CHAPTER 6

IN-VIVO EVALUATION OF NEUROPROTECTIVE EFFICACY OF ESTETROL

Chapter Highlights

e Estetrol is a fetal hormone exerting neuroprotective effects in neonatal hypoxic—
ischemic encephalopathy
e Effect of Estetrol in ameliorating global cerebral ischemia is studied using BCCAO

model

ABSTRACT

Cerebral ischemia is a severe disease, causing deaths and disabilities worldwide and lack of
proper therapeutic approaches makes it more deadly. Designing of novel therapeutics for
combating ischemic brain damage is presently the need of the hour. This study focuses on
evaluating the neuroprotective potential of the fetal estrogen, estetrol and establishes estetrol
as a potent neuroprotectant which is capable of improving pathophysiological conditions
associated with ischemic brain damage. Global cerebral ischemia was induced in adult mice
by bilateral carotid artery occlusion followed by estetrol post treatment. Further, physiological,
biochemical and histopathological studies were performed to evaluate efficacy of estetrol. The
study reveals that estetrol post-treatment reduces cerebral infarction and brain swelling. Evan’s
Blue extravasation study shows that estetrol post-treatment restores integrity of blood-brain
barrier. Also post-treatment with estetrol restores the level of calcium, nitrate and other
neurotransmitters in different brain compartments, viz., cortex, hippocampus and cerebellum.
Estetrol post-treatment also restores morphological and cellular damage observed in ischemic

brain. Estetrol being a molecule produced by human fetal liver, is supposed to have very few
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side effects if used as a therapeutic agent and its pharmacokinetic profiling in humans also
showed that it was benign. The ability of estetrol to confer neuroprotection in ischemic insult
along with beneficial effects on human physiological system, suggests that estetrol can be

designated as a worthy candidate for future neurotherapeutics designing.

6.1. INTRODUCTION

Cerebral ischemia reperfusion injury (CIRI) has been connoted as one of the leading causes of
death and disability globally [1]. The induction of cerebral ischemia occurs as a result of
reduced cerebral blood flow (CBF) [2,3] which consequently leads to lack of oxygen and
nutrient supply to brain [4]. As a consequence of reduced oxygen supply, ATP reservoir is
depleted inflicting severe neuronal damage [5]. Loss of ATP reservoir results in excessive
release of the neurotransmitter glutamate, which further promotes major calcium influx [5].
Excessive calcium accumulation causes generation of free radicals like superoxide ion,
hydroxyl ions and hydrogen peroxide causing mitochondrial dysfunction further leading to
formation of nitric oxide (NO), which is another source for free ionic radical production [6].
Free radical generation causes disruption of blood brain barrier (BBB) [7] and also causes

swelling of brain tissue, otherwise known as cerebral edema [8].

Though the treatment of cerebral ischemic pathophysiology relies on providing adequate blood
supply to the oxygen deprived brain region [9], it has been reported that reperfusion followed
by ischemic insult further leads to damage of brain tissues [9,10]. This phenomenon further
causes oxidative stress in neuronal cells and increases vulnerability of brain towards ischemic
damage [11]. Presently, recombinant tissue plasminogen activator (r-tPA) remains the only
therapeutic agent for combating CIRI [5]. But, the limitations like limited window period and

high chances of resulting thrombolysis [5] necessitates designing of alternative therapeutics
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for treating cerebral ischemia. In order to investigate mechanisms involved in cerebral
ischemia and to develop novel therapeutics to combat the pathophysiology of CIRI, a
reproducible model is absolutely necessary. Bilateral common carotid artery occlusion
(BCCADO) is a simple, reproducible and reliable method which is frequently used to induce
global cerebral ischemia in rat and mice model [12]. The model is widely accepted for
evaluating drug efficacy in cerebral ischemia and to study the relevant physiological and

biochemical changes associated with ischemic pathophysiology [13-15].

Estetrol (E4) is major Estradiol (E2) metabolite which is exclusively synthesized by fetal liver
during human pregnancy [16]. Recent scientific findings suggest that E4 can be potentially
used for hormone therapy (HT), contraception, preventing menopausal hot flushes and
osteoporosis in postmenopausal women [17-19]. Also, pharmacokinetic study conducted in
postmenopausal human females revealed that it is safe and tolerable exhibits bioavailability
proportional to oral dose [18]. Recently, neuroprotective effects of E4 has been reported in
animal model of neonatal hypoxic—ischemic encephalopathy (HIE) [16]. E4 has been reported
to display strong anti-oxidant activity [16, 20] and to manifest neuroprotection in hippocampus
and cortex region of brain in HIE induced rat pup [16]. The ability of E4 as a competent anti-
oxidant and its neuroprotective ability suggests that E4 might be able to combat to
pathophysiology of CIRI. Therefore, in this study, we have tried to evaluate the efficacy of E4

in ameliorating cerebral ischemia induced by BCCAO in mice model.

6.2. MATERIALS AND METHODS

All protocols animal handling and experiments were approved by Central Animal Ethical
Committee at Institute of Medical Sciences, Banaras Hindu University, Varanasi (Registration

No. 542/02/ab/CPCSEA). Inbred male albino mice of weight 30-32 g were acclimatized for
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two weeks under controlled temperature of 25+2 °C and constant humidity. A 12-h light/dark

cycle was maintained and standard laboratory food and water was made freely accessible.

