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Abstract

In this study, we aimed to investigate the effects of hesperidin and coenzyme Q,; on muscle ischemia/reperfusion injury in a rat
model. A total of 28 Sprague-Dawley male rats were divided into four groups: Control, Sham, I/R+CoQ, ,and 1 /R+Hesperidin
groups. All rats were anesthetized with xylazine and ketamine. Except for the control group, the left lower limbs of the other
3 groups were applied to 2 hours of ischemia and 2 hours of reperfusion with tourniquet. TNF-a, IL-6, GSH, MDA levels,
CAT, GPx, SOD activities were measured in the plasma. The levels of MDA with XO, CAT, SOD activities were determined in
tissues. Increases in TNF-o, IL.-6 and MDA levels, decreases in the CAT, GPx and SOD activities were significant in the sham
group according to the control group but the differences in GSH were insignificant in plasma samples. The decreases in plasma
TNF-a, IL-6 and MDA levels, the increases in CAT, GPx and SOD activities were statistically significant in the experimental
groups compared to the sham group, but the GSH differences were insignificant. MDA and XO levels were higher in the
experimental groups than in the sham and control groups, CAT and SOD levels decreased, these differences were statistically
significant. The results of this study support the possibility that hesperidin and CoQ,, may play a protective role against skeletal
muscle injury caused by I/R in rats by reducing oxidative stress. Hence, hesperidin and coenzyme Q, may be useful adjunctive
therapeutic agents in some operations suspected of organ I/R damage.

Keywords: Antioxidants; CoQ,; Hesperidin; Ischemia/Repetfusion; Lipid Peroxidation.
Abbreviations: ROS: Reactive Oxygen Species; MDA: Malondialdehyde; SOD: Superoxide Dismutase; CAT: Catalase; GSH:
Glutathione; GPx: Glutathione Peroxidase; XO: Xanthine Oxidase; SD: Standard Deviation.

Introduction leukocyte migration to ischemic tissue after reperfusion allows the

continuation and enlargement of tissue damage due to ischemia

Ischemia is called as the insufficiency or stopped of blood flow
to an organ for various reasons (such as surgical procedures,
thrombosis, hypovolemia, transplantation). Ischemia is the first
part of ischemic reperfusion injury characterized by the shift of
the metabolism to the anaerobic side. The restart of oxygenation
is called reperfusion. Metabolites resulting from anaerobic
metabolism are oxidised by reperfusion and are confused with
circulation and are responsible for distant organ damage. The
destructive effects of the reperfusion process, which occurs after
resumption of blood flowin theliving tissue of ischemic remainder,
is wider and more severe than ischemic damage. Continuous
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repetfusion (I/R) [15]. Reperfusion related damage in the cell is
created by many factors, mostly including oxygen-derived free
radicals, which are rapidly generated in the tissue as a result of
reperfusion. Owing to physiological or pathological alterations,
oxidative damage takes place with changes in favor of the
oxidation process [38].

Hesperidin, a specific flavonoid glycoside, can be isolated in
large amounts from the rinds of some citrus species. Preclinical
studies and clinical trials have demonstrated hesperidin has anti-
inflammatory, antioxidant, antimicrobial, antitumor, antifungal,
antiviral, lipid lowering and insulin sensitizing properties,
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contributing to its therapeutical effects in various diseases
[11, 20, 25, 33]. Flavonoids are polyphenolic compounds with
various pharmacological properties and act as scavengers of free
radicals by OH groups in their molecular structure. Hesperidin
is a compound with 3 OH groups that maintain a greater
antioxidant potency and ability to activate cellular antioxidant
preventing enzymes than other flavanones [18]. Coenzyme Q,
is an electron carrier proton translocator in the respiratory chain
of mitochondria, and is known as a potent antioxidant either
by direct removal of free radicals or indirect by regeneration of
vitamin E [1].

