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Abstract

Background and Objective: Ischemicinjury is one of the major causes of long-term disability and death worldwide. In this context, several
studies have been carried out to provide new targets capable of reducing clinical outcomes of ischemia/reperfusion. The work of
the present study aims at prospecting and highlighting the other specific properties of enoxaparin. These new antioxidants and
anti-inflammatory properties of LMWH certainly constitute a new strategy to overcome the structural alterations of ischemic stroke.
Materials and Methods: Rats were subjected to the occlusion of the common carotid arteries for 30 min followed by 1 hr of reperfusion
to induce ischemia. Low molecular weight heparin injection was performed 30 min before the occlusion. Results: Heparin treatment
prevented morphological changes in brain tissue induced by ischemic injury. The effect of enoxaparin in altering oxidative stress was
assessed based on the maintenance of lactate dehydrogenase level, calcium homeostasis, antioxidant status (Superoxide Dismutase (SOD),
catalase and peroxidases (POD) activity) and inhibition of cerebral lipid peroxidation and Reactive Oxygen Species (ROS) and Nitric
Oxide (NO) generation. Conclusion: Low molecular weight heparin efficiently protected brain cells from ischemia/reperfusion-induced
oxidative damage and inflammation.
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INTRODUCTION

Heparin is an acidic polyanionic polysaccharide with a
linear chain, which belongs to the family of
glycosaminoglycans (GAGs) and is mostly known for its
anticoagulant activity, but since its discovery, many reports
have demonstrated the anti-inflammatory potential of this
molecule’3. The endogenous form of heparin proteoglycan is
uniquely expressed in mast cells and more precisely in the
lumen of secretory granules, attached to the core protein of
serglycin*s,  Heparin is secreted in association with
histamine on the degranulation of mast cells in an allergic
response’. The chain of this biopolymer is composed of
repeating disaccharide sequences, consisting of uronic acid
and D-glucosamine connected through glycosidic linkages?.
Approximately, 80% of uronicacid residues are L-iduronic acid
while only 20% contains D-glucuronic acid®.

Heparin is extracted from animal tissues, almost
exclusively from porcine intestinal mucosa® or bovine lung’.
There are three types of commercially prepared heparin based
on the molecular weight; unfractionated heparin, LMWHs
and ULMWH. Unlike unfractionated heparin which uses is
associated with an elevated bleeding rate, LMWH reduces the
risk of haemorrhage during the process of treating ischemic
stroke. The anticoagulant activity of heparin isindependent of
the anti-inflammatory effect. There is much theoretical and
experimental evidence that stands for the capacity of LMWH
to protect the brain from ischemic insult.

One of the reasons behind the multiple functions of
heparin is the structural diversity and microheterogeneity
due to the variable sulfation patterns exhibited by these
molecules®. In addition, heparin can bind different type of
molecules like cytokines, growth and angiogenic factors,
adhesion molecules®. These interactions lead to the regulation
of many physiological processes like development, cell
proliferation, inflammatory response, bacterial and viral
infectivity, metastasis and angiogenesis>°.

Mary et a/'® have used /n vivo stroke models of Middle
Cerebral Artery Occlusion (MCAQ) and demonstrated that the
administration of enoxaparin in standard non-haemorrhagic
doses decreases lesion size and ameliorates neurological
score. Oxygen homeostasis maintains is crucial to ensure the
optimal function of the organism. Ischemic stroke is a
complicated pathological process induced by a disruption of
blood flow and lack of oxygen and glucose delivery to the
nervous system''. The BBB disruption makes it more
permeable, which increases vascular inflammatory cells
recruitment and toxic proteins penetration'2. Neurons become
unable to maintain the ionic gradients necessary for cellular

191

function and homeostasis'. Ischemia and reperfusion injuries
involve excitotoxicity and overactivation of glutamate
receptors and can lead to neuronal cell death including
apoptosis necrosis, necroptosis and autophagy''4,