6.2.1. Induction of Global Cerebral Ischemia

The animals were fasted overnight with free access to water before performing surgical
procedures. Global cerebral ischemia was induced in mice by performing BCCAO [12,14,15]
after anesthetizing the animals with an intra-peritoneal injection of a combination of ketamine
(50 mg/kg b.w.) and xylazine (10 mg/kg b.w.). The anesthetized mice were fixed on surgical
table in supine position and the skin of the neck region was sterilized using 75% Ethanol and
Povidone iodine solution after shaving off the fur covering the area. Both the common carotid
arteries (CCAs) were exposed by a vertical midline neck incision and were loosely encircled
with loose aseptic non-absorbable silk sutures (3-0). The suture around both left and right
carotid artery was tightened strongly after placing a small piece of saline soaked cotton in
between each of the CCAs and the suture. The vessels were occluded for 30 minutes, followed
by reperfusion of 6 hours. Reperfusion was performed by careful cutting of the silk suture loop
with a sharp surgical blade and removal of both the cotton pieces and sutures. The incision was
stitched with the aseptic 3-0 silk sutures and Povidone iodine ointment was applied on the
wound area. In sham group, same surgical procedures were performed except occlusion of the
CCAs. Body temperature of all the animals were maintained at 37+0.5°C throughout the
surgery and was monitored via a rectal thermometer. After the surgery the animals were placed
in their cages under controlled room temperature of 25+2°C and food and water was made

available ad-libitum.
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6.2.2. Preparation of E4 solutions and Dosage

To evaluate the neuroprotective effect of E4, three different doses (5 mg/kg, 2.5 mg/kg and 1
mg/kg) were prepared. The doses were decided as per the study on neuroprotective effect of
E4 in nHIE reported by Tskitishvili et al [16]. For further reference, 5mg/kg is referred to as
Dosel, 2.5mg/kg as Dose2 and 1mg/kg as Dose3. Different concentrations of E4 (Sigma-
Aldrich; Cat No. : SML 1523) solution was prepared in normal saline and an equal volume of

5ul/g was administered intra-peritoneally (1.P.) to the mice [16].

For the experimental studies, 75 adult male mice were divided into five groups for each
parameter, i.e., sham (n=5), vehicle (n=5), for each dose of E4 treated (n=5). All the animals
in E4 treated groups (all three doses) were injected E4 (according to the groups) 30 minutes
after ischemia induction by occlusion. The animals in sham group neither received any drug

nor vehicle. The experimental work-flow is given in Fig. 6.1.

Induction of

ischemia by BCCAO Reperfusion Sacrifice
30 min 6 hrs
Drug
Administration Evaluation of Biological

Parameters
Fig. 6.1.: Schematic representation of experimental procedure for in-vivo studies.

6.2.3. Cerebral Infarction Determination

To evaluate the efficacy of various doses of E4 on cerebral infarction, triphenyltetrazolium
chloride (TTC) staining of mice brain was performed (n=6 for each group) [21]. E4 post-

treatment (Dosel, Dose 2 and Dose 3) was done in ischemia induced mice and vehicle group
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mice by above mentioned method. The mice were anesthetized by chloroform and sacrificed
by cervical dislocation after 6 hours of reperfusion. The sham group animals did not receive
any vehicle or E4 post-treatment. The brains were incubated in -20°C for 5 minutes after
removal from skull and immediate rinsing in normal saline, following which TTC staining and

calculation of infarction area was performed as per the protocol mentioned in Section 4.2.6.

6.2.4. Blood Brain Barrier (BBB) Disruption

BBB disruption is associated with the onset on ischemic insult and extravasation of exogenous
tracer dyes, such as Evan’s Blue (EB), is a popular method of quantifying BBB permeability
[20]. In this study (n=5 for each group), Evan’s Blue (TCI Chemicals; Cat. No.: E0197)
extravasation method was used as described by Martin et. al.,, 2010 [23] with slight
modification, to investigate the effect of the three different doses of E4 (Dosel, Dose2 and
Dose 3) on BBB permeability. Administration of EB and measurement of EB concentration

was done as per section 4.2.7.

6.2.5. Cerebral Edema

Cerebral edema is one of the major consequences of cerebral ischemia due to arterial occlusion
[24]. In the present study, cerebral edema was assessed by measuring the percentage of brain
water content of the different groups (n=5 in each group). The brain water content percentage
was calculated by the wet and dry-weight method [25]. The study was performed as per the
protocol mentioned in section 4.2.8. The following formula was used for calculating the %

brain water content;

% of brain water content = 100 X (wet weight — dry weight) + dry weight
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6.2.6. Determination of Glutamate and y-Aminobutyric acid (GABA) concentration

CIRI is characterized by release of gl utamate, which is a key excitotoxic neurotransmitter [5].
Release of inhibitory amino acid GABA has also been associated with cerebral ischemia in
various scientific studies [26, 27]. Glutamate and GABA concentrations are estimated in
cortex, cerebellum and hippocampi of animals in each of the groups (n=5) by using the protocol

as depicted in section 4.2.9.

6.2.7. Calcium Concentration Estimation

Binding of glutamate to N-Methyl-D-aspartate (NMDA) and a-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid (AMPA) receptors promotes major calcium influx, which further
causes degradation of essential membrane proteins [5]. Calcium concentration in different
brain tissues (cortex, cerebellum and hippocampi) for each group (n=5) were determined using

calcium detection kit (ab102505; Abcam) according to the protocol described in section 4.2.10.