Reactive oxygen species (ROS) mainly free radicals are directly
involved in oxidative damage of cellular macromolecules such
as lipids, proteins and nucleic acids in tissues. They can produce
a variety of pathological changes through lipid peroxidation
and DNA damage. Malondialdehyde (MDA) is the breakdown
product of the major chain reactions leading to the oxidation of
polyunsaturated fatty acids and thus causing oxidative stress. There
are also antioxidant defense systems against different oxidants
in the organism. These systems such as antioxidant vitamins,
superoxide dismutase (SOD), catalase (CAT), glutathione (GSH)
and glutathione peroxidase (GPx) protect the cells against lipid
peroxidation [42]. The reactive oxygen species ate reported to
oxidise biomolecules and cause extensive lipid peroxidation in
biological membranes, which lead to cell death and tissue injury.
The antioxidant systems protect the cellular biomolecules against
damage caused by free radicals. They involve enzymes such as
SOD, GPx and CAT and non enzyme factors such as GSH and
vitamins. Changes in circulating levels of the antioxidants are
indications of the occutrence of oxidative stress [12]. Another
source of free radicals is xanthine oxidase (XO). This enzyme
exist as NAD dependent dehydrogenase and is converted into
XO. XO directly transfers electrons from the oxidation of
hypoxanthine to molecular oxygen, producing ROS such as
superoxide and hydrogen peroxide; both of these are very toxic
and can interact with free fatty acids such as arachidonic acid
which via prostaglandin synthesis generates more ROS [44].

After reperfusion, cytokines such as IL-1, IL-6 and TNF-a are
observed in the circulation. Using antagonists against these
agents, it has been shown that both IL-1 and TNF-a contribute
to vascular injury and increase endothelial adhesion molecules.
Although the release of cytokines is known in I/R, itis not known
whether the effects of these cytokines on permeability are directly
or indirectly through cell adhesion molecule expression and
neutrophil adhesion activation [15]. In this study, we investigated
hesperidin and CoQ, s protective effects in gastrocnemius muscle
I/R injury.

Material and Methods
Animals and Experimental Design

A total of 28, Sprague—Dawley male rats (8-9 weeks), weighing
200-250g were used in the present study. The experiments were
conducted according to the ethical norms approved by the Ethic
Committee of Experimental Animal Teaching and Researcher
Center (No: 30.03.2018, 36643897-000-E.1800090274-59). Rats
were obtained from the Medical and Experimental Application and
Research Center (ATADEM), Erzurum, Turkey. Throughout the
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animal experiments were processed following the internationally
accepted ethical guidelines for the care of laboratory animals.
Prior to the experiments, rats wete kept in standard laboratory
conditions under natural light and dark cycle (12 hours light/12
houts dark, 21°C (+/-2)) and wete fed with standard food for
one week, in order to adapt to the laboratory conditions. Before
from the experiments, they were fasted overnight, but allowed
free access to water. All rats were anesthetized with xylazine (8
mg/kg) and ketamine (60mg/kg). Except for the control group,
the left lower limbs of the other 3 groups were applied to 2 hours
of ischemia and 2 hours of reperfusion with tourniquet. Seven
animals were used for each group of study. Rats were divided into
the following groups:

Control Group: 0.5 mL 0.25% CMC was administered by gastric
gavage 3 times at 8 hour intervals. Blood samples were obtained
from the aorta abdominalis under anesthesia for biochemical
analyzes. Tissue specimens were taken under anesthesia from the
left extremity.

Sham Group: 0.5 mL 0.25% CMC was administered by gastric
gavage 3 times at 8 hour intervals. Under the anesthesia, 2 hours
tourniquet was applied to the lower extremity (low temperature and
cyanotic claw marks the occurrence of ischemia). Subsequently,
the tourniquets were opened and reperfusion was applied for 2
hours (the pinking of the claws and the increase in temperature
indicate reperfusion). and afterwards, the abdomen was opened
with midline incision, and blood samples for biochemical analysis
wete taken from Aorta abdominalis. Tissue samples were taken
from the left extremity.

1/ R+CoQ,, Group: Prior to ischemia formation, rats were
dosed with gasttic gavage at a dose of 10 mg/kg (3 times at 8
hour intervals) from 0.5 mL CoQ,  (SOLGAR) (It was dissolved
in 0.25% CMC). After 30 minutes, under anesthesia, 2 hours
tourniquet was applied to the lower extremity. Subsequently, the
tourniquets were opened and reperfusion was applied for 2 hours,
and afterwards, blood and tissue samples were taken as they were
in the sham group.

I/R+Hesperidin Group: Prior to ischemia, rats were given 100
mg/keg (3 times at 8 hout intervals) from 0.5 mL Hesperidine
(Sigma Aldrich St Louis, USA) (It was dissolved in 0.25% CMC)
by gastric gavage. After 30 minutes, under anesthesia, 2 hours
tourniquet was applied to the lower extremity. Subsequently, the
tourniquets were opened and reperfusion was applied for 2 hours,
and afterwards, blood and tissue samples were taken as they were
in the sham group.

