CHAPTER 4

BRAIN PENETRATION AND NEUROPROTECTION BY WITHANOLIDE A

Chapter Highlights

e Evaluation of Brain penetration ability of Withanolide A after intra-nasal
administration in mice model
e Analysis of neuroprotective ability of Withanolide A in bilateral common carotid

artery occlusion model of global cerebral ischemia
ABSTRACT

Cerebral ischemia reperfusion injury is one of the leading causes of global mortality and long-
term disability. Due to the heterogeneous and complex nature of the ischemic cascade, very
few therapeutic strategies are available to combat this neurodegenerative disorder. Such
scenario demands identification of novel neuroprotective molecules and designing of new
therapeutics for combating the ischemic pathophysiology. The Ayurvedic herb Withania
somnifera is a traditionally used nootropic and recent scientific studies have established its
ability as a neuroprotectant. One of the major phytochemicals of W. somnifera is Withanolide
A (WA) which has been previously studied for its neuroprotective ability in amyloid toxicity,
dopaminergic injury and hypobaric hypoxia. The present study evaluates the brain penetration
ability of WA after intra nasal administration and assesses its neuroprotective ability in global
cerebral ischemia. Three different doses of the phytochemical are evaluated and it was
observed that WA post treatment significantly ameliorates cerebral ischemic pathophysiology
by restoring BBB disruption and brain water content, reducing cerebral edema and lowering

the ischemia induced elevated concentrations of neurotransmitters and other biochemical
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parameters. The highest dose (10 mg/kg) of WA showed most promising results. Post-
treatment with 10 mg/kg revealed marked reduction of morphological damage in cortical
region due to cerebral ischemia. The highest dose also reduced apoptotic and necrotic cell death
in cortex region. The neuroprotective ability exerted by WA in the global cerebral ischemia
model, establishes the phytochemical as a neuroprotectant which can be further exploited as a

future neurotherapeutics.

4.1. INTRODUCTION

Cerebral ischemia remains, till date, one of the leading causes of death, long-term disability
and morbidity worldwide [1] and contributes to 70% of the cerebrovascular diseases effecting
a huge population worldwide [2]. The major cause behind cerebral ischemia is identified as
lack of oxygen and nutrient supply in brain tissue, due to obstructed blood flow, which causes
neuronal damage as a consequence of energy depletion in the affected brain region [3]. The
energy loss further contributes to overproduction of the excitatory neurotransmitter glutamate,
thus promoting calcium influx [3] and subsequent free radical generation leading to lipid
peroxidation cell membrane and blood brain barrier (BBB) disruption, cerebral edema, DNA
damage and neuronal cell death [4-7]. Reperfusion following the ischemic blockage, often

causes more severe damage to the brain cells [2, 8].

Presently, there are very few clinical strategies available for treatment of cerebral ischemia [9]
and only one Food and Drug Administration (FDA) approved drug which is recombinant tissue
plasminogen activator (rtPA) [3]. Though rtPA is clinically used, it has limitations of
therapeutic window and poses the risk of transforming the ischemic insult into cerebral
hemorrhage [3]. So, the current scenario requires identification of novel pharmacological

compounds with neuroprotective ability. Neuroprotective strategies involve the idea of
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ameliorating the pathophysiological conditions induced by ischemic insult and thus ensuring

the survival of the neuronal cells [10, 11].

Withania somnifera (WS) is an Indian Ayurvedic herb, extract of which has been traditionally
used a nootropic agent and a tonic [12]. WS has been also reported to enhance cognition in
cases of AP and scopolamine induced memory loss [13, 14]. Virtual screening of the
constituent phytochemicals of WS for assessing their inhibition potential against Poly-ADP-
Ribose Polymerase 1 (PARP-1), a major molecular mediator involved in ischemic cell death,
revealed that Withanolide A (WA) shows major binding affinity towards PARP-1. Also, unlike
most of the other phytochemicals of WS that showed high affinity towards PARP-1, WA does
not show any off-target interaction with the enzyme. A kind of literature study also revealed
the ability of WA to exert neuroprotection in neurodegenerative disorders. WA is a steroidal
lactone and a major constituent of WS extract [12]. The phytochemical has exhibited
neuroprotective ability in Alzheimer’s and Parkinson’s disease by combating AP induced
damage and dopaminergic neurodegeneration respectively [15, 16]. WA also augments
regeneration of neurites, axons and dendrites [17, 18] and enhance stress resistance in C.
elegans, thereby increasing its life expectancy [19]. WA also confers neuroprotection in
hypobaric hypoxia by modulating glutathione biosynthesis pathway [12]. Our previous in-
silico study, also predicted WA as a potent inhibitor of PARP-1, a molecular mediator of
ischemic cell death pathway. The study also revealed its binding pattern with PARP-1 almost
similar to the reported PARP-1 inhibitor Talazoparib. Hence, WA was further studied for its