Excitotoxicity is associated with excessive neuronal
depolarization, redox balance disruption and release of
excitatory neurotransmitters inducing an increase in
intracellular Ca? '3, Depolarized cells in the ischemic core
release a huge amount of excitatory amino acid, in
particular glutamate, that provokes anoxic depolarization
resulting in enhanced neurotransmitter release and reuptake
inhibition''8, Thus, glutamate receptors (NMDA, Kainate,
AMPA and metabotropic receptors) are excessively activated
which triggers calcium release from overstimulated neurons
into their cytosol™ ™. This increase of intracellular calcium
levels activates cyclooxygenases (COX-2), calpain protease
activity, calcineurin, phospholipases and Nitric Oxide Synthase
activity (NOS), which induces free arachidonic acid
accumulation and leads as a consequence to the depletion of
calcium from intracellular stores's'’. Calcium cytotoxicity
leads to mitochondrial impairment, which amplifies energy
failure and results in the depolarization and swelling of
mitochondria'’.

Most of the tissue damage occurs following blood flow
reestablishment by reperfusion and thus initiates a cascade of
reactions similar to inflammatory response including
complement activation, free oxygen radicals release,
overexpression of chemokines and cytokines, neutrophils
activation and recruitment and endothelial dysfunction?'.
Oxidant-antioxidant balance disruption contributes to
oxidative damage undergone by lipid, protein and DNA.
Accumulation of Reactive Oxygen Species (ROS) alters cellular
membranes, thus contributing to the peroxidation of lipids
and generating cytotoxic products'. In this context, maintain
ROS homeostasis and the development of antioxidant-based
strategies would be important for cell survival.

To simulate the ischemic cerebral lesion, we used in vivo
the bilateral occlusion model of the common carotid artery
(BCCAOQ), which is a model validated by several works and
which makes it possible to reproduce the same alterations as
those of ischemic lesions. Although the effectiveness of
heparin as adrug with anti-inflammatory properties has been
investigated previously in brain injury models, the exact
mechanism underlying its effect still unexplored. To
understand the mechanism of action of the neuroprotective
effects of heparin, we will attempt to determine the mode of
action of heparin, isita mechanism of scavenging free radicals
of oxygen, oritisindeed a possible inhibitory effect, which will
eventually block the entry of calciuminto the nerve cells and
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thus prevent ischemic attacks. In the end, the study aims to
elucidate the different pathways involved in the processes of
the neuroprotective and/or glioprotective effects of
enoxaparin during an ischemic cerebral situation.

MATERIALS AND METHODS

Study area: The study was carried out in the Department of
Biology, Neurophysiology, Cellular Physiopathology and
Biomolecules Valorisation Laboratory, the unit of Transmission
Electron Microscopy of the Department of Anatomic
Pathology, Faculty of Medicine, Salah Azaiez Institute, Tunisia
from September, 2019-December, 2020.

Chemicals: Heparin (enoxaparin) was purchased from
Medis. Formaldehyde, Fluorescein Diacetate-Acetoxymethy!
ester (FDA), bovine liver catalase, DL-epinephrine,
trichloroacetic acid (TCA) and guaiacol were obtained from
Sigma Aldrich (St. Louis, MO, USA). Calcium, total protein and
lactate dehydrogenase (LDH; EC 1.1.1.27) assay kits were from
Bio-Maghreb (Tunisia). Butylated Hydroxy Toluene (BHT) and
2-Thio-barbituric acid (TBA) were obtained from Loba Chemie
PVT.LTD.2,7-dichlorodihydrofluorescein diacetate (H, DCFDA)
was purchased from Invitrogen and DAF-FM diacetate
(4-amino-5-methylamino-2',7"-Difluorofluorescein diacetate)
was from Molecular Probes (Eugene, OR, USA).

Experimental animals and drug administration: Totally
56 adult male rats, weighing between 250-300 g, were
selected and housed 2 per cage with free access to food and
water and under controlled laboratory conditions. They were
maintained at a rearing temperature of 22+2°C and under a
controlled light-dark cycle. They were purchased from the
Pasteur Institute of Tunis. All experiments carried out on rats
were approved by the ethic committee of Tunis University for
the care and use of animals in conformity with NIH guidelines.