Biochemical Analyzes in Plasma

In the analysis of TNF-a (KHC3011, Biosource-USA) and 1L.-6
(Affymetrix eBioscience Rat IL-6 Platinum ELISA BMS625,
Avusturya), rat-specific double antibody sandwich ELISA kit was
used. GSH levels was measured according to method desctibed
by Tietze [39], malondialdehyde was analysed by the method
of Yoshioka et al., [43], GPx levels were determined according
to methods of Matkovics et al., [22] and catalase activity was
determined with a spectrophotometric assay of hydrogen
peroxide [13]. SOD activities were determined using xanthine and
nitroblue tetrazolium as the substrates, and were calculated from
percent inhibition of formazan production [37].
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Biochemical Analyzes in the Gastrocnemius Muscle

MDA [29] levels, CAT [13], SOD [37] and XO activities [16] were
measured with Biotek ELISA Reader (Bio Tek uQuant MQX200
Elisa reader/USA).

Statistical Analysis

The statistics of the results obtained were evaluated and the
results were interpreted. For the analysis of variance, the SPSS
20.0 package program Tukey test was used. The results were
expressed as mean T standard deviation (SD).

Results

Presented in Table 1 are concentrations of TNF-«, I11.-6, GSH,
MDA, CAT, GPx and SOD in plasma samples of the control
and experimental groups. Statistical analysis showed that,
concentrations of I-6 (p < 0.001), MDA (p < 0.001) and TNF-o
(p < 0.01) were higher and CAT (p < 0.001), GPx (p < 0.05) and
SOD (p < 0.001) activities were lower in the IR group, IR+CoQ
and IR+HESP groups according to control group. There was no
statistically significant differences for GSH levels in all groups to
control group.

MDA levels and XO activities were matkedly increased (p<<0.001)
and CAT and SOD activities were decreased (p<0.001) in all
groups compared to control group in the gastrocnemius muscle.
GSH levels did not show statistical significance in all groups

(Table 2).
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Discussions

The severity of the damage caused by ischemia varies according
to the type of cell, differentiation, susceptibility to trauma, blood
requirement and metabolism. Skeletal muscle and bowel mucosa
are the most sensitive tissues to ischemia. I/R injury is common
clinical table for the cerebrovascular ischemia, myocardial
infarction, shock, sepsis, burns, trauma and thrombolytic therapy,
coronary angioplasty, transplantation, cardiopulmonary bypass,
aneurysm surgery, peripheral arterial surgery and medical and
surgical interventions. Even if the cause of acute ischemia is
removed and reperfusion is achieved, the risk of mortality and
morbidity continues [7, 15, 34]. Reperfusion can then worsen the
injury by inducing cellular infiltration and generating ROS, which
leads to further cell damage. Tissues were shown to accumulate
free oxygen radicals within the first few minutes of reperfusion,
and postischemic endothelium is the main source of these
radicals. The most significant damaging effect of free radicals on
tissues is lipid peroxidation. Oxygen-free radicals cause cellular
injury by inducing lipid peroxidation, which results in functional
and structural cell alterations. The tissue damage caused by the
production of ROS can trigger several defense mechanisms. The
first-line defense mechanism includes antioxidants such as SOD,
CAT, and GSH. These enzymes catalyze the conversion of ROS
into less reactive species [41]. Oxidant/antioxidant imbalance
caused by the increased production of ROS are the main
causative factors in the oxidative damage of cellular structures and
molecules. In particular, biological membranes rich in unsaturated
fatty acids are cellular structures exposed to free radical attack.
Therefore, increased plasma and muscle specimens MDA levels in
I/R group accotding to control group might be due to the higher
rate of oxidative metabolic activity and the higher concentration
of readily oxidisable membrane polyunsaturated fatty acids. The

Table 1. TNF-«, IL-6, GSH and MDA Levels, CAT, GPx and SOD Activities of Control and Experimental Groups in Plasma

Samples.
GROUPS TNF-« IL-6 GSH MDA CAT GPx SOD
(pg/mL) | (nmol/mL) | (mmol/L) | (mmol/1) (kU/L) (U/mL) (EU/mL)
C 18.46 £ 0.09° | 27.16 + 1.47° | 3.27 £ 0.08 | 19.00 £ 0.50" | 248.81 +3.88* | 0.23 £ 0.01* | 14.95 £ 0.22°
IR 20.10 £ 0.49* | 36.18 £ 0.67* | 3.06 £ 0.09 | 27.45 + 0.67* | 161.59 £ 4.46° | 0.20 + 0.01* | 10.37 £ 0.07°
IR+ CoQ, | 19.91£0.29* | 29.76 + 0.34" | 3.14 £ 0.08 | 20.94 + 1.36" | 198.34 £ 9.29" | 0.21 £ 0.00* | 14.01 £ 0.65
IR + HESP | 19.14 £ 0.16* | 28.06 + 0.89* | 3.24 + 0.16 | 19.48 £ 0.46" | 217.54 + 4.26° | 0.23 £ 0.01** | 14.73 £ 0.25°

