Original Article

Dose-Response:

An International Journal
October-December 2020:1-14

© The Author(s) 2020

Article reuse guidelines:
sagepub.com/journals-permissions
DOI: 10.1177/1559325820972205
journals.sagepub.com/home/dos

®SAGE

Neuroprotective Effects of Higenamine
Against the Alzheimer’s Disease Via
Amelioration of Cognitive Impairment,
A[} Burden, Apoptosis and Regulation of
Akt/GSK3[3 Signaling Pathway

Xiaona Yang, PhD'®, Wanliang Du, PhD?, Yun Zhang, PhD', Hui Wang, PhD', and
Maolin He, MD'

Abstract

The present investigation was envisaged to elucidate the neuroprotective effect of Higenamine (HGN) against aluminum chloride
(AICI3) triggered experimental Alzheimer’s disease (AD) rat model. Thirty-six male albino Wister rats were randomized and divided
in 6 groups and subjected to experimentation for 6 weeks. Control group, AICI; (100 mg/kg orally), HGN (50 mg/kg orally), HGN25,
HGNS50, HGN75 (HGN 25, 50 and 75 mg/kg respectively and AICI; 100 mg/kg orally). After completion of 42 days protocol, the
animals were subjected to passive avoidance test. The animals were then anesthetized by intramuscularly injecting ketamine
hydrochloride (24 mg/kg body weight) and euthanized by cervical amputation. Cortical and hippocampal tissues were carefully
removed and were employed for quantification of aluminum and acetylcholinesterase. The tissues were quantified using Western
blotting and detection kits for APP, AB, .4, B and y secretases, Bax, Bad, caspases-9, cyto-c, pAkt and pGSK-3f, and oxidative
markers. HGN significantly protected AICl; induced memory and learning impairments, Al overload, AChE hyperactivity, amyloid {3
(APB) burden and apoptosis in brain tissues via activating Akt/GSK3f pathway. HGN attenuated oxidative damage induced by Al by
modulation of oxidative markers. Our findings advocate the neuroprotective effect of HGN in AICI; induced AD rat model.
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impairment and advances to AD.>® The AP peptide is gener-
ated by splitting amyloid precursor protein (APP), a transmem-
brane glycoprotein, by B and y secretases enzyme.’ This
initiates a cascade of serious responses extending to synaptic
deficits, spinal functionality loss, and collapse of Ca®" balance,
and finally, neuroapoptosis in individuals with AD.® It has thus

Introduction

Alzheimer’s disease (AD) is regarded as the most generalized
form of dementia that eventually lowers cognitive functional-
ity, encompassing memory, speech, language, learning capac-
ity, alignment, and decision-making capability.! Global
prevalence of dementia is around 36 million individuals, of
which 75% suffer from AD.? AD is marked by 3 critical struc-

tural changes revealed in the brain, loss of neurons, generation
and deposition of hyperphosphorylated t-proteins referred as
neurofibrillary tangles (NFT), B-amyloid (AB) peptide accre-
tion referred as senile or amyloid plaques.® Brain areas associ-
ated with loss of memory and cognitive impairment, including
cortical and hippocampal regions, which are cholinergic sys-
tems are predominantly affected in the course of AD.*
In-depth AD investigations revealed a series of elevated AP
peptides responsible for triggering inflammation of neurons,
coupled with neuroapoptosis, that progresses to cognitive
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been evidenced from several investigations that AP 4; is cru-
cially involved in the pathogenesis of AD, and induces serious
effects by various cascades, essentially via reducing spinal
density, spinal damage, neuroapoptosis, attenuation of synaptic
function induced memory, and lowering of excitatory signals at
the synapse.9 These updates made on AP peptides have
exposed a practical molecular foundation for the diagnosis and
treatment of AD.'°

Though precise molecular mechanisms involved in AD are
still uncovered, but it is thought to be due to intricate involve-
ment of several players such as genetics, inflammation, oxida-
tion and environmental influencers.”> Several investigations
however have claimed participation by an environmental con-
taminant, aluminum (Al), as a contributory factor to AD.""'?
As a contaminant, Al have highest probability to enter humans
through food, dust, air, water and medicines. Al is known to be
consumed in food cooked in Al containers and foils, used in the
paper industry, water purification, fire extinguishers, food, and
pharmaceutical additives.'' Food items through which Al
enters humans include shellfish, cheese, milk and bakery prod-
ucts, sausages, tea, and various cosmetics. Also, Al derivates
are used in phosphate binders, antacids, vaccines, and biologi-
cals injections.'? Several animal studies have advocated Al-
induced damage of neurons resulting in pathological, chemical,
and behavioral alterations, closely similar to AD.'*!*

Elevated consumption of Al leads to AP accumulation in the
hippocampal and cortical regions of the brain, thereby progres-
sing to learning and memorizing deficits in rats.'* After accu-
mulation, AP activates the apoptotic pathway, through
deposition into endoplasmic reticulum, or by blocking cellular
receptors, that may induce stress in endoplasmic reticulum or
mitochondria.'> During AD, the APP levels are increased due
to disturbed processing of RNA with dismantled RNA species,
such as myc box dependent-interacting protein-1, clusterin and
presenilin-1."® Neuroapoptosis triggered by Ap induction may
involve various signaling cascades such as MAPK, Wnt, Nf-
kB, PI3K/Akt.'”"'? Al is also known to induce neuroapoptosis
by enhancing caspase-3 activation and modulating Akt and p-
GSK-3p expression.?’

