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ARTICLE INFO ABSTRACT

Handling Editor: DR. Aristidis Tsatsakis Age-related deterioration of sensorimotor and cognitive abilities suggests that the brain undergoes regressive

alterations with aging that compromise its function. Thus, the present study was designed to assess the efficacy of

KeyWOf ds: ) Dunaliella salina in counteracting D-galactose (D-gal)-induced dementia brain aging and its modulatory role in
D“f‘“h“ll“ salina attenuating amyloid p (AB) protein and neurotransmitters. Aging associated dementia was generated by injection
ggmg " of D-gal (200 mg/kg; i.p) of rats for 8 weeks. D. salina biomass (250 mg/kg), polar (30 mg/kg), its carotenoid (30
Axe:;le;fﬁ protein mg/kg) fractions as well as the isolated zeaxanthin (250 pg/kg) were given orally simultaneously with D-gal for
Neurotransmitters additional two weeks. Twenty-four hours after the last treatment dose; behavioral, biochemical and histopath-

ological assessment were performed. Results showed that oral treatment of motor deficit rats with D. salina
biomass and its isolated polar and carotenoid fractions showed amelioration in the motor coordination assessed
by the rotarod test and in the memory and learning capabilities evaluated by Morris water maze test. D. salina
also showed a reduction in brain levels of inflammatory indicators viz. interlekin-1p and inducible nitric oxide
synthetase as well as brain contents of Ap protein and myelin base protein. Likewise, oral treatment with D. salina
biomass and its isolated polar and carotenoid fractions exhibited an increase in the rats’ brain neurotransmitters
and their metabolites. Furthermore, histopathological investigations have confirmed all of these results. Our
findings suggest that D. salina overcomes brain aging and thereby repairs age-related dementia, both for its
modulating function in attenuating the Ap protein and neurotransmitters.

1. Introduction

Dementia is one of the most debilitating geriatric diseases with in-
tellectual capacities such as comprehension, memory, and judgement.
Lower cortical functions are also affected, such as language, thought,
and the capability to obey instructions. Extensive pesticide exposure is
one of the underlying reasons from cognitive decline and dementia [1].
Alzheimer’s disease (AD) is considered to be the most prevalent type of
dementia that affects people older than 60 years old [2]. Amyloid pla-
ques and neurofibrillary tangles are pathological and histological hall-
marks of AD. Amyloid-beta (Af) level dysregulation contributes to the
emergence of senile plaques containing depositions of Ap [3,4]. Af is a
complicated biological substance that interacts with a variety of re-
ceptors and, in essence, alternates between non-physiological and
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physiological depositions in neurons. Synaptic injury, mitochondrial
irregularities, inflammatory reactions, hormonal variations, and cell
cycle abnormalities are all linked to AD [5,6].

On the other hand, age-related memory deficiency is often known to
be associated with elevated redox homeostasis in the aging brain [7,8].
Moreover, senescence is the reason for both short-term and long-term
memory dysfunctions due to a reduction in cholinergic activity [9,10].
Reduced levels of brain biogenic amines have also been specifically
associated with age-related memory impairments in senescent rats [11].
Apparently, dopamine (DA) [12], 5-hydroxytryptamine i.e. seratonin
(5-HT) and norepinephrine (NE) have a pivotal role in learning and
memory [13]. Researchers have been designing various drug molecules
based on structural alterations found in both brain tissues of patients and
animal models with AD [6].
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However, there is no actual therapy for AD, medication therapies are
available only to overcome the disease’s cognitive symptoms and pro-
tect against further cognitive deterioration. Scientists worldwide are
focusing on discovering improved medications, prevention measures,
and eventually a cure [3]. Recently, Af has become a potential thera-
peutic target in drug development for overcoming age-related dementia.
Several clinical trials have been performed targeting this protein; some
study lines are currently under review. Low A levels enhance long-term
hippocampal potentiation and improve memory, suggesting its novel
beneficial, modulatory function in memory and neurotransmission [14].
There are many therapeutic strategies being studied for the treatment of
AD, among of these strategies are amyloid-based therapies using
herbal-based anti-amyloid approach.