After a one-week acclimatization period, rats were
randomly assigned to four groups:

Control group (Sham)

ischemia/Reperfusion group (Isch)

Heparin pre-treatment group (Hep)

Group receiving a pre-treatment with heparin and
exposed to bilateral common carotid artery occlusion
(Isch+Hep)

Drugs were administrated by intravenous injection:
sham-operated animals received either saline or heparin
(enoxaparin). For the two first groups, the sodium chloride
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solution (0.9%) was administrated as a vehicle, 30 min before
thetests. The two remaining groups (cand d) received heparin
injection (200 IU kg™"), 30 min before the occlusion.

Procedure of Bilateral Common Carotid Artery Occlusion
(BCCAO): Cerebral ischemia/reperfusion insult was induced
using a model of Bilateral Common Carotid Artery Occlusion
as previously reported? with some changes. Ketamine
(100 mg kg~") was used to anaesthetize rats and both
common carotid arteries were exposed through a midline
incision. Carefully, we separated each carotid from its
adventitial sheath and vagus nerve?'. Arteries occlusion was
performed by placing clamps for 30 min, which were
subsequently removed to allow reperfusion for 1 hr.

The animals were euthanized, decapitated and each
cortex was removed from the skull immediately for the
following tests. An ultra turrax T25 homogenizer (Janke and
Kankel, IKA WERK, D.6072 Dreieich-Germany) was used to
homogenize the other brain tissues in a solution of tris
buffered saline pH 7.4 (Microprocessor pH meter, Hanna
Instruments, France). Finally, the centrifugation of the
homogenates was performed at 4°C and 10000 rpm for 15
min. Then supernatants were collected for subsequent assays
of reactive oxygen species, nitric oxide, lipoperoxidation
activity and antioxidant markers.

Tissue’s collection for histology: The brain was removed
and submerged in 10% saline formaldehyde. Each brain was
immersed in paraffin, following that sagittal sections were cut
at 5 pm thickness and stained with hematoxylin/eosin (H
and E).

LDH assay: LDH activity assay was performed according to
Bergmeyer, 197522 and following manufacturer’s instructions.
The reaction catalysed by LDH is the conversion of pyruvate
and NADH/H to lactate and NAD. This enzymatic activity was
determined based on NADH disappearance at 340 nm within
3 min and calculated using the Eq.%:

ADO/min*8095

Brain lipoperoxidation: Malondialdehyde (MDA) levels
were measured to evaluate lipid peroxidation. This test is
based on the thiobarbituric acid reactive substance (TBARS)
method through the reaction of TBA with MDA, which is one
of the end products of peroxidation?'?*, Tissue homogenates
(80 uL) were mixed with 20 uL TBS and a solution of
BHT-TCA (62.5 L) composed of 1% BHT (m/v) added to 20%
TCA (m/v).
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The centrifugation was performed at 4°C for 10 min at
1000 g. A solution of 0.6 M HCl (16 pL) was added to the
supernatant (80 uL) then the reaction initiation occurred
following the addition of 120 mmol L= TBA in 26 mmol Tris
(64 pL). After heating the samples for 10 min at 80°C, the
reaction was stopped by cooling the samples with tap water.
This step is followed by the appearance of pink colour which
absorbance was measured at 530 nm. MDA levels were
calculated based on the extinction coefficient of the MDA-TBA
complex which equals 1.56 10 mol L="cm~".

Antioxidant enzyme activities

Superoxide enzyme activity: Superoxide dismutase
enzyme activity was evaluated through the autoxidation of
epinephrine by superoxide anion using a spectrophotometric
assay®. Epinephrine is oxidized over time of incubation to
adrenochrome in the presence of bovine catalase. Brain
homogenates were incubated in a solution of sodium
carbonate/sodium bicarbonate (Na, CO;/NaHCO;) buffer
(pH 10.2), DL-epinephrine (5 mg mL~") and bovine catalase
(04 U pL™"). Epinephrine oxidation is inhibited by the
superoxide dismutase enzyme, which traps the flow of the
superoxide anion. SOD activity was assessed by following the
kinetics of inhibition of adrenochrome formation for 5 minand
was measured at L = 480 nm?'.