*p < 0.05, #*p < 0.01, #*p < 0,001

MDA X0 CAT SOD
GROUPS (nmol/g) | (mikroIU/mg Protein) &U/g) (EU/mg)
C 17.42 £0.93 31.95 + 1.09¢ 268.92 + 543 | 25.03 £ 1.37*
IR 63.52 + 4.26° 46.10 £ 0.08* 221.32 £ 843 | 17.49 £ 1.00°
IR + COQ,, | 25.87 £ 1.40 36.41 = 1.11° 241.67 = 4,90 | 22.45 + 0.41°
IR + HESP | 17.96 + 0.70" 33.76 + 0.36" 254.88 + 5.62> | 23.86 + 0.78"
P ook ook ook ook

*p < 0.05, *p < 0.01, **+p < 0,001

Table 2. MDA Levels, XO, CAT and SOD Activities of Control and Experimental Groups in the Gastrocnemius Muscle.
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greater extent of lipid peroxidation in the co-exposed group
indicates a higher degree of free radical insult to the cellular
membranes possibly due to an additive or synergistic effect of the
two compounds on variety of reactive oxygen species [23]. In our
study, increases in plasma (Table 1) and muscle (Table 2) samples
MDA levels in CoQ,, and hesperidin groups were not as high as
those in the I/R group. The lower increases in these groups may
be due to the antioxidant properties of CoQ,; and hesperidin.
Continuous leukocyte migration to ischemic tissue after
reperfusion occurs. Activated neutrophils increase the degree of
injury by further promoting oxidative injury and inflammation. In
some studies, decreases in sequestration of inflammatory cells in
pre-treatment with hesperidin have been observed |26, 30|. Due
to its antioxidant and anti-inflammatory properties, hesperidin
and CoQ,, can be recommended as a therapeutic agent in I/R
induced organ damage.

Flavonoids are known for their strong antioxidant properties,
protecting tissues against oxidative stress. Several reports
have suggested that diseases associated with oxidative stress
and inflammatory diseases may be beneficially influenced by
flavonoids which can directly quench free radicals, inhibit enzymes
of oxygen reduction pathways and sequester transient metal
cations |27, 40]. Phytochemicals extracted from natutal resoutces,
such as vegetables, fruits and herbs, have come into the spotlight
as potential treatment for inflammatory diseases. Hesperidin, a
flavanone glycoside in citrus fruits, exerts anti-inflammatory,
antioxidant and immune regulation actions [10]. In some previous
studies, it has been shown that hesperidin reduces reactive oxygen
species in ischemia-reperfusion injury and thus prevents ischemia
damage |14, 32].

CoQ,, was known only as a component of the mitochondrial
electron transport chain until recently, but further articles
have revealed that the reduced form of CoQ, is also a potent
antioxidant substance. It prevents the peroxidation of the cell
membrane and subcellular lipids, which occurs during I/R injury.
After ischemic tissue is reperfused, free radicals are released and
cause tissue damage through multiple mechanisms, including lipid
peroxidation. CoQ, exerts its antioxidant effect at the beginning
of lipid peroxidation, and its physiological concentration is related
to its activity level [5].

CAT is considered by many scientists as a significant and sensitive
biomarker of oxidative stress, better than SOD. CAT also are
the main enzyme of the enzymatic antioxidant defence system
responsible for protection against an increase in ROS production.
H,O,, formed by the catalytic reaction of SOD, is both a reactive
form of oxygen and a normal cellular metabolite and it is further
detoxified by GPx and CAT. The catabolism of H,O, leads to
the formation of the superoxide radical anion [31, 35]. The data
of the present study show that CAT activity was significantly
reduced in I/R group (p < 0.001 in plasma and muscle samples)
according to control group. The reduced activity of CAT in I/R
group plasma and muscle specimens could be due to depletion or
inhibition as a result of the increased production of free radicals.