ability to combat cerebral ischemic pathophysiology.

Since our in-silico study predicted that WA might be impermeable to Blood Brain Barrier

(BBB) an intra-nasal mode of administration was chosen. Intra-nasal administration facilitates
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the delivery of BBB imperbeable drugs into the brain via the ‘nose to brain’ route. Intra-nasal
delivery of drug has been recommended as an effective delivery method for studying the
neuroprotective potential of the molecules that are not able to cross the BBB. In the present
study, we first evaluated the ability of WA to penetrate brain after being administered intra-
nasally. Further, the neuroprotective ability of the phytochemical against ischemic injury was
assessed in the global cerebral ischemia model of mice. Global cerebral ischemia is induced in
mice by using bilateral carotid artery occlusion (BCCAO) method. BCCAO is a simple,
reproducible method widely used for studying pathophysiology of cerebral ischemia
reperfusion injury and neuroprotection [1, 2 and 21]. Hence, the ability of WA to ameliorate

ischemic insult is studied using BCCAO model.

4.2. MATERIALS AND METHODS

Inbred male Swiss albino mice (3-4 months old; weight: 30+2 gm) were used for all of
following the experimental procedures. The animals were acclimatized under 12-h light/dark
cycle with controlled temperature of 25+2°C and constant humidity for two weeks along with
free access to laboratory food and water. Animal handling protocols and experiments were
approved by Central Animal Ethical Committee at Institute of Medical Sciences, Banaras

Hindu University, Varanasi (Registration No. 542/02/ab/CPCSEA).

4.2.1. Preparation of Withanolide A solutions

Withanolide A (WA) (> 95% pure) was purchased from Sigma-Aldrich (Cat No: W2145) and
dissolved in methanol (Merck) to obtain standard solutions ranging from 0.05- 50 pg/ml.
Different concentrations of WA was prepared in phosphate buffer saline (PBS) for animal

experiments. For intra-nasal administration, 15 mg of WA was dispersed in 1ml of PBS to
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obtain a concentration of 15 mg/ml and each animal was administered 20 ul of the homogenous
dispersion to maintain a dose of 10 mg/kg. To maintain the homogeneity of the dispersion,
solutions were well sonicated and vortexed before administration.

4.2.2. Administration of Withanolide A for brain penetration

36 Swiss albino mice (as mentioned in sectioned 4.2.) were divided randomly into 6 groups
(n=6) according to different time points, i.e., 15 mins, 30 mins, 1hr, 2 hrs, 4 hrs and 6 hrs. The
sample size was decided from literature studies and previous similar experiments conducted in
the lab. 10 pl (5 mg/kg) of WA solution was administered intra-nasally in each nostril of the
mice via a hollow tubing attached to a 25 ul Hamilton syringe. Administration of 10 ul WA
via each nostril of each mouse maintained a dose of 10 mg/kg of WA. The animals were
sacrificed at their respective time intervals and the brains were isolated carefully. The brain
was further dissociated into cortex and cerebellum and homogenized in methanol. The
homogenates are centrifuged and filtered (0.22 um) to obtain cell free methanol extract.
4.2.3. Determination of WA concentration in mice brain

10 pl of WA standard solutions and methanol extracts were injected in HPLC-UV (Shimadzu
Scientific Instruments, US) equipped with Kinetex Reversed Phase C18 column for
concentration determination. Acetonitrile: water (70:30) was used as mobile phase and flow
rate was kept at 1 ml/min. All the samples and standard solutions were analyzed at 227 nm and
the concentration of WA in brain was determined from the standard curve obtained.