Catalase activity: Catalase activity was evaluated through
Aebi method?® based on the decrease of H, O, level at 240 nm.
The kinetics of H, O, disappearance was measured every
30 sec for 3 min. Brain homogenates were mixed with
50 mM phosphate buffer (KH, PO,/Na, HPO, 12H,0)
containing 30 mM H,0,. Catalase activity was determined
using the extinction coefficient of 40 mM cm~" for H, O,%.

Peroxidases activity: Peroxidases activity was assessed
following the oxidation of guaiacol at 25°C. The reaction
mixture contained 10 pL of brain homogenate, 40 mM
guaiacol in 50 mM phosphate buffer pH 7 and finally 50 mM
H,0,. H,0, addition initiated the reaction and the increase in
absorbance was followed at 470 nm using guaiacol as a
hydrogen donor. Peroxidases activity was calculated using a
molecular extinction factor of 26.6 MM cm~" and expressed as
nmol guaiacol oxidized per minute?,

Reactive oxygen species measurement: Reactive Oxygen
Species (ROS) generation was monitored by quantifying
the fluorescence of 2',7'-dichlorofluorescein (DCF)?. Cortex
homogenates were incubated with 5 pM  cell-permeant
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DCFH-DA, for 30 min at 37°Cand ROS were detected through
the deacetylation and oxidation of DCFH-DA to fluorescent
DCF.

The conversion of DCFDA into DCF was determined
using an FL80OTBI fluorescence microplate reader (Bio-Tek
Instruments, Winooski, VT, USA) with excitation and emission
wavelengths at 485 and 538 nm, respectively.

Intracellular mediator

lonizable calcium measurement: lonizable Ca? level was
measured using a commercially available kit from
Biomaghreb, based on a protocol by Stern and Lewis®,
Calcium forms with cresolphthalein, at an alkaline medium,
a purple component which intensity is proportional to
calcium concentration and is detected at 570 nm. Total 20 pL
of tissue homogenate was added to 1 mL of reaction
mixture composed of 2-Amino-2-methy! 1-propanol buffer
(500 mmol L"), hydroxyl-8 quinoline (69 mmol) and
cresolphthalein (0-62 mmol L~"). Absorbance was measured
afterincubating the mixture for five min at room temperature.

Nitric oxide (NO) levels: Changes in NO content were
evaluated spectrofluorimetrically using the NO-sensitive
fluorescent dye 4-Amino-5-Methylamino-2’,7'-
Difluorofluorescein Diacetate (DAF-FM Diacetate). When this
probe enters the cells, it is deacetylated by intracellular
esterase, becoming DAF-FM. This later becomes fluorescent
subsequently to its interaction with NO to form a fluorescent
benzotriazole. Cortexhomogenates were incubated with 3 uM
cell-permeant DAF-FM DA at 37°C for 30 min. Fluorescence
was measured using an FL800TBI fluorescence microplate
reader (Bio-Tek Instruments) with excitation at 485 nm and
emission at 538 nm.

Statistical analysis: All data found in this study were analysed
with Graphpad Prism 7 software using the One Way ANOVA
test for multiple comparisons. Results were expressed by
Mean=£SEM.

RESULTS

Histopathological evaluation: Histopathological changes in
brain tissue induced by ischemic insult were evaluated by
hematoxylin and eosin staining (H and E). Following 30 min
of global ischemia, there is the death of some of the CA1
pyramidal neurons in the hippocampus. In Fig. 1a, the
microscopical structure presents different areas of the
hippocampal section especially the region CA3 and CA4.In
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Fig. 1b, the CA3 region of the hippocampus demonstrate a
normal structure of different cells in non-treated rats. In
Fig. 1¢, neurons were almost preserved in the heparin treated
groups. In Fig. 1d, most of the morphologically damaged
neurons present eosinophilic aspect with shrunken, dark
cytoplasm. The nucleus is polygonal with dense chromatin
and no nucleolus. In Fig. Te, the histological analysis
demonstrated that heparin partially attenuated neuronal