6.2.8. Nitrate Estimation

Generation of nitric oxide (NO) is a marker of CIRI [28,29] and nitrate concentrations can be
determined to estimate a change in NO concentration, since it is an unstable and rapidly
decaying compound [30,31]. Nitrate levels in various brain parts such as cortex, cerebellum

and hippocampi for all the each of the five groups (n=5) were measured as per section 4.2.11.

6.2.9. CBF Analysis

Restoration of cerebral blood flow (CBF) is the major goal to achieve while combating cerebral
ischemia [5]. Regional cerebral blood flow (rCBF) of both left and right hemisphere of mice

was measured using laser doppler blood flow (LDF) meter (INL191 Blood Flow Meter AD
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Instruments Pty Ltd, Australia) after fixing the anesthetized animals on stereotaxic instrument
(INCO, Ambala India). Briefly, the soft tissue from the skull surface was gently removed with
sterile cotton swabs after exposing and disinfecting the skull bone with povidone-iodine. Using
a low speed dental drill, a small area at 2 mm posterior and 3 mm lateral to the bregma of both
the hemispheres were thinned [32] and LDF needle probe was fixed to obtain the cerebral
blood flow. CBF was measured to monitor the induction of occlusion by ligation of CCAs,
which showed that CBF is decreased by at least 80% during BCCAO. CBF was also recorded

after 6hr of reperfusion for all the groups (n=5).

6.2.10. Histopathological study

Morphological changes in brain cortical region was evaluated by staining with Hematoxylin
and Eosin (H&E). H&E staining of the brain tissues for each group (n=4) were performed as

per the protocol described in 4.2.12.

6.2.11. Statistical Analysis

Statistical analysis was performed using one-way analysis of variance (ANOVA) followed by
Bonferroni post-hoc tests. A value of p < 0.05 was considered statistically significant. All data

are expressed in mean = S.D.

6.3. RESULTS

6.3.1. Dose dependent effect of E4 on cerebral infarction

The brain coronal sections of animals with CIRI (30 min ischemia/6 hrs reperfusion, i.e., 30/6
min /hr 1/R) exhibited marked infarction area in the cortical regions (Fig. 6.2.). It was observed

that all three doses of E4 reduced the cerebral infarction, but the animals receiving the Dosel
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of E4 showed lowest percentage of cerebral infarction. As compared to 29.79% infarction
showed by vehicle group animals, the animals in Dosel, Dose2 and Dose3 groups displayed
12.42, 15.77 and 19.31% of cerebral infarction, respectively. All the three doses significantly

reduced the cerebral infarction as compared to that of vehicle group (p < 0.001).
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Fig. 6.2.: Effect of different doses of E4 on cerebral infarction. Post-treatment with Dosel (5
mg/kg), Dose2 (2.5 mg/kg) and Dose3 (1 mg/kg) significantly reduces the cerebral infarction
observed in vehicle group animals after 30 mins/6hr ischemia/reperfusion (I/R) injury. (n=6;
ANOVA followed by Bonferroni post-hoc tests for statistical analysis; *** signifies p < 0.001
compared to vehicle group; # signifies p < 0.001 of vehicle group as compared to sham).
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6.3.2. Restoration of BBB with E4 post-treatment

BBB disruption was estimated by calculating leakage of Evan’s Blue in mice brain (Fig.6.3.).
Compared to the animals in vehicle group, Evan’s Blue extravasation in animals of Dosel
group was reduced by 91.96%. Concentration of Evan’s Blue in animal brains of Dose2 and
Dose3 groups were also reduced by 69.8 and 29.22 % respectively. Reduction of Evan’s Blue
extravasation by three doses of E4 was significant as compared to animals of vehicle group (p

< 0.001).
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Fig. 6.3.: Effect of E4 post-treatment on EB extravasation in mice brain. Blue regions of brain
signify EB accumulation is highest in the vehicle group animals (saline treated after 30
mins/6hr I/R injury). Among E4 treated groups, animals in Dosel group (5 mg/kg) had least
EB accumulation whereas those in Dose3 (1 mg/kg) group showed highest accumulation of
EB. Animals in Dose2 groups (2.5 mg/kg) also showed significantly lower EB leakage as
compared to vehicle group. (n=5; ANOVA followed by Bonferroni post-hoc tests for
statistical analysis; *** signifies p < 0.001 compared to vehicle group; # signifies p < 0.001 of
vehicle group as compared to sham).
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6.3.3. Post-treatment of E4 reduces brain swelling

Neuronal cell damage leads to accumulation of excess water in both intra and extracellular
brain spaces leading to cerebral edema [8]. As compared to vehicle group, Dosel and Dose2
post-treatment significantly reduced brain swelling and nearly restored the brain water level (p
< 0.001 and p < 0.05, respectively) (Fig. 6.4.). A non-significant decrease in brain edema
percentage was observed in animals of Dose3 group as compared to animals in vehicle group.
Also, percentage of brain edema of Dosel and Dose3 groups were non-significant as compared

to that of vehicle group animals.
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Fig. 6.4.: Effect of E4 post-treatment on brain-water content. Increased brain-water
content is observed in vehicle group animals after 30 mins/6hr I/R injury. Dosel (5
mg/kg) and Dose2 (2.5 mg/kg) of E4 significantly reduces brain water content. Dose3 (1
mg/kg) shows no significant effect on brain water content reduction. (n=5; ANOVA
followed by Bonferroni post-hoc tests for statistical analysis; *** signifies p < 0.001, *
signifies p < 0.05 compared to vehicle group; # signifies p < 0.001 of vehicle group as
compared to sham).