Higenamine (HGN), chemically called as dl-demethylco-
claurine, is a monobenzylisoquinoline alkaloid member of
structural class of protoberberines, and had been isolated as a
potent cardiotonic component from Aconitum in 1976.%'2
Aconitum japonicum, a source of HGN has been employed
as folk medicine in China and Japan for the treatment of rheu-
matic fever, syncope, joint pain, collapse, gastroenteritis, bron-
chial asthma, diarrhea, tumors and menoxenia.>> Several other
investigations have revealed to be useful in conditions such as
heart failure, breathing difficulties, arthritis, shortness of
breath, sepsis, arrhythmia, heart failure and erectile dysfunc-
tion.?* HGN modulates 1 and B2 adrenergic receptors and
induces a positive ionotropic effect. HGN exhibits an anti-
thrombotic effect and inhibits aggregation of rat platelets.*
Investigations also advocate anti-oxidative potential of HGN
by inhibition of lipid peroxidation and potential superoxide
anion radical scavenging activity.?® The antioxidant activity

of HGN is attributed to the reduction of reactive oxygen species
and increasing the heme oxygenase-1 activity.?” Anti-apoptotic
activity of HGN may also be due to its antioxidant potential.
HGN pre-treatment in rats potentially reduced caspase-3 and
elevated the expression of Bcl-2/Bax ratio. Anti-apoptotic effi-
cacy of HGN has been attributed to modulation of PI3K/Akt
signaling cascade, wherein PI3 K inhibition could downregu-
late Akt. HGN could significantly reduce NO production by
lowering iNOS mRNA gene expression, thereby inhibiting the
NF-kB activation and contributing to its anti-inflammatory
effect.?®

Our investigation into the literature associated with HGN
revealed that, despite such broad-spectrum therapeutic effi-
cacy, no exploration has been done to study the effect of HGN
regarding its potential to treat AD and associated cognitive
impairment. In accordance of the above discussed therapeutic
capacities of HGN, the present research was conducted to study
the possible effect of HGN in AD induced in Wister rats by
exposure to Al, and investigate its underlying mechanism.

Material and Methods

Chemicals

Higenamine hydrochloride (purity > 95%), A, y and B-secre-
tase (anti-rabbit), and APP was procured from Merck Life Sci-
ence Co. Ltd., Shanghai, China. Other compounds used for the
investigation where, Bax, Bad, Bcl-2, Bcl-xL, cyto-c, pro and
cleaved caspase-3 and -9 (anti-rabbit), GSK-3f and p-GSK-3f3
(ser 9), p-Akt (ser 473), voltage-dependent anion channel
(VDAC), mouse anti-b-actin, and horseradish peroxidase-
conjugated goat anti-rabbit IgG were purchased from Cell Sig-
naling, Jiangxi, China.

Animals

Eighty-four male albino Wister rats (weighing between 200-
225 g) procured from the Central Animal Laboratory and
breeding center of Capital Medical University, Beijing, China,
were divided into 2 major groups based on the phase 1 and 2
experimentation. For conducting animal experiments, guide-
lines provided by Guide for the Care and Use of Laboratory
Animals from the National Institutes of Health were followed.
During both the phases, the animals were housed in individual
cages with unrestricted access to food and water and main-
tained at standard conditions—22 4+ 2 °C temperature, 50 =+
10% relative humidity, and 12 hours light/dark cycle. For both
the phases, the animals were allowed to acclimatize in labora-
tory conditions for 1 week.

For the phase 1 of the investigation, 36 male albino Wister
rats were randomized and divided into 6 groups, each having 6
animals. The animals were then subjected to the following
protocol for 6 weeks.

Group I: Control group (10 ml distilled water orally).

Group II: AICI3 (100 mg/kg orally).
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Group III: HGN (50 mg/kg orally, dissolved in 10 ml dis-
tilled water).

Group IV: AICI3,+HGN25 (25 mg/kg orally, dissolved in
10 ml distilled water + AICl; 100 mg/kg orally).

Group V: AICL3+HGNS50 (50 mg/kg orally, dissolved in
10 ml distilled water + AICl; 100 mg/kg orally).

Group VI: AICI34+HGNT75 (75 mg/kg orally, dissolved in
10 ml distilled water + AICI; 100 mg/kg orally).