4.2.4. Global Cerebral ischemia induction

The animals (as mentioned in section 4.2) were anesthetized using intra-peritoneal injection of
xylazine (10 mg/kg b.w.) and ketamine (50 mg/kg b.w.) and the common carotid arteries
(CCAs) were carefully exposed by a ventral midline cut. The CCAs were occluded by

tightening the loops around the arteries using non-absorbable silk sutures (3-0) [1, 2, 21].
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Occlusion was continued for 30 minutes, after which the ligature was cut carefully with a sterile
surgical blade and reperfusion was allowed for 6 hrs. The incision was stitched and the wound
area was sterilized by applying Povidone iodine ointment. The sham group animals were
subjected to similar procedures except for ligature of the CCAs. Throughout the surgery body
temperature of the animals were maintained at 37+£0.5°C and the animals were returned to their
cages after surgery at controlled room temperature of 25+2°C with availability to food and
water ad-libitum. The animals were sacrificed after 6 hrs reperfusion and brain tissue was
processed for further studies accordingly. The work plan is illustrated in Fig. 4.1.

A mortality of 15% was associated with BCCAO. The animals which died during the

experiment were not included in the experimental study groups.
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4.1.: Schematic for study of neuroprotection by WA in mice model of global cerebral
ischemia.
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4.2.5. Post-treatment by different doses of WA
Three different doses of WA (1 mg/kg, 5Smg/kg and 10 mg/kg) was administered intra-nasally

in mice after removal of the occlusion. The doses are mentioned as Dose A (1 mg/kg), Dose B
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(5mg/kg) and Dose C (10 mg/kg). The vehicle group animals received only PBS solution
devoid of drug.

4.2.6. Determination of cerebral infarction

Efficacy of WA post treatment in global cerebral ischemia in mice was evaluated using
triphenyltetrazolium chloride (TTC) staining [22]. The mice brains were carefully removed
after sacrifice of the animals by cervical dislocation and were sliced into 2 mm coronal sections
on an ice pack after rinsing in normal saline. The slices were incubated in 2% TTC (SRL; Cat
No: 65599) solution for 30 minutes at 37°C and post-fixed in 10% formalin solution for another
30 minutes. The slices were then scanned at 600 dpi and the obtained images were quantified
NIH Image J software. Average infarction of single brain was calculated by measuring
percentage cerebral infarction of each 2mm slice (infarct area divided by total brain area).

Average cerebral infarction observed in each group was also calculated.

4.2.7. Quantification of blood brain barrier (BBB) damage

Quantification of BBB damage was performed using Evan’s Blue (EB) extravasation method
as described by Martin et. al., 2010 [23]. EB (TCI Chemicals; Cat. No.: E0197) solution was
intravenously injected lateral tail veins of the animals after after 30 minutes of occlusion and
6 hours of reperfusion. After 30 minutes of EB administration, intra cardiac perfusion of the
animals were performed with chilled normal saline through the left ventricle. The animals were
sacrificed via cervical dislocation followed by careful isolation of brains, which were further
chopped into small pieces and dried at 56°C for 48 hours. Each brain was washed in saline, air
dried and weighed before chopping into pieces and weighed again after 48 hours. The pieces
were incubated in formamide solution (8ml/1g dry tissue) for 48 hours at 56°C and the blue

colored formamide solutions obtained from different samples were transferred to 96 well plate
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and absorbance was measured at 620 nm using multi-mode reader (BioTek Instruments, Inc.,
USA). The EB concentration was obtained using a previously prepared standard curve of eight

exponential concentrations of EB in formamide solution (0.1- 12.8ug/mL).

4.2.8. Measurement of cerebral edema

Cerebral edema for each group was measured using the wet and dry-weight method, using the

following formula to obtain the brain water content percent. [24]

% of brain water content = 100 X (wet weight — dry weight) <+ dry weight [23]

The animals from each group were decapitated and the weight of the freshly isolated brain was
noted as wet weight and dried at 100°C for 48 hours to obtain a constant weight, which was
recorded as dry weight and the percentage of brain water content was measured using the above

formula.