In the enzymatic antioxidant defence system, SOD, is copper—
zinc containing enzyme that dismutase superoxide ions produced
with consequent formation of H,O,. This H,O, is then either
decomposed by catalase or reduced by a GSH dependent
mechanism catalysed by GPx. As a result of an autooxidation
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of electron transport chain components, superoxide radicals
are produced in mitochondria and endoplasmic reticulum. SOD
converts superoxide into H O, and O, [6]. Stress conditions, in
which free radical generation occurs, result in the decrease in
antioxidant enzyme activity, owing to their excessive utilisation
[17]. The obsetved decrease in SOD activity in I/R group plasma
and muscle specimens could result from inactivation by H,O,.
In our study, CAT, SOD and GPx activities were decreased in
all groups compated to control group. This decline brings to
mind the free radical production resulting in the depletion of
this enzyme owing to its excessive utilisation. The antioxidant
effect of hesperidin is supported by the findings that it protects
against oxidative damage via inhibition of lipid peroxidation and
by restoration of cytosolic catalase and glutathione peroxidase
activities |9, 21].

GPx is the general name of an enzyme family with peroxidase
activity whose main biological role is to protect the organism from
oxidative damage. The biological function of GPx is to reduce
lipid hydroperoxides conversion to their corresponding alcohols
and to reduce free H,O, reaction |2]. Declines in circulating levels
of the GPx could have been tesulted from the occurrence of
oxidative stress.

XO is a cytosolic metallo flavoprotein that has been implicated
in the pathogenesis of a wide spectrum of diseases, and is
thought to be the most important source of oxygen free radicals
and cell damage during reoxygenation of hypoxic tissues [3]. Its
reoxidation involves molecular oxygen which acts as electron
acceptor, and during this reaction, superoxide radical and H,O,
are produced. The superoxide radical is transformed into H,O,
and O, either spontaneously or by the catalytic action of SOD.
Thus, the over-activity of XO leads to the deposition of uric
acid in the susceptible tissues, and this triggers the inflammatory
pathways with a concomitant release of reactive oxygen species
[8]. In our study, XO activity was higher in the I/R group (p <
0.001) than in the control group. XO activity was also high in
CoQ),, and Hesperidin given groups, but this increase was not as
high as in the I/R group.

GSH is important for the detoxification of toxicants, thus
measurement of its activity is considered as a good indicator of
antioxidant status or oxidative stress. GSH is a major endogenous
antioxidant that participates in detoxification reactions and
counterbalances free radical mediated damage by eliminating
the compounds responsible for lipid peroxidation. There is an
inverse relationship between oxidative stress and GSH levels due
to increase in the utilisation [12]. The decline in GSH levels in all
groups could be due to increased utilisation of this intracellular
antioxidant by GPx or GST. In addition, this declination can
also be justified either due to the inhibited synthesis of GSH
or increased utilisation of GSH for detoxification of toxicant
induced free radicals [4, 36]. In out study, reduced GSH levels
in plasma samples of I/R, I/R+CoQ,, and I/R+Hesperidin
groups appeat to be a consequence of oxidant damage and may
be attributed mainly to the antioxidative effects of hesperidin.

IL-6  has
effects. Formerly named B-cell stimulatory factor 2, IL-6 is

both proinflammatory and antiinflammatory
multifunctional cytokine produced by T cells, B cells, monocytes,
fibroblasts, keratinocytes, endothelial cells, mesangial cells and
several tumor cells [28]. It is currently accepted that oxidation and
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inflammation are interlinked processes and have many feedback
loops. Thus, overproduction of oxidant compounds can induce
aninflammatory response, since oxidants are inflammation
effectors. In fact, oxidants not only cause oxidative damage
but also act as intracellular signals in inflammatory processes,
Indeed,
ROS are considered as second messengers in the inflammatory

particularly up-regulating pro-inflammatory genes.

response acting as inflammatory mediators through the activation
of leukocytes, in which the exptression of other mediators
such as cytokines, chemokines and adhesion molecules are
enhanced. Moreover, inflammatory compounds could also
induce an oxidative stress situation [24]. As shown in Table 1,
compated with control group IL-6 (p < 0 .01) and TNF-a (p <
0.001) showed significantly increased in I/R group. Statistically
significant reductions in serum IL-6 and TNF-o were observed
in CoQ,, and Hesperidin treated groups according to I/R group
(Table. 1). These results showed that CoQ,, and hesperidin could
reduce the inflammatory response. In a study conducted by Wang
etal. on the effects of ginsenoside on cerebral I/R, were observed
decreases in 1.6 and TNF-a levels in the ginsenoside-treated
group compared to the sham group [19].

In this study, protective effects of hesperidin and coenzym Q,
against skeletal muscle ischemia reperfusion injury have been
revealed. The results of this study support the possibility that
hesperidin and CoQ,, may play a protective role against skeletal
muscle injury caused by I/R in rats by reducing oxidative stress.
Hence, hesperidin and coenzyme Q,, may be useful adjunctive
therapeutic agents in some operations suspected of organ I/R
damage.
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