The dose of Al used in rats to induce AD was comparatively
higher than in humans; it is linked to overdose of Al in humans
that is experienced under certain situations.> However, the dose
is based on previous investigations, duration, and age of ani-
mals. Hence it was selected to confirm Al triggered molecular,
behavioral, biochemical and neuronal discrepancies similar to
AD in humans.?**° Changes in the pattern of food and water
intake coupled with bodyweight variations were recorded dur-
ing 42 days of investigation. After completion of 42 days pro-
tocol, the animals were subjected to a passive avoidance test.
The animals were then anesthetized by intramuscularly inject-
ing ketamine hydrochloride (24 mg/kg body weight) and eutha-
nized by cervical amputation.>’ Cortical and hippocampal
tissues were carefully removed and employed for quantifica-
tion of Al and AChE. There was no remarkable change in the
levels of Al and AChE in the brain tissues of rats administered
with 50 mg/kg and 75 mg/kg of HGN, hence for further inves-
tigation 50 mg/kg HGN dose was used.

The phase 2 of the investigation was initiated by equally
randomizing 48 rats into 4 groups and conducting the experi-
mental protocol for 6 weeks: control group, AICI; group (AlCl3
100 mg/kg orally), HGN50 (HGN 50 mg/kg), and
HGNS0+AICI; (HGN 50 mg/kg + AICl; 100 mg/kg orally).
To elucidate whether HGN can induce a neuroprotective effect
in AlCl; induced AD model, Morris test was used together with
the estimation of AP related protein expression and apoptotic
protein expressions. During phase 2 of the investigation, body
weight, fluctuations in normal behavior, and physical appear-
ance observation were recorded. Also, there were no unchar-
acteristic sign and symptoms and mortality during the entire
duration of the investigation.

Passive Avoidance Test

Passive avoidance is a fear-driven analysis to investigate the
association of short- and long-term memories. The test essen-
tially analyses the preferential behavior to dark. The assembly
essentially consists of 2 chambers- light and dark, separated by
a wall having a retractable door and with floor embedded with a
metal grid through which current could be supplied. Initially
for the acquisition trail, the rats were individually the rats were
positioned in the light chamber. As the animals entered the
darkroom, the animals experienced an electric shock of 0.5
mA, 40 V intensity for 1 second, through their feet. The ani-
mals are instantly removed and were placed in their respective
cages. After 24 hours, the rats were placed in the chamber with
light, and the time duration the animals utilize to get into the
dark section is recorded, and considered as step-through

latency. The animal was visualized for maximum 5 minutes,
and if it did not step into the darkroom for the entire 5 minutes
duration, the step-through latency was registered as 300 sec-
onds, and further observation is stopped.*>

Morris Water Maze (MWM)

The assembly consists of a round swimming pool (diameter
150 ¢m and height 45 c¢m), filled with water at 28 + 1 °C and
30 cm depth, with well-defined 4 equal quadrants and a rigid
platform. During the training session, a small platform was
placed slightly (1 cm) above the water’s surface. Each rat was
supposed to complete 4 training sessions, at an interval of 5
minutes. For each trial, an individual animal was slowly left in
a variable quadrant and allowed to trace the platform. The
animal was then allowed to stay over the platform for the next
20 seconds. In case any animal was unable to trace the platform
in 120 seconds, it was helped to reach the platform and allowed
to stay there for 20 seconds. On the 19th and 20th day of the
study protocol, the animals were subjected to 2 more acquisi-
tions, and an average time to reach the platform was recorded
as acquisition latency. After AlCl; administration, on 21st and
42nd day of the study, the average time to trace the platform
was recorded as the retention.?’

Determination of Aluminum Content

The brain tissues collected cortical and hippocampal regions
were weighed and transferred to polytetrafluoroethane, to this
was added 0.05 ml nitric acid and 0.2 ml hydrogen peroxide for
each 30 mg tissue homogenate, and preserved at 120 °C for
further 2 hours. The aluminum content was quantified by
atomic absorption spectrophotometer.'?

Determination of Acetylcholinesterase Activity

The hippocampal and cortical tissues were subjected to the
estimation of AChE activity using AchE activity assay kit (Bio
Vision, USA), following the instruction manual provided with
the kit.