6.3.4. Effect of E4 post-treatment on glutamate concentration

In animals of Dosel and Dose2 groups, glutamate concentration in cortex was significantly
reduced (p < 0.001 and p < 0.01, respectively) as compared to animals of vehicle group (Fig.

6.5.). No significant difference was observed in glutamate concentration of Dose3 and vehicle
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group animals and also in that of Dosel and Dose2 groups (Fig. 6.5.). Dosel of E4 also
significantly reduced glutamate concentration in cerebellum and hippocampus of mice brain
(p < 0.001 and p < 0.01, respectively). Post-treatment with Dose2 also showed significant
reduction of glutamate concentration in both cerebellum and hippocampus (p < 0.05) compared
to vehicle group. Although, Dose3 reduced glutamate concentration in cerebellum significantly
(p < 0.05), there was no significant difference in glutamate concentration in hippocampus of
animals of vehicle and Dose3 groups. No significant difference was observed in hippocampal

glutamate concentration in Dosel and Dose2 groups of animals.
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Fig. 6.5.: Effect of E4 post-treatment on glutamate concentration in various brain parts.
Increased glutamate concentration in all brain regions is observed in vehicle group due to 30
mins/6hr I/R injury. Dosel (5 mg/kg) and Dose 2 (2.5 mg/kg) significantly lower glutamate
concentration in cortex, hippocampus and cerebellum. Dose 3 (1 mg/kg) shows significant
reduction of glutamate concentration only in cerebellar region. (n=5; ANOVA followed by
Bonferroni post-hoc tests for statistical analysis; *** signifies p < 0.001, * signifies p < 0.05
compared to vehicle group; # signifies p < 0.001 of vehicle group as compared to sham).

6.3.5. E4 post-treatment reduces GABA concentration in brain compartments

Post-treatment with Dosel of E4 significantly lowered (p < 0.001) the elevated GABA
concentration in all three brain parts, viz., cortex, cerebellum and hippocampus (Fig. 6.6.). In

Dose2 pre-treated group also, a significant reduction of GABA level was observed in cortex,
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hippocampus (p < 0.01) and cerebellum (p < 0.05) [Fig. 6.6.]. Dose3 post-treatment did not
manifest any significant reduction in GABA levels in any of the brain compartments. In

hippocampus, no significant difference was observed in animals of Dosel and Dose2 groups.
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Fig. 6.6.: Effect of different doses of E4 on GABA levels in cortex, cerebellum and
hippocampus. Increased GABA levels observed in vehicle group animals after 30 mins/6hr
I/R injury. Dosel (5 mg/kg) and Dose2 (2.5 mg/kg) significantly reduces GABA concentration
in all three regions. Dose3 (1 mg/kg) shows no significant effect in any region. (n=5; ANOVA
followed by Bonferroni post-hoc tests for statistical analysis; *** signifies p < 0.001, **
signifies p < 0.01 and* signifies p < 0.05 compared to vehicle group; # signifies p < 0.001 of
vehicle group as compared to sham).

6.3.6. Effect of E4 concentrations on cerebral calcium level

Post-treatment with Dosel and Dose2 of E4 led to a significant reduction (p < 0.001) in calcium
levels in cortex, cerebellum and hippocampus of mice brain as compared to vehicle group (Fig.
6.7.). Though Dose3 significantly reduced calcium level in cortex (p < 0.05) and cerebellum
(p < 0.001), its effect on elevated calcium level in hippocampus was non-significant as
compared to vehicle group. Also, there was no significant difference in hippocampal calcium

level in Dosel and Dose2 animal groups.
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Fig. 6.7.: Effect of different doses of E4 on cerebral calcium levels. Increased
concentration of calcium is observed in all three regions in vehicle group after 30
mins/6hr I/R injury. Restored calcium levels observed in cortex and cerebellum in Dosel
(5 mg/kg) and Dose2 (2.5 mg/kg) post-treated groups. Dose3 (1 mg/kg) has no significant
effect on any region except cerebellum. (n=5; ANOVA followed by Bonferroni post-hoc
tests for statistical analysis; *** signifies p <0.001, * signifies p < 0.05 compared to vehicle
group; # signifies p < 0.001 of vehicle group as compared to sham).

6.3.7. E4 attenuates nitrate level in brain

Nitrate levels in all three brain parts, i.e., cortex, cerebellum and hippocampus were reduced
significantly (p < 0.001) by Dosel post-treatment (Fig. 6.8.). In hippocampus, there was no
significant effect of Dose2 and Dose3 on nitrate levels, whereas these two doses significantly
lowered (p < 0.001) cerebellar nitrate levels. In cortex, Dose3 did not restore nitrate levels
significantly as compared to vehicle group and also, there was no significant difference

between nitrate levels of Dosel and Dose2 groups of animals.
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Fig. 6.8.: Effect of E4 post-treatment on brain nitrate concentration. Vehicle group shows
increased cerebral nitrate concentration cortex, cerebellum and hippocampus due to 30
mins/6hr I/R injury. Restoration of nitrate concentration observed in all brain regions in
Dosel (5 mg/kg). Dose 2 (2.5 mg/kg) restores calcium level in cortex and cerebellum and
Dose3 (1 mg/kg) restores calcium concentration in cerebellum only. (n=5; ANOVA followed
by Bonferroni post-hoc tests for statistical analysis; *** signifies p < 0.001, ** signifies p <
0.01 compared to vehicle group; # signifies p < 0.001 of vehicle group as compared to sham).

