systolic dysfunction
133839 Extracellular matrix (ECM) remodeling
due to the discrepancy between ECM creation
and deterioration is crucial for the progression
of cardiac fibrosis. TGF-4 pathway is one of
the most-studied mediators that are related to
alteration of the ECM “*#. Of the three isoforms
of the TGF-a superfamily of cytokines, fibrosis
is mediated primarily by the TGF-al isoform.
During diabetes disease, hyperglycemia showed a
significant enhancement of TGF-a expression, as
well as TGF-a receptors as a nuclear for the cardiac
fibrosis, ending up with cardiac hypertrophy
445 TGF-41 induced ECM remodeling and
fibrosis in diabetes have been associated with
the promotion of collagen expression combined
with metalloproteinase inhibition **. Our study
showed that the myocardial TGF-al expression
levels were higher in STZ-diabetic rats relative
to the normal rats and the eugenol treatment
attenuated this increase. Hence, our data suggest
that eugenol could alleviate the development of
DCM by preventing the overexpression of TGF-al
in experimental models of DCM.

Cardiac inflammation is an initial response
to diabetes and is implicated in the pathogenesis
and development of cardiac hypertrophy, fibrosis,
and DCM !, Hyperglycemia and dyslipidemia
directly induce the up-regulation and secretion of
several inflammatory markers including TNF-4,
IL-1 and L-6 contribute to cardiac inflammation
and can directly induce cardiomyocyte hypertrophy.
Besides cardiac inflammation induction, TNF-4 is
associated with the development of hypertrophy,
and apoptosis *32. Previous work showed that
anti-TNF-4 monoclonal antibody attenuates the
development of experimental DCM which was
attributed to the lessening in intra-myocardial
inflammation and cardiac fibrosis '**'. In this study,
TNF-a mRNA showed significant overexpression
in the STZ-induced diabetic rats which was
mitigated by eugenol treatment. The current
findings highlight the molecular mechanism by
which eugenol might prevent the development of
DCM in diabetic rats by inhibiting the myocardial
inflammatory process by targeting TNF-4. The
current findings are supporting other studies
that demonstrated a cardioprotective and anti-

inflammatory effect of eugenol as a mediator in
different animals disease models such as ischemia/
reperfusion injury in the transplanted heart *' and
isoproterenol-induced myocardial infarction *.

Increased reactive oxygen species
(ROS) production in diabetic myocardium by
hyperglycemia and/or hyperlipidemia is supposed
to be an initial step in the development of DCM
3354 ROS accumulation stimulates cellular lipids,
proteins, or DNA damage and modulates diverse
intracellular signaling pathways that, in turn,
contribute to the DCM development and progression
3455, Myocardial cell death is predominantly driven
by hyperglycemia-induced oxidative stress which
is partly driven through TNF-4 "¢, Therefore,
enhancing cardiac antioxidants might help prevent
DCM. Innate cellular mechanisms have been
developed to compensate for the consequences of
ROS induction which include enzymatic and no-
enzymatic reactions. For instance, SOD is a crucial
antioxidant enzyme that converts superoxide anion
to oxygen and hydrogen peroxide later, catalase
and glutathione peroxidase enzymes hydrogen
peroxide is converted to oxygen and water 7%
In transgenic animal models for type 1 diabetes,
Mn-SOD overexpression was able to provide
overall protection to the diabetic heart as shown
by repealing cardiac tissue structure and improving
the cardiac contraction function %. In different in
vitro and in vivo studies, the researchers showed
the ability of eugenol to display antioxidative
activity ®%. Increased myocardial SOD activity
in the eugenol treatment in our study suggests that
eugenol protects the diabetic heart via, at least in
part, enhancing mitochondrial antioxidant defense
systems.

The incidence of myocardial apoptotic
cell death is increased in diabetic patients %,
as well as in diabetic animal models generated
by STZ-induction **. The diabetic myocardial
apoptotic process is associated with impaired
contractile activity, cardiac hypertrophy, and
eventual fibrosis development '6%5, These
cardiac deterioration processes are attributed
to the generation of ROS which is induced by
hyperglycemia and leads to cardiac cell apoptosis
likely through the activation of the caspase-3
mechanism 2%, Eugenol treatment significantly
reduced myocardial cell apoptosis in a transplanted
heart *'. In isoproterenol-induced apoptosis in
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neonatal cardiomyocytes . Also, prevented

the doxorubicin-induced activation of cardiac
caspase-3 in acute doxorubicin cardiotoxicity ¥. In
the current study, eugenol treatment significantly
downregulated caspase3 expression at the mRNA
level in the diabetic heart, therefore, we suggested
a potential cardio-protective effect of eugenol by
decreasing in myocardial apoptosis.

The angiogenesis process relies on
many factors including a major regulator vascular
endothelial growth factor (VEGF). Mainly, during
the angiogenesis process, the VEGF factor in
inducing endothelial cell growth ¢, Different
studies showed variable results about the effect
of diabetes on the myocardial VEGF expression.
For instance, a four-week follow-up study showed
a decline in the VEGF expression and VEGF-R
in diabetic animals . On the contrary, using
the diabetic rat model, the researchers showed
a significant increase in the VEGF mRNA level
2270 which was attributed to the reduction in nitric
oxide (NO) under hyperglycemic conditions that
were also associated with the generation of ROS
2. In this report, the results showed significant
overexpression of VEGF-A in the left ventricle of
induced diabetic rats. Nevertheless, an effective
reduction in the angiogenesis process was
exhibited after eugenol treatment as shown by the
downregulation of VEGF-A mRNA levels in the
eugenol treated diabetic rats.

CONCLUSION

In experimentally induced DCM, 20mg/
kg/day of eugenol can attenuate cardiac damage
through inhibition of different pathological
processes initiated by inflammation and proceeding
through angiogenesis, and eventually approaching
cardiac fibrosis and apoptosis. In the current
experimental model, the eugenol exhibited an anti-
diabetic effect as well as mitigation in the DCM
development which provides a sight for future
therapeutic application of eugenol in diabetes
mellitus.
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