Western Blot Analysis

The brain collected from the hippocampus and cortical
regions were subjected to homogenization in a buffer for
extracting proteins using Pro-Prep solution according to the
manufacturer’s manual (iNtRON, Biotechnology, Inc.). The
mixture was then centrifuged (750 x g) at 4 °C for 10 minutes,
to collect the nuclear portion, and further at 10,000 x g for 20
minutes at 4 °C to collect the mitochondrial part. The super-
natant collected comprises the nuclear fraction, and the pellet
at the bottom contains the mitochondrial remains. The pellet
was further subjected for 60 minutes to cold centrifugation at
100,000 x g at 4 °C, and the resulting sediment collected was
the cytosolic portion.** The protein fraction collected was
quantified by employing the Bio-Rad protein assay kit (Rad
Laboratories, USA).
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The protein fraction collected after lysis of the cells was
loaded onto 10% sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE), and then transferred over to
polyvinylidene fluoride (PVF) membrane after separation. The
PVF membranes were initially preserved for 2 hours with 5%
skimmed milk, followed by overnight incubation with rabbit
monoclonal (1:250) APP, pro and cleaved caspase-3, caspase-
9, B-amyloid, y— and B- secretases, p-Akt, p-GSK-33, tGSK-
3B, Bad, Bax, Bcl-xL, Bel-2, VDAC and B-actin, in a blend of
bovine serum albumin (5% in tris-buffered saline) and 0.05%
Tween-20 at 4 °C. The membranes were then incubated at room
temperature for 2 hours with secondary antibodies (IgG linked
to horseradish peroxidase). The membranes were further rinsed
3 times with a mixture of bovine serum albumin (5% in tris-
buffered saline) and 0.05% Tween-20. The specimens were
then visualized by chemiluminescent method (GeScript ECL,
Piscataway, USA). For densitometric measurements, gel image
analysis software package was employed. The data collected
was standardized by B-actin for cytosolic and the anti-VDAC
antibodies for mitochondrial portions.®*

Determination of Oxidative Stress Markers

The tissues collected from hippocampal and cortical region
were quantified for oxidative stress markers namely, reactive
oxygen species (ROS), malonaldehyde (MDA), superoxide dis-
mutase (SOD) and glutathione peroxidase (GPx). For measure-
ment of ROS, the hippocampal and cortical neurons were
preserved for 30 minutes at room temperature with 2/,7'-
dichlorofluorescein diacetate (10 pM). The neuronal cells were
visualized through a fluorescence microscope, and the intensity
of fluorescence was quantified using ImagelJ software program
(National Institute of Health, MD, USA). For detection of
MDA, SOD and GPx, the neurons were subjected to lysis using
radioimmunoprecipitation assay (RIPA) buffer. The lipid per-
oxidation assay was employed for quantifying MDA. The con-
tent was MDA was detected by employing thiobarbituric acid
procedure using lipid peroxidation MDA detection kit (Beyo-
time, USA). SOD content was detected using the colorimetric
cell viability kit-1 (WST-8) (PromoCell GmbH, Germany)
method using the SOD estimation kit (Beyotime, USA). Glu-
tathione peroxidase detection kit (Beyotime, USA) was
employed for the determination of the cellular GPx in the brain
cell lysates.

Statistical Data Analysis

The data collected was presented as mean + standard error of
mean obtained from all the experiments within respective
group. The statistically significant values were calculated
using 1-way analysis of variance (ANOVA), using SPSS
15.0 software package (Windows operating system), and
independent assessments were performed using Duncan’s
multiple range test. Statistically significant values are consid-
ered where p < 0.05.

Results

HGN Administration Lowers Weight Reduction Caused
by AICI3

Rats exposed to AICI; revealed a statistically marked (p < 0.05)
reduction in the body weight in comparison to the animals from
the control group (Figure 1). Animals administered with HGN
coupled with AICI3, revealed amelioration in the body weight,
proportionately with the HGN dose administered. Compared to
the control group, there was no remarkable change in the body-
weight of rats administered with HGN alone. Also, there was
insignificant variation among the control and the test group
animals related to water and food consumption.