4.2.9. Evaluation of neurotransmitters

Estimation of glutamate and y-Aminobutyric acid (GABA) in different brain regions (cortex,
cerebellum and hippocampi) were estimated using HPLC-UV method as reported by Wu et al.,
2014 [25]. All the brain parts were homogenized in ice cold saline solution and centrifuged to
obtain supernatants, which were further filtered using 0.22 pum filter and 2.5 pl of NBD-F
working solution, 20 ul of acetonitrile and 17.5 pl of borate buffer were added per 10 pl sample
and mixed well. The solution was incubated for 7 min at 60°C protected from light, cooled and
concentration of the neurotransmitters were measured using UV-HPLC system with a mobile
phase of 0.02 M phosphate buffer and acetonitrile 84:16 (v/v) with a flow rate of 1ml/min

glutamate concentration. The concentration of the neurotransmitters was monitored at 472 nm.
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4.2.10. Calcium Concentration Estimation

Estimation of calcium concentration in cortex, cerebellum and hippocampi was performed
using calcium detection kit (ab102505; Abcam) according to protocol. Briefly, supernatants
were collected after centrifugation of brain tissue homogenates in chilled PBS solution mixed
with 0.1% Triton-X and 90 pL of chromogenic reagent and 60uL of Calcium Assay Buffer
was added per 50 pL of collected supernatant. The mixed solution was incubated in a 96 well
micro plate in dark for 10 minutes at room temperature. Absorbance was measured at 575 nm
using multi-mode reader (BioTek Instruments, Inc., USA) and calcium concentration each

sample was obtained from a previously prepared standard curve.
4.2.11. Nitrate Estimation

Nitrate level in different brain parts such as cortex, cerebellum and hippocampi were measured
to estimate change of nitric oxide (NO) concentration, which is a hallmark of cerebral ischemia
[26]. Concentration of nitrate was measured by preparing homogenates of the above-
mentioned brain regions in normal saline in normal saline by using UV-HPLC method as
reported by Curéié-Jovanovié et. al., 2007 [27] with slight modifications. An HPLC-UV
system (Shimadzu Scientific Instruments, Kyoto, Japan) equipped with SPD-20A detector was
used with a mobile phase of 0.3M Sodium Borate Buffer, acetonitrile and methanol (v/v/v;
60:20:20) of pH 8.5 at a flow rate of 1.5 mL/min and the concentration was monitored at 214
nm. The A previously prepared standard curve was used to determine the nitrate concentration

in the different brain regions.
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4.2.12. Histopathological studies

Hematoxylin and Eosin (H&E) staining was performed to evaluate morphological changes in
brain cortical region according to protocol of Cardiff et al. [28]. Animals from three groups,
namely, vehicle, sham and Dose C, were used in the study. The brain tissues from were
embedded in paraffin wax and cut into 5 um sections after removing the brains. Before the
sectioning brains were removed after transcardial perfusion and fixed in 10% formalin solution

and the H&E slides were microscopically observed to determine histological changes.
4.2.13. Tissue damage evaluation with Annexin-FITC/PI

Annexin-FITC/PI staining was performed to evaluate apoptotic and necrotic cell death of brain
cortical region using Annexin V Kit: sc-4252 AK (Santa Cruz Biotechnology, USA) according
to given protocol for vehicle, sham and Dose C groups (n=4 per group). The brain tissue was
dissociated into single cells by trypsinization and a concentration of 1 x 108 cells/mL was taken

on slide for staining and visualization under fluorescence microscope at 40X magnification.
4.2.14. Statistical Analysis

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

are expressed in mean = S.D.

4.3. RESULTS

4.3.1. Brain penetration of WA

Distribution of WA in cortex and cerebellum of mice brain was evaluated over a time range of
15 min to 6 hrs. The results show highest accumulation of WA concentration at 1hr (Fig. 4.2.)
for both cortex and cerebellum. The Cmax (Mmaximum concentration of a drug observed in a
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specific compartment) of WA in cortex and cerebellum was found to be 11.88 pug/ml and 17.30

pag/ml, respectively (Table 4.1). The results for brain penetration of WA is listed in Table 4.1.
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Fig. 4.2. (a) Brain Penetration of WA following intra-nasal administration; (b) UV-HPLC
chromatogram of WA obtained from brain homogenate after 1 hr of intra-nasal

administration.