LDH activity: The results presented in Fig. 2 revealed that
LDH levels decreased following ischemia/reperfusion by
10.64 U mg™' protein (p = 0.0182). Diminished LDH levels
indicate that ischemia/reperfusion injury induces the
deterioration of energy metabolism.Enoxaparin treatment did
notinduce any change in LDH level (p = 0.0686) compared to

Fig. 1(a-e): Histologic changes following ischemia/reperfusion and heparin treatment
(a) Location at the hippocampal section of the observed region (black square) (X200), (b-c) Examination of the pyramidal-like cells of CA3 field of the
hippocampus showed respectively normal appearance of most cells in normal rats (B) and a few cells which have darkly stained nuclei (white arrows)
in rats treated with Heparin (C) (X400), (d) Inspection of hippocampus cells of CA3 field, in Ischemic rats, showed neuronal death with areas awarding
dead neurons (white arrows) and others with undamaged neurons (X400) and (e) Ischemic rats receiving heparin injection showed some well-preserved
neurons and some damaged neurons with eosinophilic cytoplasm (white arrows). Note that Ischemia/reperfusion injury induce a visibly congested
blood capillary (black arrows) (X400). ML: Molecular layer, GCL: Granular cell layer, CA3 and CA4 (CA: Cornu Ammonis)
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Fig.2: Effect of LMWH on LDH activity following

ischemia/reperfusion
Control group (Sham), Isch: Ischemia/reperfusion group, Hep: Heparin
pre-treatment group, Isch+Hep: Group receiving a pre-treatment with

heparin and exposed to bilateral common carotid artery occlusion.

*p<0.05 and ns not statistically different from the control
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the sham group. Besides no significant difference was
observed in LDH level between the control and ischemic
group treated with 200 IU enoxaparin (p = 0.4646). The
restoration of LDH to normal levels highlights that LMWH
injection re-establishes energy metabolism balance.
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Fig. 3: Effect of enoxaparin on brain lipoperoxidation

Control group (Sham), Isch: Ischemia/reperfusion group, Hep: Heparin
pre-treatment group, Isch+Hep: Group receiving a pre-treatment with
heparin and exposed to bilateral common carotid artery occlusion.
**p<0.01 and ns not statistically different from the control

Brain lipoperoxidation: The evaluation of MDA content is
an indicator of brain oxidation (Fig. 3). Ischemia/reperfusion
injury-induced an increase in MDA level by 2.636 nmol mg™!
protein (p = 0.0050). This result shows that ischemic injury
induces an increase in MDA level which refers to a state of
lipid peroxidation. The injection of enoxaparin to ischemic
rats decreased MDA level in brain tissue by 2.104 nmol mg™!
protein (p=0.2577). Theseresults indicate that LMWH induces
the decrease of MDA levels and affords protection to brain
tissue from lipid peroxidation.

Antioxidant enzyme activities: To investigate the
antioxidative defence systems, SOD, catalase and peroxidases
activity were evaluated (Fig. 4). In Fig. 4a, SOD activity
significantly decreased following ischemia/reperfusion by
7.286 U min~"mg~" protein (p = 0.0077) compared with the
control group. Pre-treatment with heparin re-established
normal cellular levels of SOD (p = 0.9791). In Fig. 4b,
catalase activity increased by 0.1645 mM min~"'mg~' protein
(p =0.0014) following ischemia/reperfusion injury compared
with the control group. Pre-treatment with heparin backed
I/R-induced elevation in catalase (p = 0.7767) to near control
level. In Fig. 4c, POD activity decreased by 1.119 (10> mmol
min~"'mg~" protein) (p = 0.0144) compared with the control
group following ischemic injury. Enoxaparin injection backed
I/R-induced decrease in POD (p=0.1430) to near control level.
The ischemic injury affects the antioxidant enzymes balance
with a decrease of SOD and peroxidases levels and an
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Fig.4(a-c): Effect of enoxaparin on antioxidant enzymes SOD,
Catalase and peroxidases following ischemia/