HGN Administration Reduces Learning and Memory
Impairment Induced by AlCI3

Memory is referred as persistent behavioral alterations resulted
due to similar environmental stimuli exposure, leading to main-
tenance of constant behavior.*®> There is no direct method for
scaling the magnitude if memory however, relative measurement
may be done by determining spatial memory, associative learning
tests, alteration tests, recognition memory tests, attentional tests,
set-shifting tests and reverse learning tests. Such measurements
signifying behavioral changes are considered as crucial para-
meters for assessment of neurotoxicity induced by Al exposure.*®
In the investigation presented herewith, for the determination
of the associative learning, a passive avoidance test was per-
formed. The study involved animals’ learning capacity to reveal
quick responses to unpleasant stimuli, such as exposure and dark
environment coupled with an electric shock. Rodents, such as
rats, are night loving animals and hence prefer dark environ-
ment. In the passive avoidance test, the animal has to reduce the
habit by carefully memorizing the negative stimuli, which is an
electric shock. Results indicated that in comparison to the con-
trol group animals, those exposed to AICI; had a reduced step
though latency, signifying deterioration of memory. Contrary to
this, animals receiving HGN and AICl; markedly everted the
memory and learning inadequacy induced by AlCl; alone. There
was a statistically insignificant difference in memory enhance-
ment between HGN 50 mg/kg and 75 mg/kg dose but statisti-
cally significant compared to 25 mg/kg. (Figure 2).
Hippocampal functionality is specifically affected during
AD or with an increase in the age, which can be experimentally
determined by performing the Morris water maze test, which
measures spatial learning and memory.>” In this test, the rats
were permitted to swim in a water-filled tank and encouraged
to depart water by and reach a hidden platform. The rats were
guided to trace the platform using structural clues. The spatial
memory of rats could be measured by recording the time
required to spot the hidden platform. In the present investiga-
tion, the rats exposed to AICI; alone took more time to reach the
platform than the control group animals on 20th day of the
training, revealing memory impairment. Consecutively, HGN
exposure in AlCl; treated animals revealed significantly
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Figure |. AICI3-treated rats indicated significant (P < 0.05) reduction in body weight when compared with rats from control group. Oral
treatment with HGN to AICI3 induced rats significantly (P < 0.05) increased the body weight dose dependently. There are no significant changes
in weight gain of HGN alone treated rats when compared with control rats. Data are expressed as mean + SEM (l-way ANOVA followed by
Duncan’s multiple range test) for 6 rats in each group. a—p < 0.05—comparison between initial and final body weight, b—p < 0.05 comparison
between HGN50 treated and AICI3 treated group, c—p < 0.05- comparison between AICI3 treated and AICI3 + HGN treated group.
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Figure 2. AICI3 treated rats revealed enhanced stepthrough latency in passive avoidance test. AICI3 induced step-through latency was reduced
dose dependently by HGN co-treatment. Data are expressed as mean + SEM (I-way ANOVA followed by Duncan’s multiple range test) for 6
rats in each group. a—p < 0.05—comparison against Control group, b—p < 0.05 comparison against AICI3 group.
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Figure 3. AICI3 rats took more time to reach both the visible (on day
20) and hidden (on day 21 and 42) indicating memory deficits. Co-
treatment of HGN50 (AICI3+-50 mg/kg HGN) significantly enhanced
memory performance on day 20, 2| and 42 in both training and reten-
tion phase. Data are expressed as mean + SEM (a repeated-measured
ANOVA followed by Duncan’s multiple range test) for 6 rats in each
group. a—p < 0.05 compared to the control, b—p < 0.0| compared to
the control, c—p < 0.05 compared to AICI3 treated rats, d—p < 0.0l
compared to AICI3 treated rats, e—p < 0.05 compared to 20th day of
treatment, f—p < 0.01 compared to 20th day of treatment.

enhanced memory performance on 20th day compared to AlCl;
treated group alone. Results of retention latency, measured on
21st and 40th, indicated significant lowering in animals exposed
to AICI; alone. Long-term HGN (50 mg/kg) treatment in AICl3
treated rats exhibited considerable enhancement in the retention
latency, compared to rats exposed to AICl; only (Figure 3).

HGN Attenuates AICI; Triggered Al Loading Quantum
and AChE Levels

Previous investigation strongly advocates possible involvement
of Alin AD, which can be observed as higher Al quantum in the
hippocampal and cortical region of brains in humans as well as
experimental animals.>® Even though Al accumulation sites pre-
dominantly are the forebrain, cerebellum, and brainstem, but the
most affected and susceptible Al affected areas include cortical
and hippocampal regions, which are important for learning and
memory responses. Acetylcholine and the corresponding choli-
nergic neurons are strongly associated with learning, memory,
displacement, and control of blood flow to the brain.*® Al is
responsible for the deterioration of memory by weakening cho-
linergic function. The acetylcholinesterase (AChE) enzyme is
involved in the degradation of acetylcholine, whereas choline
acetyltransferase is accountable for generation of acetylcho-
line.* Measurement of activity of both these enzymes could
be employed for investigation of memory impairment caused
due to cholinergic functionality. Hippocampal and cortical
AChE activity and Al concentration were significantly
increased in rats treated with AlCl;, compared to control group
animals. Co-treatment of HGN (25, 50, and 75 mg/kg) and AICl;

Figure 4. AICI3 animals exhibited enhanced levels of Al in hippocam-
pus and cortex. Cotreatment of HGN (AICI3+50 mg/kg HGN) atte-
nuated the AICI3 mediated Al burden. Data are expressed as mean +
SEM (1-way ANOVA followed by Duncan’s multiple range test) for 6
rats in each group. a—p < 0.05 compared to the control, b—p < 0.0
compared to the control, c—p < 0.05 compared to the AICI3 treated
rats, d—p < 0.0 compared to the AICI3 treated rats.
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Figure 5. AICI3 group showed significantly enhanced AchE activity in
hippocampus and cortex. HGN50 (AICI3+50 mg/kg HGN)co-
treatment significantly attenuated the AchE hyperactivity in both
regions of the brain. HGN50 (AICI3+50 mg/kg HGN) treatment
showed a reduction in Al levels and AChE activity, but more significant
than HGN50. Data are expressed as mean + SEM (l-way ANOVA
followed by Duncan’s multiple range test) for 6 rats in each group. a—
p < 0.05 compared to the control, b—p < 0.0] compared to the
control, c—p < 0.05 compared to the AICI3 treated rats, d—p <
0.0l compared to the AICI3 treated rats.