6.3.8. E4 partially restores CBF

Cerebral blood flow in both right and left hemispheres of mice at 6 h of reperfusion was
measured and is represented in Fig.9. As compared to the sham group, CBF of vehicle group
was lowered by 64.6%. Dosel of E4 significantly increased (p < 0.001) CBF as compared to
that of vehicle group, but Dose2 and Dose3 did not have any significant effect on CBF (Fig.

6.9.).

131



800

I Sham
[ Vehicle
700 — I Dose1
[7] Dose2
I Dose3
600 -
=
o
Q 500
=
2
S 400
3
b=
o
3 300
o
o
200 +

100 —

0

Right Hemisphere Left Hemisphere

Fig. 6.9.: Effect of E4 post-treatment on CBF. Reduced CBF observed in both
hemispheres in vehicle groups after 30 mins/6hr I/R injury. Dosel (5 mg/kg) of E4
partially restores cerebral blood flow in both hemispheres. Dose2 (2.5 mg/kg) and Dose3
(1 mg/kg) have no significant effect on CBF in either hemisphere. (n=5; ANOVA followed
by Bonferroni post-hoc tests for statistical analysis; *** signifies p < 0.001; # signifies p
< 0.001 of vehicle group as compared to sham).

6.3.9. Estetrol treatment ameliorates morphological changes in brain cortical region

To evaluate the morphological changes in brain cortical region due to ischemia reperfusion
injury and effect of E4 treatment, H&E stains were used. H&E staining revealed that higher
number of vacuoles, small nuclei and deformed cytoblasts were present in the infarction area
in vehicle group as compared to the treated (5mg/kg) group (Fig. 6.10.). The animals treated
with 2.5 mg/kg E4 also showed reduced vacoulation whereas cortical region of 1mg/kg E4

treated animals was characterized by large number of vacuoles (Fig. 6.10.).
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Dose 1

Dose 2 Dose 3
Fig. 6.10.: Hematoxylin and Eosin staining of the brain cortical region of different

experimental groups (n=4 for each experimental group) reveals extensive tissue damage
in the vehicle group characterized by the presence of numerous vacuoles (yellow arrows),
cracked cytoblasts (green arrows) and small nuclei (black arrows). Less number of
vacuoles are observed in Dosel (5 mg/kg) and Dose2 (2.5 mg/kg) groups. A large number
of vacuoles are observed in the Dose3 (1 mg/kg) group.

6.4. DISCUSSION

Previously considered as a weak estrogen [19], estetrol or E4 have been recently reported to
administer neuroprotective effect in neonatal hypoxic—ischemic encephalopathy (HIE) [16].
E4 synthesis by fetal liver occurs exclusively during human pregnancy and differs from the
other estrogenic molecules in the number of the free phenolic hydroxyl (OH) group [19].
According to recent studies, the neuroprotective ability of Estrogens strongly depends on the
number of free OH group [33], which equips these molecules to combat the oxidative stress

generated during neuronal disorders and neurodegeneration [16]. Possession of highest number
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of free phenolic groups is suggestive of E4’s strong anti-oxidative nature [16, 20], which might
contribute to its ability to confer neuroprotection. Also, previous scientific studies regarding
pharmaceutical properties of E4 reveals that due to its high water-solubility and an octanol—
water parturition coefficient (Pow) of nearly 1.5, it is very likely to cross BBB (optimal Pow
for passage through the BBB is 2) and manifest its effect in central nervous system (CNS) [19].
Affinity of E4 towards Estrogen receptors a and B (ERa and ERp) and its ERo mediated
neuroprotective action observed in HIE [16], are also indicative of its ability to offer
neuroprotection in cerebral ischemia, since ERa is extremely necessary for estrogens to exhibit
their neuroprotective ability during ischemic conditions [16]. In the present study, we for the

first time evaluate the ability of E4 to combat global cerebral ischemia.

An onset of cerebral ischemic insult was confirmed by the presence of infarction regions in the
brain tissue of the vehicle group animals. The results demonstrate that post-treatment with
Dosel of E4 (5mg/kg) reduced the cerebral infarction area by 58.29% and the other two doses
Dose 2 (2.5 mg/kg) and Dose3 (1mg/kg) also showed a reduction of 47.03% and 35.15%
respectively as compared to vehicle group. Reduced cerebral infarction in E4 treated groups
indicates towards E4 neuroprotective ability in cerebral ischemia. A loss in BBB integrity is
associated with cerebral ischemic pathophysiology [34, 35] and measurement of Evan’s Blue
extravasation effectively quantifies the severity of BBB breakdown. It was observed in the
present study that Dosel, Dose2 and Dose3 significantly decreases Evan’s Blue extravasation
in mice brain as compared to vehicle group by 91.96, 69.8 and 29.22 % respectively. Post-
treatment with Dosel and Dose2 of E4 caused significant reduction of cerebral edema, which
is another important marker of cerebral ischemia. Dose3 post-treatment did not show any