Table 4.1.: Brain penetration parameters of WA in cortex and cerebellum

Parameters Cortex Cerebellum
Mean S.D. () Mean S.D. (z)
t1/2 (h) 2.62 0.42 2.97 0.59
Tmax (h) 1 0 1 0
Cmax (ug/ml) 11.88 1.31 17.30 2.35
AUC 0-t(ug/ml*h) 28.24 1.47 34.14 1.25
MRT 0-inf_obs (h) 4.16 0.38 4.18 0.51

4.3.2. Effect of WA on cerebral infarction

The brain sections of vehicle group mice revealed marked cerebral infarction which was

reduced significantly (p < 0.001) in all three treated groups. Dose C showed highest reduction

of cerebral infarction as compared to other groups (Fig. 4.3.).
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Fig. 4.3.: Effect of WA on cerebral infarction (n=6; ANOVA followed by Bonferroni post-
hoc tests for statistical analysis). Bilateral carotid artery occlusion induces significant
cerebral infarction in vehicle group animals (p<0.001). All three doses of Withanolide A
show significant reduction of brain infarction as compared to animals of Vehicle group.
(*** signifies p < 0.001 of WA treated groups as compared to the vehicle treated group,
# signifies p < 0.001 of vehicle group as compared to sham).

4.3.3. WA post-treatment restores BBB breakdown

EB extravasation was quantitated to estimate the effect of WA post treatment on BBB. Dose
B and Dose C exhibited significant (p < 0.001) reduction of EB leakage in post-ischemic brain
as compared to vehicle group animals (Fig. 4.4.). Dose A did not have any significant effect

on BBB restoration.
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Fig. 4.4.: Effect of WA on BBB disruption (n=5; ANOVA followed by Bonferroni post-hoc
tests for statistical analysis). BCCAO induces BBB breakdown in vehicle group animals
(p<0.001) as compared to sham group. Dose B (5mg/kg) and Dose C (10 mg/kg) group of
animals show significant reduction of BBB damage as compared to Vehicle group (p<0.001).
No significant effect is exerted by Dose A (1 mg/kg). (*** signifies p < 0.001 of WA treated
groups as compared to vehicle group, # signifies p < 0.001 of vehicle group as compared to
sham).

4.3.4. Effect of WA post-treatment on brain water content

Estimation of cerebral edema was performed by calculating brain water content of each group.
The vehicle group showed a significant increase in percentage of brain water content as
compared to sham group. Dose B and Dose C significantly reduced (p < 0.001) increased brain

water content but Dose A did not have any significant effect on brain swelling (Fig. 4.5.).
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Fig. 4.5.: Effect of WA on cerebral edema (n=5; ANOVA followed by Bonferroni post-hoc
tests for statistical analysis). Brain water content is significantly increased in vehicle group
as compared to Sham group (p < 0.001) signifying cerebral edema. Dose B (5mg/kg) and Dose
C (10 mg/kg) significantly reduces brain edema (p < 0.001) in comparison to vehicle group.
Dose A (1mg/kg) does not have any significant effect. (** signifies p < 0.01, # signifies p <
0.001 of vehicle group as compared to sham).

4.3.5. WA post-treatment restores neurotransmitter level in brain

A significant increase (p < 0.001) in glutamate and GABA levels were observed in vehicle
group animals as compared to sham group (Fig. 4.6.). It was observed that Dose C significantly
restores glutamate concentration in all three brain compartments (p < 0.001) and also lowers
the increased GABA levels in cortex, cerebellum (p < 0.001) and hippocampus (p < 0.01) (Fig.
4.6. a & 4.6.b). Post-treatment with Dose B revealed significant reduction of glutamate levels
in cortex, hippocampus (p < 0.001) and hippocampus (p < 0.01) and significant restoration of
GABA levels in cortex and cerebellum region (p < 0.001) (Fig. 4.6. a & 4.6.b). Dose B shows
no significant effect on hippocampal GABA concentration (Fig. 4.6.b.). Administration of
Dose A lowers the glutamate concentration in cortical and hippocampal region (p < 0.01 and

p <0.001, respectively) and but does not show any significant effect on hippocampal glutamate
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concentration (Fig. 4.6.a.). Dose A also significantly restores concentration of GABA in cortex