reperfusion

(a) Effect of enoxaparin on SOD levels in each group, (b) Effect of
enoxaparin on catalase levels in each group and (c) Effect of
enoxaparin on peroxidases levels in each group. Control group
(Sham), Isch: Ischemia/reperfusion group, Hep: Heparin pre-
treatmentgroup, Isch+Hep: Group receiving a pre-treatment with
heparin and exposed to bilateral common carotid artery
occlusion. *p<0.05, **p<0.01 and ns not statistically different from
the control
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Fig. 5: Effects of enoxaparin on ischemia-induced ROS

accumulation

Control group (Sham), Isch: Ischemia/reperfusion group, Hep: Heparin
pre-treatment group, Isch+Hep: Group receiving a pre-treatment with
heparin and exposed to bilateral common carotid artery occlusion. The
results are expressed as percentages of control. ****p<0.0001 and ns
not statistically different from the control

elevation of catalase level. The restoration of antioxidant
enzymes levels indicates that LMWH treatment provides
cellular protection against oxidative injury.

ROS measurement: We further investigated the level of
ROS involved in ischemia-reperfusion injury and whether
enoxaparin can reduce its accumulation (Fig. 5). Compared
with the control group ROS level was higher in the ischemic
group by 457.1% (p<0.0001). Enoxaparin injection significantly
counteracted ischemia/reperfusion-induced damage.

Intracellular mediators: We studied the effect of LMWH
on the intracellular mediators implicated in ischemic stress
(Fig.6).In Fig.6a, ischemia/reperfusioninjury elevated calcium
levels by 0.0366 nM mg~' protein (p = 0.0015). Rats exposed
to ischemia and pre-treated with enoxaparin did not show
any significant changes in calcium level (p = 0.8997)
compared to control. Calcium accumulation in the group
exposed toischemiawas prevented following treatment with
enoxaparin.

In Fig. 6b, ischemia/reperfusion injury-induced the
increase of NO level by 160.3% (p = 0.0059) while heparin
pre-treatment backed I/R-induced increase to near control
level (p = 0.1009). LMWH injection prevented the increase
of NO levels which remained at levels less than the
control.
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Fig. 6(a-b): Effect of heparin on intracellular Ca?* and nitric

oxide levels of BCCAO rats

(a) Effect of LMWH on intracellular calcium level and (b) Effect
of heparin on nitric oxide levels. Control group (Sham),
Isch: Ischemia/reperfusion group, Hep: Heparin pre-treatment
group, Isch+Hep: Group receiving a pre-treatment with
heparin and exposed to bilateral common carotid artery
occlusion. **p<0.01 and ns not statistically different from the
control

DISCUSSION

Our research study indicates that the neuroprotective
effects of enoxaparin against cerebral ischemia are
intimately associated with the maintenance of antioxidant
activities (SOD, catalase and POD). Our results also show
that the modulation of cellular defence systems will
restore the balance of calcium homeostasis, will attenuate
lipid peroxidation and will prevent the accumulation of
ROS (Reactive Oxygen Species) and NO (nitrogen
monoxide).
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The deficiency of oxygen induces disruption of redox
homeostasis and results in different degrees of tissue damage
which can lead to apoptotic, autophagic, necroptotic and
necrotic neuronal cell death?*3'. Brain cells are extremely
sensitive to oxygen deprivation, in particular hippocampal
CA1 pyramidal neurons and the Purkinje neurons of the
cerebellum32. The extreme vulnerability of cerebellar Purkinje
cells to ischemia is due to the high metabolic rate of these
neurons®. Brain tissue sensitivity is explained by the
high metabolic rate, high oxygen consumption rate, high
concentrations of iron, high content of lipids and low levels of
antioxidants®*.