Therefore, the objective of the current investigation was to verify
hypotheses in senescent rats using the D-galactose (D-Gal) experimental
model of aging. The goal was also extended to assess the efficacy of
Dunaliella salina; a type of halophilic green microalgae that contains
potential bioactive compounds for novel biomedical and pharmaceutical
applications, in diminishing D-gal-induced dementia and brain aging
and its modulatory role in attenuating Ap protein and neurotransmitters
viz. DA, 5-HT and NE as well as their metabolites; 5-hydroxyindoleacetic
acid (5-HIAA), homovanillic acid (HVA) and dihydroxyphenylacetic
acid (DOPAC) and their critical role in learning and memory.

2. Material and methods
2.1. Cultivation of Dunaliella salina and preperation of algal fractions

Dunaliella salina was isolated from Egyptian Salts and Minerals
Company salt deposition basins and grown in a vertical photo bioreactor
with a capacity of 4000 L on Bold nutritional medium (Table 1). Using a
basket centrifuge, algal biomass was extracted by centrifugation at 2000
rpm for 15 min. Samples were rinsed, dried in a 50 °C oven, crushed into
a homogeneous powder. Moreover, the carotenoid fraction was obtained
by maceration of dried finely crushed algal biomass in hexane, ethyl
acetate (80:20) until exhaustion, yielding the carotenoid fraction after
filtration. The residue was left to dry before being extracted with 70 %
methanol until it was exhausted, yielding the polar fraction. The two
fractions were dried, then stored in dark bottles in the refrigerator for
further analysis [15].

Table 1

Bold’s Nutrient Composition.
Macroelements Concentration
Urea 0.3 g/L
K2HPO4 0.075 g/L
KHPO4 0.175 g/L
MgS04(7H20) 0.075 g/L
Na Cl 0.025 g/L
CaCl2 (2H20) 0.025 g/L
Microelements
ZnSO4(7H20) 8.8 mg/L
MnClI2(4H20) 0.44 mg/L
MoO3 0.071 mg/L
CuS04 (5H20) 1.57 mg/L
H3BO3 11.42 mg/L
EDTA 50 mg/L
KOH 31 mg/L
Fe SO4 (7H20) 4.98 mg/L
Co(NO3)2.6H20 0.49 mg/L
H2S04 1 pL/L

One milliliter of micronutrient solution was added to the
culture medium. The culture was harvested by centrifu-
gation at 4000 rpm, dried at 50°C and then grounded into
homogeneous fine powder.
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2.2. Isolation, purification and identification of zeaxanthin

The algal extract was put to a glass column that had been dry-packed
with silica gel and eluted with hexane and ethyl acetate in increasing
amounts. Sub-columns for similar fractions were kept for zeaxanthin
(ZH) separation [16].

2.3. Docking study

The MOE homology modeling tool was used to create the 3D struc-
tures of the principal elements, -carotene and zeaxanthin (ZH). MOE
2015.10 software was used to prepare ligands and proteins prior to
docking simulation. The Molecular Builder application was used to
create 3D structures of the isolated chemicals. Finally, the ligands were
translated to their 3D structures and used as MOE-docking input files.
For docking, the proteins Tau-Tubulin Kinase 1 (4BTK) and Acetylcho-
linesterase (4MOE) were retrieved from the Research Collaboratory for
Structural Bioinformatics PDB (https://www.rcsb.org/). Using the
Triangular Matching docking approach, the two ligands were docked
independently into the active sites of both proteins, and 30 conforma-
tions of each Ligand protein complex were created with docking score
(S). Each complex’s interactions were examined, and its 3D posture was
captured [17].

2.4. Pharmacological study

2.4.1. Animals

Adult male albino Wistar rats (weight 200-250 g), collected from the
animal house colony of National Research Centre (NRC, Egypt), were
maintained at a controlled temperature of 24 + 1 °C with a 12-12 h
light-dark cycle (light cycle, 07:00-19:00). They were given unlimited
access to water and normal food. This study has been approved by the
ethics committees of the NRC. All procedures and experiments were
carried out in accordance with the national and international ethics
guidelines. This study used the earliest scientifically justified endpoint
to prevent pain or distress in the experimental animals.