revealed marked reduction in the AChE activity and Al quantum
in the hippocampus and cortex compared to those treated with
AICl; alone. However, there was no significant variability in
attenuation of AChE activity and Al concentration on treatment
with 50 mg/kg and 75 mg/kg HGN, but highly influential com-
pared to 25 mg/kg HGN administration (Figure 4 and Figure 5).
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Figure 6. AICI3 treatment significantly enhanced the protein expressions of APP, AB1-42, 3 and y-secretases and favors amyloid biosynthesis.
Coadministration of HGN50 (AICI3+50 mg/kg HGN) attenuated the AICI3 mediated amyloid biosynthesis. (a) Representative Western blots,
(b) Corresponding graph of relative Western blot intensity in the hippocampus and (c) Corresponding graph of relative Western blot intensity in
the cortex. Data are expressed as mean + SEM (I-way ANOVA followed by Duncan’s multiple range test) for 3 rats in each group. a—p < 0.05
compared to the control, b—p < 0.0l compared to the control, c—p < 0.05 compared to the AICI3 treated rats, d—p < 0.0] compared to the

AICI3 treated rats.

Considering the least significant difference between effects of
50 mg/kg and 75 mg/kg dose of HGN, for further investigation,
we had considered HGN 50 mg/kg as optimal dose.

HGN Abolishes AICI; Triggered Apoptosis and A
Biosynthesis

Observations collected from the Western blotting to analyze
the expression of proteins related to A biosynthesis and apop-
tosis in the hippocampal and cortical regions are indicated in
Figure 6. The AP levels are enhanced in the brain of experi-
mental animals exposed to Al, either directly by increasing its
biosynthesis or indirectly by reducing its breakdown.*' In
comparison to the control group rats, long-term AlCl; admin-
istration revealed higher expression of APP, AB_4,, B- and -
secretases, that may aid in developing of AP plaque. However,
HGN (50 mg/kg) treatment to AlCI; exposed rats indicated a
significant reduction in APP, ABi_4,, B- and y-secretases
expression (Figure 6).

The most prominent cell extinction mechanism in neuro-
degenerative disorders such as Parkinson’s disease and AD is
apoptosis.*> A report revealed that Al exposure essentially
triggers apoptosis of brain cells by upregulating the Bax and
caspase expression and downregulating the Bcl-2 expres-
sion.*? Treatment of rats with AICl; for 42 days markedly
enhanced the expressions of Bax, Bad, cyto-c and caspase-9
in the mitochondrial portion, and downregulated the expres-
sions of Bcl-2, Bel-xL, and cyto-c in the cytosolic part, col-
lected from hippocampal and cortical regions. Treatment with
HGN (mg/kg) attenuated the alteration of the protein expres-
sion triggered by AICl; in experimental rats. Negligible inter-
group variability was observed in the pro-caspase-3
expression in the hippocampus and cortex brain areas. How-
ever, caspase-3, which is an activated derivative of caspase-3,
is least expressed in control group animals but is significantly
enhanced in Al-treated animals. HGN treatment exhibits a
marked reduction in the pro-caspase-3 breakdown to active
caspase-3 (Figure 7).
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intensity in the cortex. No significant changes in the expressions of pro-caspase-3 were found in control and experimental groups. The activated
caspase-3 expression is enhanced following aluminium treatment and inhibited by the HGN50 co-treatment, which further proves the anti-
apoptotic property of HGN. Data are expressed as mean + SEM (I-way ANOVA followed by Duncan’s multiple range test) for 3 rats in each
group. a—p < 0.05 compared to the control, b—p < 0.0] compared to the control, c—p < 0.05 compared to the AICI3 treated rats, d—p < 0.0l
compared to the AICI3 treated rats.

HGN Normalizes Disturbed Akt/pGSK-3p Signaling Akt inactivation, and trlggermg of pro-apqptotlc me.dlators. such
Markers Caused by AICI as Bad. Also, Al results in dephosphorylation and stimulation of
y 3 GSK-3p, known to regulate apoptosis. Activation of GSK-3f3

Al potentially results in apoptosis by modulation of a series of and lowering of Akt activity is correlated with depolarization
signalling cascades. Exposure to Al leads to dephosphorylation, and permeabilization of mitochondria, coupled with activation
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compared to the AICI3 treated rats.

of caspase-3 and release of cytochrome-c. Al exposure results
in apoptosis by downregulation of Akt signalling cascade. In
the present investigations, rats exposed to AlCl;, revealed sig-
nificant lowering of p-Akt and p-GSK-33 expression in the
hippocampal and cortical tissues, whereas HGN (50 mg/kg)
co-treatment markedly enhanced their expressions. Compared
to the control group, the expression of p-Akt, GSK-3f, and p-
GSK-3f did not indicate any significant alteration when HGM
was administered alone (Figure 8). These results strongly advo-
cate the neuroprotective efficacy of HGM (50 mg/kg) via
normalizing the AlCl; induced altered expression of p-Akt and
p-GSK-3p.