Ischemic braininjury and oxygen deprivation-induced the
activation of anaerobic metabolism and the excessive
production of lactate, leading to the decrease of intracellular
pH and the depletion of ATP'8, Thus, lactic acidosis can cause
oedema, blood-brain barrier impairment and enhanced ROS
production, promoting cell death through the inhibition of
excitatory amino acids re-uptake and the excessive cellular
accumulation of calcium™3. LDH which converts pyruvate
into lactate and generates NAD under anaerobic conditions is
involved in glucose metabolism and energy production3®3,
Cell injury induces the release of Lactate Dehydrogenase
(LDH) from the cell into the extracellular environment due to
cellintegrity disruption, which causes the release of molecules
and enzymes into the interstitial space and this might be an
explanation forthe decrease inintracellular LDH activity levels
observed after BCCAO. LMWH administration increased LDH
levels in brain tissue showing that enoxaparin reduces the
degree of energy failure.

Ischemia-reperfusion insult induces an increase in ROS
levels leading to oxidative damage of cellular membranes,
which consists of polyunsaturated fatty acids, thus resulting
in a loss of structural integrity and tissue lipid peroxidation.
The current study showed an elevation of ROS and MDA
levels following ischemia-reperfusion injury. Enoxaparin
administration prevented the cerebral ischemia-induced
increase of lipid peroxidation and attenuated ROS
accumulation.

Cells dispose of non-enzymatic and enzymatic antioxidant
defensive systems including Glutathione Peroxidase (GPx),
superoxide dismutase, catalase and glutathione®3, In our
experiment, bilateral cerebral carotid artery occlusioninduced
a decrease in the activity of the SOD and peroxidases and an
increase in catalase level.

These results prove the presence of cortical oxidative
stress due to the excessive production of nitrogen- and
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oxygen-free radicals and the alteration of antioxidant defence
systems. These highly reactive radicals lead to the damage of
intracellular biofilm lipids, proteins and nucleic acids and may
promote cell death via apoptosis by intracellular calcium
overload and mitochondrial metabolic impairment**!, In the
enoxaparin-treated group, we noted a significant increase in
the activity of SOD and a decrease in catalase level compared
to the ischemic group. The results fully agree with another
study by Zhang et a/*?, who showed that LMWH protects
brain cells through increasing SOD levels and decreasing
MDA levels. Several studies have proposed that heparin
and its analogues, act as free radical scavengers, inhibit
the expression of pro-apoptotic genes and stimulate the
expression of anti-apoptotic genes, providing cell protection
against intestinal ischemia/reperfusion lesions4,

The extracellular SODisozyme (EC-SOD) has a high affinity
for heparin. It has been showing that in brain tissue EC-SOD
can bind heparin through its heparin-binding domain, which
can explain the ability of heparin to inhibit tissue injury
induced by free radicals*.

According to our results, LMWH pre-treatmentinduced a
remarkable decrease in calcium and nitric oxide levels. The
release of high levels of calcium induces the activation of NOS
and oxidative metabolism of arachidonate, during reperfusion,
thus causing NO and peroxynitrite generation, enhanced free
radicals production, inhibition of mitochondrial respiration
and subsequently leads to cell death™'. The action of
enoxaparin opens up a new therapeutic perspective for
effectively attenuating ischemia/reperfusion lesions. Other
studies highlighted the great potential of LMWH since its
applications can include other diseases like cancer and
asthma*#. In addition, this new treatment alternative for
ischemic effects offers the advantage of triggering fewer side
effects if we compare it to unfractionated heparin. It is highly
recommended that more studies should be carried out to
understand the biochemical signalling of the neuroprotective
and/or glioprotective effects of low molecular weight
heparin.

CONCLUSION

The data, which confirm all the bibliographic results
related to the anti-inflammatory and anti-oxidant properties
of enoxaparin-provides a better understanding of the
implicated action of the enoxaparin which declines the
inflammatory response and reduces the excessive extent of
oxidative stress produced during ischemia/reperfusion.
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SIGNIFICANCE STATEMENT

This study discovers more details about the protective

effect of Low Molecular Weight Heparin on brain cells that can
be beneficial for treating rats following ischemic injury. This
study will help the researcher to uncover the critical areas of
LMWH effect on various parameters that many researchers
were not able to explore. Thus a new theory on the
neuroprotective effect of LMWH and its applications as a new
adjuvant treatment strategy for therapeutic purposes may be
arrived at.
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