2.4.2. Chemicals

Sigma-Aldrich (St. Louis, Missouri, USA) provided the D-Galactose
(D-Gal). All additional compounds were obtained from well-known
commercial sources and were of analytical grade.

2.4.3. Experimental design

In rats, age-related dementia was generated by injecting D-Gal (200
mg/kg/day) intraperitoneally for eight weeks. They were randomly
allocated into six groups; each group contains six rats. A group served as
a negative control group, whereas another group served as a positive
control group, receiving D-Gal for eight weeks. The remaining four
groups were given D-Gal then received D. salina biomass (250 mg/kg)
(BDS), polar (30 mg/kg) (PDS), its carotenoid (30 mg/kg) fractions
(CDS) as well as the isolated zeaxanthin (250 pg/kg) (ZH) orally
simultaneously with D-gal for additional two weeks. The doses were
calculated according to the yields of the fractions and the isolated
compound; ZH [18].

After the treatments, behavioral assessment was carried out, then the
animals were sacrificed and decapitated. Brain tissues were isolated,
rinsed and kept at —80 °C until biochemical assays were performed.
Another brain tissues were then fixed in 10 % formalin for further his-
topathological examination. The following flowchart clarifies the
experimental protocol.

2.4.4. Behavioral assessment

2.4.4.1. Spontaneous motor coordination. The rotarod (Ugo Basile model
7700, Veresi, Italy) was used to assess motor performance and learning.
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The rotarod consists of a circular rod turning at a constant or increasing
speed. Vertical barriers are used to separate the animals from one
another. Animals placed on the rotating rod try to remain on it rather
than fall onto a platform some 30 cm below.

For two successive days with intervals of 10—15 min, testing com-
prises of four trials/ day. Every rat was located on the rod, which
increased in speed from 4 to 40 rpm over the course of 300 s. When the
animals fell off or the time limit was reached, the trials were called off.
Up to five rats were tested simultaneously. Rats were taken out of the
apparatus when the last rat fell. Latency to fall served indicates motor
coordination [19].

2.4.4.2. Spatial memory and learning measured by Morris water maze
(MWM). The Morris water maze test is one of the most popular and
established behavioral tests to evaluate rodents’ spatial learning and
memory, which was originally invented by Richard G. Morris in 1983
[20]. A circular tank (diameter 1 m) filled with water was utilized to test
the MWM. In the target quadrant’s center, a platform was submerged
beneath the water’s surface. A video camera set overhead monitored the
rats’ swimming activities, which was automatically recorded by a video
tracking system. When the animal is launched from diverse, random
locations around the outside of the tank, it must learn to employ distal
signals to take a direct path to the hidden platform. If no proximal cues
are available, the use of distal signals is the most effective way to
accomplish this. Most protocols begin at one of four points: N, S, E, or W.
Animals are put through a series of daily trials with a semi-random or
random set of start locations. The most popular start position settings are
those in which the four positions are employed semi-randomly, with one
trial per day from each of the four positions. Rats were allowed to rest for
1 h before putting the animals in the MWM. The entire experiment took
four days in a row. The room was set up in such a way that the animal
being examined was unable to view the experimenter while being tested
and the room lighting should be indirect. The platform was kept visible
on the first day of the experiment by keeping the water transparent and
putting a flag on the platform to promote visibility; the positions of the
platform and rat dumping in the pool were modified for each trial.
Animals were trained five times to reach the platform, with a 20-minute
gap between trials. The water which was kept at temperatures between
22-25 °C, was made opaque by adding milk to the pool on the second
and third days, and the platform was painted white to hide it. For all
trails, the testing method was performed with the platform in a fixed
quadrant of the pool about four centimeters below the water level. The
time the animal took to get to the platform was then recorded. Only one
testing event was necessary for each animal on the final day of the trial.
The platform was removed from the pool and the animal was dropped
into the pool from a single fixed position. The time the rats spent in the
target quadrant (the quadrant where the platform was retained) was
then calculated [21].