and cerebellum (p < 0.05) but has no marked effect on hippocampus region (Fig. 4.6.b.).
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Fig. 4.6.: Restoration of neurotransmitter levels by WA post-treatment (n=5; ANOVA
followed by Bonferroni post-hoc tests for statistical analysis). (a) Glutamate and (b) GABA
concentrations are increased in all three brain regions in vehicle group animals as compared
to sham group (p<0.001). Dose C significantly reduces glutamate and GABA concentration
in all brain regions (p < 0.001 and p < 0.01 for hippocampal GABA concentration). Dose B
also shows significant restoration of glutamate in all brain compartment and GABA in
cortical and cerebellar region. Dose A reduces glutamate in cortex and hippocampus,
whereas it reduces GABA in cortex and cerebellum. (*** 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).

4.3.6. WA restores cerebral calcium concentration

A significant increase in calcium concentration was observed in all brain compartments of
vehicle group animals in comparison to sham group animals (p < 0.001) which was restored
upon post treatment by Dose C of WA (p < 0.001) (Fig. 4.7.a.). Dose B shows significant
restoration of cerebellar, hippocampal and cortical calcium levels (p < 0.001 and p < 0.01 for
cortex), whereas Dose A exhibits significant lowering of calcium levels in cerebellum (p <

0.001) and hippocampus (p < 0.01) (Fig. 4.7.a.). There is no significant effect of Dose A on

cortical calcium levels.
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4.3.7. Effect of WA on cerebral nitrate level

Nitrate concentration significantly increases in all three brain compartments (p < 0.001), which
is reduced by Dose C post-treatment in cortex, cerebellum (p < 0.001) and hippocampus (p <
0.01) (Fig. 4.7.b.). A significant decrease in nitrate concentration is also observed in cortex,
hippocampus (p < 0.05) and cerebellar region (p < 0.01) (Fig. 4.7.b.). However, Dose A did

not have any significant effect on the brain compartments.
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Fig. 4.7.: Effect of WA on cerebral calcium and nitrate levels (n=5; ANOVA followed by
Bonferroni post-hoc tests for statistical analysis). (a) Calcium concentration is increased in
all three brain regions in vehicle group animals as compared to sham group (p<0.001). Dose
A shows significant reduction of calcium concentration in cerebellum (p<0.001) and
hippocampus region (p<0.01). Dose B lowers calcium concentration significantly in cortex
(p<0.01), cerebellum and hippocampus (p<0.001)). Dose C significantly reduces calcium
concentration in all regions (p<0.001). (b) Nitrate concentration is increased in all three
brain regions in vehicle group animals as compared to sham group (p<0.001). Dose A has no
significant effect on nitrate concentration in any of the brain regions. Dose B lowers nitrate
concentration significantly in cortex, hippocampus (p<0.05) and cerebellum (p<0.01)). Dose
C also significantly reduces calcium concentration in cortex, cerebellum (p<0.001) and
hippocampus (0.01). (*** 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).

4.3.8. Effect of WA on brain histopathology
Since Dose C showed significant prospect in combating ischemia induced pathophysiology,
the effectiveness of the dose on tissue morphology was studied. It was observed that brain

cortical region from animals of Dose C post treated group was characterized by presence of a
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number of small nuclei, vacuolization and cracked cytoblasts as compared to that of the vehicle
group animals (Fig. 4.8.), confirming the efficacy of Dose C of WA in ameliorating tissue

damage.

5

Treated Dose C (IOmg)

Fig. 4.8.: Effect of WA post-treatment on brain histopathology. Haematoxylin and Eosin
staining reveals abundance of small nuclei and vacuoles in vehicle group cortical region
as compared to Sham group animals. Treatment with Dose C (10mg/kg) reduces
prevalence of vacuoles and small nuclei. (Observed under 40X magnification).