HGN Confers Protection Against Oxidative Stress

Oxidative stress worsens cognitive impairment in AD. The
study presented herewith reveals a marked reduction of oxida-
tive stress via modulation of the investigated markers- ROS,
MDA, SOD and GPx. Compared to the control group animals,
MDA and ROS production in AlCl; induced neurotoxicity was
significantly increased. HGN administration lowered the MDA
and ROS levels significantly compared to the animals exposed

to AICl; exposure. Furthermore, AICl; exposure revealed a
significant reduction of SOD and GPx activity, which was
normalized by chronic HGN treatment (Figure 9).

Discussion

Previous investigation results indicating increased levels of
Al in hippocampal and cortical regions caused by ingestion of
AlCl; dissolved in distilled water, are in confirmation with
that obtained in the present study.'> HGN markedly lowered
Al level in the tissue homogenates collected from hippo-
campal and cortical brain areas. Reduction in the Al quantum
after HGN administration in rats may be attributed to the
binding capacity of HGN to Al, which needs more in-depth
investigation.

Chronic AlCl; administration revealed a significant reduc-
tion in the contextual memory indicated through spatial mem-
ory test and passive avoidance test. The spatial memory test
was conducted using Morris maze, wherein animals treated
with AICl; alone revealed less tendency to recall and retain
the hidden platform’s position, even after being trained for
several days. HGN co-administration reverted the AICI;
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induced memory deficiency, indicating enhancement of mem-
orizing capacity of HGN. The passive avoidance test results
suggest that AlCl; treated rats were unable to recall the unplea-
sant stimuli and hence entered the dark compartment quickly
wherein they experienced electric shock earlier, compared to
the control group animals. Animals co-treated with HGN and
AICl; indicated delay to promptly enter the dark area wherein
they already had experienced electric shock. These findings
demonstrated that HGN enhanced the recalling capacity of
animals even though they were exposed to AlCl;.

The primary cholinesterase enzyme, responsible for the
breakdown of acetylcholine choline, is acetylcholinesterase
(AChE). The enzyme’s functionality ensures that acetylcho-
line’s effect subsides after activation and comes to the resting
stage. Around 25000 acetylcholine molecules/second are
degraded by one AChE molecule in neuronal and non-
neuronal tissues.*? Also, the activity of ACheE is vulnerable
to external considerations such as diet and the presence of A1.**
In accordance with the previous investigations, the present
study also indicated that on the administration of AICl; in rats,
there is a marked elevation in the activity of AChE.'**> Mod-
ification of AChE structure has been reported by binding with
Al ions, thereby increasing its activity.*® Administration of
HGN in AICl; induced AD rat model revealed a neuroprotec-
tive effect by downregulation of the AChE effect. Reduction in
the AChE potential elevates the level of acetylcholine and
confers favorable effects on cognitive functionality.*’

AD represents complex pathophysiology encompassing t-
pathology, AP accumulation, oxidative burden, loss of mito-
chondrial and proteasome functionality, inflammation, and
damage to the cholinergic neurons due to interaction of A} and
metal.** Drugs that could provoke cholinergic functionality,
such as rivastigmine and galantamine, could be reasonably

useful at the initial AD stage. Parallel strategies apart from
cholinergic targets could also be adopted for the treatment of
AD, such as metal chelation, growth factors, hormones, non-
steroidal anti-inflammatory drugs, antioxidants, anti-
hyperlipidaemic drugs, phosphodiesterase inhibiting drugs,
Vitamin B6, B12, E, and folic acid, anti-Ap therapies, and
drugs targeting neurotransmitters or selective neuropeptide.
Thus, improvement of memory may be attributed to AChE
inhibitory effect of HGN.

Initial stages of AD are marked with abundant deposition of
Ab that further progresses to formation of neuritic amyloid
plaques. Subsequent breakdown of APP occurs by several pro-
tease enzymes, including B and y-secretases. Enzyme B-secre-
tase trims APP and generates APP C-terminal fraction, which is
further broken down in the transmembrane region by y-secre-
tase into AP0 and AP;.4, C-terminal fractions.*>*> Amyloid
plaques predominantly exist as AP;_4, moiety, and the vascular
amyloid consists of AB;_4¢ fraction. AlCl; treated rats revealed
increased amyloid generation indicated by enhanced activity of
markers related to the biosynthesis of APP, AB_4;, B- and -
secretases.*’ Previous studies have claimed markedly higher
expression of AP_4, in the cortical and hippocampal regions,
whereas unaltered AR, expression.”’ Hence, focusing AP
generation and its production cascade could be regarded as a
crucial therapeutic approach in AD therapy.52 HGN remark-
ably reduced the amyloid generation by attenuating the APP,
ABj.42, B- and y-secretases, that could progressively reduce the
AP biosynthesis.