2.4.5. Brain tissues biochemical analysis

Brain tissues were homogenized in PBS to obtain 20 % homogenate.
The supernatant was used to determine the concentrations of
interleukin-1 (IL-1) (RayBiotech, USA), inducible nitric oxide synthase
(iNOS) (RayBiotech, USA), acetylcholine (Ach) (Biovision, USA), amy-
loid protein (AB1—42) (My Bioscource, USA), and myelin basic protein
(MBP) (RayBiotech, USA) using Elisa kits.

2.4.6. Brain tissue levels of monoamines

Each brain tissue was thoroughly homogenized in 75 % aqueous
HPLC grade methanol (10 % w/v). Brain monoamines were detected by
HPLC and the method described by Pagel et al. [22] was conducted [22].

2.4.7. Histopathological examination
Two brains from each group were fixed in 10 % neutral buffered
formalin for at least 72 h, washed, dehydrated, and embedded in
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paraffin. Afterwards, brains were sectioned coronally at sections of 4 pm
thick. Sections were stained with hematoxylin and eosin (H&E) for
routine histopathological examination. Five sections per group were
examined using a binocular Olympus CX31 microscope (UK). For
quantitative analysis, five sections per group were examined. In order to
assess the brain injury and neuronal loss that could be demonstrated in
the cerebral cortex and hippocampus, the normal surviving neurons
were counted in the cerebral cortex and CA1 region of hippocampus in
an area of lum?® as described by [23], with some modifications [23].
Then the data was statistically analyzed. Additionally, gliosis was
assessed in ten random high power microscopic fields per group, ac-
cording to the number of glial cells. Mild gliosis indicates few number of
glial cells in the field; moderate gliosis indicates larger number of glial
cells and diffuse gliosis indicates intense number of glial cells associated
with sparse normal neurons.

2.4.8. Statistical analysis

Values are presented as means + standard error of the means (SE).
One-way analysis of variance (ANOVA) followed by Tukey test for
multiple comparisons were conducted for comparisons between
different groups. However, the spatial memory and learning test
measured by MWM two-way ANOVA was used. Graphpad Prism soft-
ware, version 7 (USA) was utilized to perform these statistical tests
whereas, the difference was considered significant when p < 0.05.

3. Results
3.1. Docking study

The molecular docking of the two compounds under investigation on
TTK1 showed notable binding affinities as estimated through the esti-
mated free energies of binding recorded by MOE homology modeling
tool which estimated -5.962 kcal/mol for p-carotene and -6.406 kcal/
mol for zeaxanthin. However, they both showed high affinities towards
acetylcholinesterase active site as defined by the estimated free energies
of binding. p-carotene recorded free estimated energy of binding of
-7.687 kcal/mol whereas zeaxanthin recorded -6.142 kcal/mol
(Figs. 1&2).

3.2. Behavioral variations

3.2.1. Motor coordination assessment using rotarod

Rats’ motor coordination has been declined dramatically in the
group injected with D-gal by about 38 % thus indicating an impairment
in the motor coordination in these animals. Oral treatment of motor
deficit rats with D. salina biomass and its isolated polar, carotenoid
fractions and zeaxanthin showed an elevation in the motor coordination
levels by about 8.5 %, 15.9 %, 24.8 % and 36.4 %, respectively (Fig. 3).

3.2.2. Memory and learning assessment by MWM

3.2.2.1. The mean escape latency time (MELT). There were no major
variations among groups in the MELT on the first day of training.
However, on the second and third days of the experiment, D-gal mark-
edly augmented the MELT of the rats when compared with the normal
rats. Treatment of the D-gal-injected rats with ZH resulted in a promi-
nent reduction in the MELT with respect to D-gal group on the second
day of the experiment. However, on the third day experiment, D. salina
biomass and its isolated polar and carotenoid fractions as well as zeax-
anthin showed marked recovery of the D-gal-induced effect on the
escape latency time (Table 2).