significant effect on restoring brain water content. Ischemic conditions lead to increase in
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concentration of excitatory amino acid glutamate [36], which plays a further role in
neurodegeneration. To antagonize the effect of the excitatory amino acid glutamate, the
inhibitory amino acid GABA is excessively released as a defense mechanism [37]. It was
observed in the present study, that Dosel and Dose2 significantly reduces the levels of
Glutamate and GABA in cortex, cerebellum and hippocampus. Though Dose3 has a significant
effect on reduction of Glutamate levels in cerebellum, it is unable to assert any significant
lowering of glutamate in cortex and hippocampus or on GABA levels in any of the three brain
compartments. No significant difference was observed in glutamate levels of Dosel and Dose2
group animals in cortex and hippocampus and GABA levels in hippocampus. Excessive
glutamate release further causes NMDAR activation and thus leads to major calcium influx
[38] which in turn leads to nNOS activation [29], thus triggering generation of Nitric oxide
[NO] [5]. NO is a highly volatile molecule and is converted rapidly into nitrite and nitrate.
Nitrite also has a very short half-life. Hence, nitrate concentration in various brain regions were
measured as an indicative of total NO concentration. It was observed that Dosel significantly
restores calcium and nitrate levels in all cortex, cerebellum and hippocampus, whereas Dose2
did not have any significant effect on hippocampal nitrate levels. But, Dose2 significantly
lowered calcium level in all three brain compartments and reduced nitrate concentration in
cortex and cerebellum significantly. Dose3 did not have any significant effect on hippocampal
nitrate and calcium concentration, but reduced calcium level significantly in cortex and
cerebellum. Dose3 was also non-significant in reducing nitrate levels in cortex region. These
experimental data strongly suggest that E4 successfully combats pathophysiological changes
induced by global cerebral ischemia by reducing the BBB damage, neurotransmitter levels and

calcium and nitrate concentrations. Effect of E4 on CBF was also studied and it was found that
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Dosel had a significant effect in increasing CBF in both right- and left-brain hemispheres.

Dose2 and Dose3 did not have any significant effect on CBF restoration.

Glutamate excitotoxicity plays a pivotal role in cerebral ischemia by steering calcium influx,
which in turn induces oxidative and nitrosative stress [6]. Conferring neuroprotection by
lowering the glutamate load is a well-established feature of the estrogens’ neuroprotective
mechanism [16, 39]. Though not properly understood yet, it is possible that E4 being an
estrogen, undertakes a similar mechanism, because the present study revealed that E4 post-
treatment (highest dose of 5 mg/kg) reduces glutamate concentration in all three cerebral
compartments examined in the present study. It is expected that with lowering of glutamate
excitotoxicity, the concentration of the other neurotransmitters like calcium, nitrate and GABA
will also be restored. The concentrations of these neurotransmitters were evaluated in different
brain regions in order to understand effect of E4 in different parts of brain. It was observed that
the reduction of glutamate excitotoxicity has a simultaneous effect on lowering the calcium
levels and subsequent oxidative and nitrosative damage. Glutamate excitotoxicity reportedly
causes an increase in the cerebral GABA concentration [40] and the reduction of GABA levels
in E4 post-treated groups signifies that E4 is able to ameliorate glutamate excitotoxicity.
Glutamate excitotoxicity is also linked with cerebral infarction and BBB damage, which leads
to brain edema. The restoration of the neurotransmitter concentrations in different brain parts
and the previously mentioned cerebral parameters, indicates that the neuroprotective ability of
E4 might be mediated by its ability to ameliorate ischemia-induced glutamate excitotoxicity in

the brain.

The present study suggests that though the lowest dose of E4 (1mg/kg) did not manifest strong

combating ability towards CIRI induced brain damage, higher doses (5mg/kg and 2.5 mg/kg)
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were effective against global cerebral ischemia. Specifically, Dosel (5mg/kg) effectively and
significantly ameliorated the ischemic pathophysiological conditions which is in accordance

to a previous scientific study reporting 5mg/kg dose of E4 as neuroprotective in HIE [16].

6.5. CONCLUSION

The recent study for the first-time reports E4’s neuroprotective ability in CIRI in in-vivo mice
model. Post-treatment by E4 restores BBB integrity and brain water content, reduces the
neurotransmitters and biochemical markers like calcium and nitrate levels in cortex,
hippocampus and cerebellum in mice brain. E4 being a natural fetal hormone could be a safe
option for neurotherapeutics in human and its highly selective nature poses lesser risks of a
effects [16]. Unlike Estradiol (E2), which is a well-established neuroprotectant for ischemic
stroke, E4 is not inactivated in human circulation due to binding of sex hormone binding
globulin (SHBG) and albumin [18], so it is readily bio-available [18]. The fact that E4 is safe
and well-tolerated in human and possess high biological potency pertaining to its long half-life
[18] makes it an efficacious and potent molecule for combating cerebral ischemia. The
neuroprotective ability of E4 certainly establishes it as a future candidate for development of

neurotherapeutics.

137



References

1.

10.

11.

12.

13.

14.

Mathers CD, Loncar D. Projections of global mortality and burden of disease from 2002
to 2030. PLoS Med. 2006 Nov 28;3(11):e442. doi: 10.1371/journal.pmed.0030442.
Lyden PD, Zivin JA. Hemorrhagic transformation after cerebral ischemia: mechanisms and
incidence. Cerebrovasc Brain Metab Rev. 1993;5(1):1-6. PMID: 8452759.