4.3.9. WA post-treatment reduces apoptotic and necrotic cell death

Efficacy of Dose C in combating cell death was further studied using Annexin-FITC/PI
staining. Visualization of the cells via florescence microscopy revealed higher number of
Annexin-FITC and PI positive cells in vehicle group as compared to the sham group. When
compared to vehicle group, a smaller number of Annexin-FITC/PI positive cells were observed
in the Dose C group (Fig. 4.9.). The cells were positive for both Annexin-FITC and PlI,

confirming both membrane and DNA damage.
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Fig. 4.9. Evaluation of effect of WA on brain cell death (n=4; ANOVA followed by Bonferroni
post-hoc tests for statistical analysis). Annexin-FITC/PI staining shows damaged cell
membranes and DNA damage in Vehicle group animals signifying apoptotic and necrotic
death in cortical region. Less number of damaged cells are observed in Dose C (10mg/kg)
treated group. (Observed under 40X magnification).
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4.4. DISCUSSION

Several studies have reported neuroprotective effect of WA against neurodegenerative
pathophysiology [13-15]. A particular study even confirmed the ability of WA in modulating
glutathione biosynthesis in brain and simultaneous protection of hippocampal cells in hypbaric
hypoxia situation [12]. But, a clear idea of brain penetration ability of WA has not obtained till
date. The present study investigates the fate of WA in brain after intra-nasal administration,
since the the present and a previous study by Kumar et al. [29] has predicted that WA might
be BBB impermeable. Hence, an intranasal route of administration of the drug was chosen,
since this particular administration route overcomes the limitations of crossing the BBB
[30,31]. Inability to cross the BBB still remains a major obstacle behind the clinical failure of
the neurotherapeutics [31], but intra-nasal delivery enables a drug to be directly transported
into the central nervous system (CNS) without having to cross the BBB [32, 33]. Delivery of

drugs through the nasal cavity is a non-invasive technique which allows the drug to reach the
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brain via the olfactory and trigeminal neural path which innervates the nasal cavity, providing

a direct connection to CNS [34, 35].

The present study shows that WA reaches the brain with 15 minutes of administration and
reaches highest concentration in both cortex and cerebellum at 1 hr. The maximum
concentration accumulated in cortex is 11.88 ug/mL and 17.30 ug/mL in cerebellum when 10
mg/kg is administered via the nasal cavity. These concentrations are comparable to the
concentrations of WA reported by Akhoon et al. [36] which exerted neuroprotection in the C.
elegans model. The AUCo+is 28.24 and 34.14 pg/ml*h for cortex and cerebellum, respectively
and the mean residence time (MRT) for the compound in both cortex and cerebellum is
approximately 4 hours, allowing it to exert its neuroprotective ability. Based on the results of
brain-penetration studies, the concentrations of WA for neuroprotection studies were
determined. Since the concentration of accumulated WA in brain regions after intra-nasal
administration of 10 mg/kg was comparable to previously reported concentrations exerting

neuroprotection, 10 mg/kg and two lower doses were studied.

Several studies have previously reported induction of global cerebral ischemia and subsequent
brain damage by temporary ligation of the CCAs followed by reperfusion [37-40]. Pourheydar
et al. reported ischemic damage in the rodent brain due to 30 mins of occlusion and subsequent
reperfusion. Formation of cerebral infarction in rodent brain due to occlusion of bilateral CCAs
have been also reported [37-39]. Reduced blood flow in the brain due to ischemia can also lead
to BBB damage and subsequent cerebral edema [41]. In the present study, induction of global
cerebral ischemia in mice brain due to 30 mins occlusion and 6 hrs reperfusion was confirmed
from the visible infarction in the vehicle-treated group. A disruption in BBB and an increase

in brain water content as an aftermath of BCCAO was also established by quantifying the EB
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extravasation and measurement of the brain volume of the vehicle group animals. EB is a high
molecular weight (961 Da) dye which is unable to cross the selectively permeable BBB under
normal physiological conditions, but it can leak into the brain tissue following BBB
disintegration [42]. Subsequent quantification of the dye accumulated in the brain tissue can
provide an idea regarding the severity of the BBB damage. BBB disruption is also widely
associated with an increase in the water content in the brain [43-45]. Accumulation of EB and
an increase in brain water content was observed in the animals of the vehicle group, confirming
the loss of BBB integrity due to the induction of cerebral ischemia. It was also found that the
post-treatment with the high and medium doses of WA ameliorated the cerebral infarction and
alleviated the BBB damage caused due to ischemic insult. BBB disruption due to cerebral
ischemia is essentially mediated by the matrix metalloproteinases-2 & 9 (MMP-2 and MMP-
9) [46-47]. Though not much data is available regarding the mechanism exerted by WA in
neuroprotection, a recent in-silico study suggests that phytochemicals of WS, including WA,
might have an inhibitory effect towards MMP-2 [48]. In the present study, WA post-treatment
preserves the BBB integrity even after exposure to ischemic insult and also ameliorates
cerebral edema in accordance with the previously reported hypothesis that WA might be an

inhibitor of MMP-2.