3.2.2.2. The time spent on the target. Intraperitoneal D-gal injection
dramatically lowered the mean time spent by rats in the goal quadrant
by 47 % suggesting decreased learning and memory functions. However,
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Fig. 1. Virtual 2-dimensional (A) and 3-dimentional (B) interaction of p-carotene and 2-dimensional (C) and 3-dimentional (D) interaction of zeaxanthin with the

active site of TauTubulin Kinase 1 (TTK1).

treatment of animals with D. salina biomass and its isolated polar,
carotenoid fractions and zeaxanthin led to a substantial surge in mean
time spent in the goal quadrant by 59 %, 69 %, 79 % and 78 %,
respectively, when compared with the D-gal group, suggesting
improvement in learning and memory functions (Fig. 4).

3.3. Brain biochemical levels

Age-related dementia is associated with prominent alterations in the
brain contents of IL-1p and iNOS demonstrated by their elevations
reaching about 5 and 15 folds, respectively, compared with normal
group. Treatment of D-gal induced dementia in rats with D. salina
biomass and its isolated polar, carotenoid fractions and zeaxanthin
showed a reduction in these inflammatory indicators by 34.4 %, 55.3 %,
60.6 % and 62 %, respectively and 33.3 %, 56.4 %, 60.2 % and 67 %,
respectively, compared to untreated rats (Fig. 5a & b).

Similarly, brain Ach, Ap and MBP contents have been altered in
dementia-induced rats evidenced by dramatic elevation of Af reaching
2.6 folds and decline of Ach and MBP by about 81 % and 89 %,
respectively with respect to normal rats. On the other hand, treatment
with D. salina biomass and its isolated polar and carotenoid fractions as
well as the separated compound; ZH, exerted an elevation of brain Ach
levels by reaching 2.2, 3.3, 3.6 and 4.5 folds, respectively (Fig. 6a).
Moreover, oral treatment with D. salina biomass and their fractions as
well as ZH showed an amelioration in the brain Ap contents by 58.7 %,
53.5 %, 60.4 % and 66.4 %, respectively (Fig. 6b) and exaggeration in
the brain MBP contents by reaching 2.6, 5.26, 7 and 8.2 folds, respec-
tively (Fig. 6¢).
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3.4. Brain neurotransmitters and their metabolites

Dementia in rats was related with a noticeable reduction in brain
neurotransmitters levels viz. 5-HT, NE and DA as well as elevation in
their metabolites viz. 5-HIAA and DOPAC. Oral treatment of rats with
D. salina biomass and its isolated polar, carotenoid fractions and ZH
exhibited an increase in the brain 5-HT, NE and DA levels. However,
carotenoid fractions and ZH showed a decrease in the metabolites 5-
HIAA and DOPAC with no significance alteration in HVA with respect
to the AD group (Table 3).

3.5. Histopathological alterations

The results of quantitative analysis of surviving normal surviving
neurons recorded in the cerebral cortex and CA1 hippocampal region of
normal and treated groups are illustrated in Table 4.

Brain sections from normal rats revealed normal histological struc-
ture of the cerebral cortex and hippocampus. The cerebral cortical
neurons have large cell bodies and nuclei with single prominent nuclei
(Fig. 7a). Similarly, the neurons of CA1l, CA2 and CA3 regions of the
hippocampus appeared normal (Figs. 8a & 2 b). On the contrary, Sig-
nificant decrease of number of normal cerebral cortical and CA1 hip-
pocampal neurons was recorded in D-Gal group (Table 4). Heterologous
degeneration of the entorhinal cortical neurons, that extends to the
hippocampus, was clearly evident in D-Gal group. The degenerated
neurons appeared with shrunken cell bodies and intensely stained
eosinophilic cytoplasm as well as a small pyknotic nuclei (Fig. 7b). Glial
response with diffuse gliosis and presence of reactive astrocytes with
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Rotarod

Normal: 0.981
D-Gal: 0.605
D-Gal+BDS: 0.657
D-Gal+ PDS: 0.702
a D-Gal+ CDS: 0.755
3 D-Gal+ZH: 0.826

o
[
1

square root
transformed % of time

0.0-

Fig. 3. Effect of D. salina biomass and its isolated polar and carotenoid fractions
as well as the separated zeaxanthin on locomotor activity in dementia-induced
rats.

Data was expressed as mean + SEM, n= 6 rats/group.