Kochanski R, Peng C, Higashida T, Geng X, Hittemann M, Guthikonda M, Ding Y.
Neuroprotection conferred by post- ischemia ethanol therapy in experimental stroke: an
inhibitory effect on hyperglycolysis and NADPH oxidase activation. J Neurochem. 2013
Jul 1;126(1):113-21.. doi: 10.1111/jnc.12169.

Lee JM, Grabb MC, Zipfel GJ, Choi DW. Brain tissue responses to ischemia.
J Clin Invest. 2000 Sep 15;106(6):723-31. doi:10.1172/JC111003.

Xing C, Arai K, Lo EH, Hommel M. Pathophysiologic cascades in ischemic stroke. Int
J Stroke. 2012 Jul;7(5):378-85. d0i:10.1111/j.1747-4949.2012.00839.x.

Rosenberg GA. Brain edema and disorders of cerebrospinal fluid circulation. Bradley's
Neurology in Clinical Practice. 6th ed. Philadelphia: Saunders Elsevier. 2012.

Lochhead JJ, McCaffrey G, Quigley CE, Finch J, DeMarco KM, Nametz N, Davis TP.
Oxidative stress increases blood—brain barrier permeability and induces alterations in
occludin during hypoxia-reoxygenation. J Cereb Blood Flow Metab. 2010
Sep;30(9):1625-36. doi:10.1038/jcbfm.2010.29.

Jha SK. Cerebral edema and its management.
Med J Armed Forces India. 2003 Oct;59(4):326.

Liu Z, Liu Y, Zhou H, Fu X, Hu G. Epoxyeicosatrienoic acid ameliorates cerebral
ischemia-reperfusion injury by inhibiting inflammatory factors and pannexin-1. Mol Med
Rep. 2017 Aug 1;16(2):2179-84. doi: 10.3892/mmr.2017.6831.

Wu G, Zhu L, Yuan X, Chen H, Xiong R, Zhang S, Cheng H, Shen Y, An H, Li T, Li H.
Britanin Ameliorates Cerebral Ischemia—Reperfusion Injury by Inducing the Nrf2
Protective Pathway. Antioxid Redox Signal. 2017 Oct 10;27(11):754-68. doi:
0.1089/ars.2016.6885.

Chen H, Yoshioka H, Kim GS, Jung JE, Okami N, Sakata H, Maier CM, Narasimhan P,
Goeders CE, Chan PH. Oxidative stress in ischemic brain damage: mechanisms of cell
death and potential molecular targets for neuroprotection. Antioxid Redox Signal. 2011
Apr 15;14(8):1505-17. doi: 10.1089/ars.2010.3576.

Onken M, Berger S, Kristian T. Simple model of forebrain ischemia in mouse.
J Neurosci Methods. 2012 Mar 15;204(2):254-61. doi: 10.1016/j.jneumeth.2011.11.022.
Pourheydar B, Soleimani Asl S, Azimzadeh M, Rezaei Moghadam A, Marzban A,
Mehdizadeh M. Neuroprotective effects of bone marrow mesenchymal stem cells on
bilateral common carotid arteries occlusion model of cerebral ischemia in rat. Behav
Neurol. 2016. doi: 10.1155/2016/2964712.

Liu Z, Chen X, Gao Y, Sun S, Yang L, Yang Q, Bai F, Xiong L, Wang Q. Involvement of
GIluR2 up-regulation in neuroprotection by electroacupuncture pretreatment via
cannabinoid CB1 receptor in mice. Sci. Rep. 2015 Apr 1;5:9490. doi: 10.1038/srep09490.

138



15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Pujari RR, Vyawahare NS, Kagathara VG. Evaluation of antioxidant and neuroprotective
effect of date palm (Phoenix dactylifera L.) against bilateral common carotid artery
occlusion in rats. Indian J Exp Biol. 2011 Aug; 49 (08): 627-633.

Tskitishvili E, Nisolle M, Munaut C, Pequeux C, Gerard C, Noel A, Foidart JM. Estetrol
attenuates neonatal hypoxic—ischemic brain injury. Exp Neurol. 2014 Nov 1;261:298-307.
10.1016/j.expneurol.2014.07.015.

Bennink HJ, Skouby S, Bouchard P, Holinka CF. Ovulation inhibition by estetrol in an in
Vivo model. Contraception. 2008 Mar 1;77(3):186-90. doi:
10.1016/j.contraception.2007.11.014.

Visser M, Holinka CF, Coelingh Bennink HJ. First human exposure to exogenous single-
dose oral estetrol in early postmenopausal women. Climacteric. 2008 Jan 1;11(supl):31-
40. doi: 10.1080/13697130802056511.

Coelingh Bennink HJ, Holinka CF, Diczfalusy E. Estetrol review: profile and potential
clinical applications. Climacteric. 2008 Jan 1;11(supl):47-58. doi:
10.1080/13697130802073425.

Tskitishvili E, Pequeux C, Munaut C, Viellevoye R, Nisolle M, Noél A, Foidart JM.
Estrogen receptors and estetrol-dependent neuroprotective actions: a pilot study. J.
Endocrinol. 2017 Jan 1;232(1):85-95. doi: 10.1530/JOE-16-0434.