N-methyl-D-aspartate receptor (NMDAR) mediated glutamate excitotoxicity is intrinsically
linked to ischemia-induced brain damage [3]. The increase in glutamate levels during ischemia
also leads to an influx of calcium ions [3] which further causes the generation of free radicals
[3,4]. One such free radical is Nitric oxide (NO), which increases in concentration as an
aftermath of cerebral ischemic insult [49]. But NO is a highly volatile molecule and quite

difficult to quantify, hence, nitrate concentration is often measured for determining NO levels
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[50,51]. In the present study, a significant increase in the concentrations of glutamate, GABA,
calcium and nitrate was observed in the vehicle-treated group as compared to the sham group.
The study also revealed that the high dose of WA (10 mg/kg) successfully restored the
concentrations of the neurotransmitters in all three brain regions studied, i.e., cortex,
cerebellum and hippocampus, although the low and medium doses showed interspersed effects
in different regions. Though the neuroprotective mechanism of WA is not fully understood yet,
it has been reported that WA can augment the indigenous glutathione concentration in the
brain, which is generally reduced during the hypoxic conditions [12]. An increased endogenous
glutathione level can subsequently reduce the hypoxia-induced elevated NO level by forming
S-nitrosoglutathione (GSNO) [12,52], thus reducing neurotoxicity induced by an increased NO
concentration. Lack of oxygen supply to brain tissues is also characteristic of cerebral ischemia
[53]. So, the neuroprotective ability of WA in ischemic pathophysiology may be attributed to
its ability to regulate brain glutathione concentrations, since the present study indicates that
WA post-treatment combats ischemia-induced nitrosative stress in cortex, cerebellum and
hippocampus. It has been also predicted that WA is a potent inhibitor of NMDAR [29]. The
current study reveals that WA post-treatment restored glutamate concentration in mice brain,
which might be due to the ability of WA in inhibiting NMDAR. An increase in the
concentration of the GABA has been considered as a defense mechanism against the glutamate
excitotoxicity during cerebral ischemia [54] whereas an increase of brain calcium level is a
major characteristic event associated with the glutamate excitotoxicity [3]. So, it could be
possible that amelioration of the glutamate excitotoxicity due to WA post-treatment in global
cerebral ischemia contributes to the restoration of the GABA and calcium concentrations in

mice brain.
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The effect of cerebral ischemia-induced morphological damage was also observed in the brain
tissue isolated from the infarct region. The infarct area was found to be characterized by
vacuolization, small nuclei formation and an abundance of cracked cytoblasts, but a marked
reduction of these features was observed upon post-treatment with 10 mg/kg dose of WA. The
high dose (10 mg/kg) of WA was chosen for this study because it effectively ameliorated the
ischemia-induced biochemical alterations in cortex, cerebellum and hippocampus. Further
Annexin-FITC/PI staining of the brain cells also revealed a reduced number of apoptotic and

necrotic cells in the cerebral infarction region, when treated with 10 mg/kg of WA.
4.5. CONCLUSION

The present study for the first time reports the ability of WA to reach brain cortex and
cerebellum via intranasal administration and to exert neuroprotection in global cerebral
ischemia. Among the three doses of WA evaluated, it was observed that Dose C (10 mg/kg)
combated the ischemic pathophysiology most significantly. Dose C of WA significantly reduce
cerebral infarction and edema, restored BBB disruption, lowered the elevated levels of the
neuro-transmitters glutamate and GABA in all the three brain compartments, reduced
excessive accumulation of calcium and nitrate ions in brain parts and also ameliorated ischemia
induced tissue damage. The study establishes WA as a potent neuroprotectant in cerebral
ischemia which confers neuroprotection by lowering glutamate excitotoxicity induced elevated
calcium levels in brain. Hence, WA can be potential pharmacological compound for

development of future neurotherapeutics.
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