& Significantly different from the normal control.

b Significantly different from the AD group at P < 0.05.

more distinct eosinophilic cytoplasm and large eccentric nuclei were
clearly demonstrated in the frontal cortex (Fig. 7c) of this group. Marked
pathological alterations were demonstrated in the amygdala of this
group, characterized by neuronal degeneration and diffuse gliosis.
Deposition of amyloid plaques with eosinophilic core surrounded by
astrocytes and microglia cells was demonstrated in the cerebral cortex
(Fig. 7d). Cerebral amyloid angiopathy, with deposition of pink amyloid
in the wall of cortical blood vessels, was also demonstrated (Fig. 7e). The
hippocampus revealed degeneration of neuronal cells of CA1 and CA2
regions (Figures 8c & 8d). In comparison to D-Gal group, mild
improvement with relative increase of normal cerebral cortical and CA1
hippocampal neurons was recorded in D-Gal + BDS and D-Gal + PDS
groups (Table 4). Decreased number of degenerated neurons was
demonstrated in the cerebral cortex of D-gal-BDS group, in which
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Table 2
Effect of D. salina biomass and its isolated polar and carotenoid fractions on the
mean escape latency time in Morris water maze in dementia-induced rats.

GROUPS Acquisition Phase MWM

Mean Escape Latency time (sec)

1 Day 2™ Day 3" Day
Normal 29.47 + 4.24 28.05 + 1.63 26.25 + 1.83
D-Gal 52. 45, + 5.52° 40.6 + 2.59° 38.9 + 3.61°
D-Gal + BDS 40.04 + 2.22 37.45 + 2.71 27.7 + 1.47°
D-Gal + PDS 37.64 + 5.53 34.75 + 2.02 26.55 + 1.44"
D-Gal + CDS 29.92 + 4.18" 31.00 + 1.31" 21.35 + 2.61"
D-Gal + ZH 28.89 + 3.32" 29.56 + 2.01" 23.88 + 1.54"

Data was expressed as mean =+ SEM, n = 6 rats/group.

? Significantly different from the normal control on the corresponding day at P
< 0.05.

b Significantly different from the AD group on the corresponding day at P <
0.05.

neuronal degeneration with neuronophagia was frequent (Fig. 7f).
Hippocampus of this group revealed degeneration of pyramidal neurons
associated with activation of astrocytes (Fig. 8e & f). Decreased number
of degenerated neurons associated with moderate was demonstrated in
both cerebral cortex (Fig. 7h) and hippocampus (Fig. 8g & h) of D-Gal +
PDS group. On the other side, much better amelioration was demon-
strated in D-gal-CDS and D-gal-ZH group, with significant increase of
number of surviving neurons in the cerebral cortex and CA1l hippo-
campal region, with non-significant difference between them (Table 4).
Few degenerated neurons and mild gliosis were demonstrated in the
cerebral cortex (Fig. 7i & j, respectively) and hippocampus (Fig. 8i & j
and k & 1, respectively).
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Fig. 4. Effect of D. salina biomass and its isolated polar and carotenoid fractions
as well as the separated zeaxanthin on mean time spent in the quadrant in
dementia-induced rats.

Data was expressed as mean + SEM, n= 6 rats/group.

& Significantly different from the normal control.

b Significantly different from the AD group at P < 0.05.
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Fig. 5. Effect of D. salina biomass and its isolated polar and carotenoid fractions
as well as the separated zeaxanthin on brain IL-1p (a) and iNOS (b) levels in
dementia-induced rats.

Data was expressed as mean + SEM, n= 6 rats/group.

& Significantly different from the normal control.

b Significantly different from the AD group at P < 0.05.

4. Discussion

A marked symptom in the progression of AD is the impairment of
motor abilities. Several studies have shown a marked decrease in motor
function in patients throughout the progression of the disease. In addi-
tion, motor impairments can be used in predicting the onset and the
outcome of AD [24]. Thus, motor deficits are an important sign to
evaluate AD. In the present study, D-gal induced dementia was
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associated with a marked motor deficiency evidenced by latency falling
time in the rotarod apparatus.