Cheng CY, Tang NY, Kao ST, Hsieh CL. Ferulic acid administered at various time points
protects against cerebral infarction by activating p38 MAPK/p90RSK/CREB/Bcl-2 anti-
apoptotic signaling in the subacute phase of cerebral ischemia-reperfusion injury in rats.
PloS One. 2016 May 17;11(5):e0155748. doi : 10.1371/journal.pone.0155748.

Kassner A, Merali Z. Assessment of blood—brain barrier disruption in stroke. Stroke. 2015
Nov 1;46(11):3310-5. doi: 10.1161/STROKEAHA.115.008861.

Martin Y, Avendafio C, Piedras MJ, Krzyzanowska A. Evaluation of Evans blue
extravasation as a measure of peripheral inflammation. Protoc exch. 2010;10. doi:
10.1038/protex.2010.209.

Dostovic Z, Dostovic E, Smajlovic D, Ibrahimagic OC, Avdic L. Brain edema after
ischaemic stroke. Med Arch. 2016 Oct;70(5):339. PMID: 27994292.

Keep RF, Hua'Y, Xi G. Brain water content: a misunderstood measurement?. Transl Stroke
Res. 2012 Jun 1;3(2):263-5. doi:10.1007/s12975-012-0152-2.

Hutchinson PJ, O'connell MT, Al-Rawi PG, Kett-White CR, Gupta AK, Maskell LB,
Pickard JD, Kirkpatrick PJ. Increases in GABA concentrations during cerebral ischaemia:
a microdialysis study of extracellular amino acids. J Neurol Neurosurg Psychiatry. 2002
Jan 1;72(1):99-105. doi: 10.1136/jnnp.72.1.99.

Phillis JW, Smith-Barbour M, Perkins LM, O'regan MH. Characterization of glutamate,
aspartate, and GABA release from ischemic rat cerebral cortex. Brain Res Bull. 1994 Jan
1;34(5):457-66. doi: 10.1016/0361-9230(94)90019-1.

O’mahony DE, Kendall MJ. Nitric oxide in acute ischaemic stroke: a target for
neuroprotection. J Neurol Neurosurg Psychiatry. 1999 July; 67:1-3. doi:
10.1136/jnnp.67.1.1.

139



29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Wahlgren NG. Neuroprotectants in late clinical development—A status report. Cerebrovasc
Dis. 1997;7(Suppl. 2):13-7. doi: 10.1159/000108238.

Dawson TM, Steiner JP, Dawson VL, Dinerman JL, Uhl GR, Snyder SH.
Immunosuppressant FK506 enhances phosphorylation of nitric oxide synthase and protects
against glutamate neurotoxicity. Proc Natl Acad Sci USA. 1993 Nov 1;90(21):9808-12.
doi: 10.1073/pnas.90.21.9808.

Fassbender K, Fatar M, Ragoschke A, Picard M, Bertsch T, Kuehl S, Hennerici M.
Subacute but not acute generation of nitric oxide in focal cerebral ischemia. Stroke. 2000
Sep 1;31(9):2208-11. 2000 Sep 1; 31 (9):2208-2211.

Sugo N, Hurn PD, Morahan MB, Hattori K, Traystman RJ, DeVries AC. Social stress
exacerbates focal cerebral ischemia in mice. Stroke. 2002 Jun 1;33(6):1660-4. doi:
10.1161/01.STR.0000016967.76805.BF.

Prokai L, Prokai- Tatrai K, Perjési P, Simpkins JW. Mechanistic insights into the direct
antioxidant effects of estrogens. Drug Dev Res. 2005 Oct;66(2):118-25. doi:
10.1002/ddr.20050.

Mordechai Lorberboym MD, Yair Lampl MD, Menahem Sadeh MD. Correlation of
99MmTc-DTPA SPECT of the blood-brain barrier with neurologic outcome after acute
stroke. J Nucl Med. 2003;44:1898-904.

Brouns R, Wauters A, De Surgeloose D, Marién P, De Deyn PP. Biochemical markers for
blood-brain barrier dysfunction in acute ischemic stroke correlate with evolution and
outcome. Eur. Neurol. 2011;65(1):23-31. doi: 10.1159/000321965.

Ogawa S, Kitao Y, Hori O. Ischemia-induced neuronal cell death and stress response.
Antioxid Redox Signal. 2007 May 1;9(5):573-87. doi: 10.1089/ars.2006.1516.
Ramanathan M, Babu CS, Justin A, Shanthakumari S. Elucidation of neuroprotective role
of endogenous GABA and energy metabolites in middle cerebral artery occluded model in
rats. Indian J Exp Biol 2012 Jun; 50(6) 391-397. PMID: 22734249.

Wu QJ, Tymianski M. Targeting NMDA receptors in stroke: new hope in neuroprotection.
Mol. Brain. 2018 Dec;11(1):15. doi: 10.1186/s13041-018-0357-8.

Tskitishvili E, Pequeux C, Munaut C, Viellevoye R, Nisolle M, Noél A, Foidart JM. Use
of estetrol with other steroids for attenuation of neonatal hypoxic-ischemic brain injury: to
combine or not to combine?. Oncotarget. 2016 Jun 7;7(23):33722. doi:
10.18632/oncotarget.9591.

Holinka CF, Diczfalusy E, Bennink HJ. Estetrol: a unique steroid in human pregnancy. J
Steroid Biochem Mol Bio. 2008 May  1;110(1-2):138-43. doi:
10.1016/j.jsbmb.2008.03.027.

140