Apoptosis triggered by Al exposure in the hippocampal and
cortical areas results from inhibition of anti-apoptotic proteins
and stimulation of pro-apoptotic proteins.>® Anti-apoptotic
markers include Bcl-2 and Bcl-xL, whereas the pro-apoptotic
markers include Bax, Bak, and Bad, which regulate the innate
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apoptotic cascade involving mitochondria. A critical harmony
between the pre-apoptotic and the anti-apoptotic proteins
ensures the continuity or termination of cells. Cytochrome-c
release is inhibited by Bcl-2 that leads to inhibition of apopto-
sis, and Bax leads to apoptosis by attenuating anti-apoptotic
protein Bcl-2, which subsequently enhances the release of
cytochrome-c. Cytochrome-c further stimulates caspases, that
ultimately induces cell death. Caspases belong to a class of
proteases that provoke apoptosis, inflammation, and resulting
necrosis. In the apoptotic process, caspase-9 functions as an
initiator, and caspase-3 acts as an effector, and together they
induce apoptosis. Our findings revealed that AICIl; exposure
dramatically upregulated the activity of pro-apoptotic markers
(Bad, Bax, caspase-3, and caspase-9), and downregulated the
activity of anti-apoptotic markers (Bcl-2 and Bcl-xL). Co-
administration of HGN and AICl; significantly prevented the
apoptosis induced by AlCI; alone by attenuation of the activity
of Bax, caspase-3, caspase-9, and cytosolic cyto-c, and inhib-
ited the mitochondrial cyto-c release coupled with enhancing
the Bcl-2 expression.

A crucial kinase signaling cascade regulates cell regulatory
processes and apoptosis. Neuronal apoptosis is coordinated by
following signaling cascades, c-Jun N-terminal kinase (JNK),
protein kinase B (Akt), and glycogen synthase kinase-3 (GSK-
3).>*3¢ Stimulation of Akt signaling cascade influences cell
proliferation in several types of neurons, whereas its suppres-
sion induces the death of neurons.’’ In the present report,
AICl; alone attenuated the pAkt expression, but when co-
administered with HGN, the pAkt expression is stimulated. The
active version of Akt is pAkt, which has been known to cease
the apoptosis process by modulation of Bcl-2 representatives
involving Bad, caspase-9 and GSK-3p.°%% Stimulation of Akt
results in attenuation of GSK-3B via Ser9 phosphorylation.®®
One of the predominant t-kinase, GSK-3f3, is known to partic-
ipate in the t-protein phosphorylation that further leads to the
formation of neurofibrillary tangles and amyloid plaques in the
course of AD.** The performance of GSK-3 is influenced by
Ser9 and Tyr216 phosphorylation.®>°® The phosphorylation of
Tyr216 triggers the activity, whereas phosphorylation of Ser9
attenuates its activity.?’ In the present investigation, the results
indicate that AICl; administration reduced the Ser9 pGSK-3f3
expression, eventually augmenting the GSK-3f kinase expres-
sion and increasing the t-phosphorylation, which is similar to
earlier recommendations. HGN (50 mg/kg) administration in
AICI; rats indicated significantly higher Ser9 pGSK-3f3 expres-
sion, which results in attenuation of GSK-3f kinase activity
and high t-phosphorylation.

During neurodegenerative events such as AD, a large num-
ber of free oxygen radicals are produced. These free oxygen
radicals or oxidants lead to oxidative stress and thereby result
in neuronal death.®” Hence oxidative stress has been regarded
as a critical factor in the progression of AD. During stressful
situations and the aging process that leads to AD, the ROS
generation is elevated in mitochondria. Loss of mitochondrial
functionality and oxidative stress both contribute to neurode-
generative diseases such as AD.**%° Enzyme SOD triggers the

dismutation of oxygen and generate hydrogen peroxide. Glu-
tathione peroxidase (GPx) can decompose free oxygen and
hydroxyl radical, thereby reducing oxidative stress.”® Polyun-
saturated fatty acids under lipid peroxidation and produce an
organic compound MDA.”" Generation of MDA and ROS, and
SOD and GPx levels are prominent markers used to as oxida-
tive stress markers.”>”® AICI; alone significantly enhanced the
MDA and ROS production compared to the animals from the
control group. Co-administration of HGN and AICl; reduced
the MDA and SOD levels significantly in rats. SOD and GPx
levels were markedly reduced after exposure to AICl;, whereas
HGN-AICI; co-administration normalized the SOD and GPx
levels, similar to those in the control group. The findings advo-
cated convincing activity of HGN against AlICl; induced oxi-
dative stress in rats. Altogether, HGN (50 mg/kg) assisted in
attenuating the devastative effects of Al-induced AD-like
symptoms, related to cognitive impairment and loss of mem-
ory, and profoundly influenced molecular mechanisms
involved in the severity of AD.

Conclusion

Our findings exhibited that HGN could normalize memory and
learning affected by Al exposure in rats. HGN also modulates
the AChE activity and Al burden, and AP load and apoptosis
through triggering of Akt/GSK-3p signaling cascade, and
attenuation of oxidative stress in AICl; administered rats.
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