Likewise, MWM test results revealed that prolonged D-gal adminis-
tration damaged rat memory and learning capabilities. Such outcomes
in different literatures are in line with previous findings [25,26]. It has
been reported that the aging process is related to memory deficiency.
The deterioration in memory associated with age is said to be due to
elevation in the redox homeostasis imbalance i.e. elevated oxidative
stress in the aged brain [5,27], which plays a crucial part in the devel-
opment and progression of AD [8]. Recent studies have shown a major
reduction in the memory abilities of senescence in aged rats. These rats
demonstrated spatial deterioration of memory, which was evidenced by
increasing latency time in locating the submerged platform.

Acetylcholine plays a crucial part in cognitive processes, and the
cholinergic system has been linked to various types of dementia,
including Alzheimer’s disease [28]. Cholinergic transmission deficits
have the ability to affect many aspects of cognition and behavior,
including cortical and hippocampal information processing. Disruption
of cholinergic inputs to the cortex can affect attention and the ability to
use instructional signals for ongoing behavior decision-making [29]. On
the other hand, treatment with D. salina biomass and its isolated polar
and carotenoid fractions as well as zeaxanthin, restored brain Ach levels
when compared with the AD-induced groups of rats. These results have
been confirmed by the docking study which presented p-carotene and
zeaxanthin have obvious affinity towards acetylcholinesterase which
prevent the breakdown of Ach thus increase its levels.

In hippocampal memory formation, Ap peptides, like Ap, play a
significant physiological role [30]. There is a balance between the
development and elimination of Af in young brains and under normal
conditions, which preserves Af at steady state. However, in aging, there
are disruptions in the formation of Ap that contribute to AB(1-42)
accumulation and to the formation of senile plaque [31]. Interestingly, it
has been noticed that very low levels of Ap can play a role in neural
progress and cholinergic neurotransmission regulation [32]. Besides, in
reaction to oxidative conditions, neurons overexpress Ap to diminish the
effects of oxidative stress. It also appears that, in addition to neurotox-
icity, Ap(1-42) in higher levels reduces blood flow throughout the ce-
rebral system and accelerates neuronal dysfunction [33]. Remarkably,
treatment of D-gal induced dementia in rats with D. salina biomass and
its fractions exerted an amelioration in the brain AB(1-42) contents
indicating the protective role of the microalgae against age-related de-
mentia. Previous study has attributed the modulatory role of D. salina
towards AD to the reduction in the levels of DNA adducts. It has been
documented that D. salina is considered to have a high carotenoid con-
tent. In addition, in both in vitro and in vivo studies, D. salina extracts
have been shown to contain high levels of antioxidant activities. These
studies have shown that the ameliorative effect of D. salina is due to the
content of 9-cis b-carotene [34]. The docking study also has confirmed
all the previous results and displayed that both ligands; p-carotene and
zeaxanthin have noticeable affinity towards Tau-Tubulin Kinase 1 and
acetylcholinesterase.

Conversely, MBP; the basic protein in myelin sheath of the central
nervous system, significantly inhibits its fibrillary assembly as a novel
AP chaperone. It has been also proposed to have a major role in intra-
cellular signaling by interactions with membrane actin and tubulin [35].
The MBP in the white matter of rats’ brain in each group was observed.
In D-gal group MBP content was decreased as a result of white matter
damage which cause chronic white matter deficiency [36]. The results of
the current study also indicated that D. salina could increase the low
MBP content caused by myelin sheath damage, decrease the damage
caused by inadequate cerebral perfusion to the myelin sheath, and play a
protecting role of the white matter.

Interestingly, a number of studies in AD patients and animal models
of AD pathology have documented myelin loss and breakdown of MBP.
AD risk factors; for instant aging are associated with this loss of myelin
and an elevation of Af peptides [37]. In comparison, regions of white
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Fig. 6. Effect of D. salina biomass and its isolated polar and carotenoid fractions as well as the separated zeaxanthin on brain Ach (a), Ap (b) and MBP (c) contents in

dementia-induced rats.

Data was expressed as mean + SEM, n= 6 rats/group.
2 Significantly different from the normal control.

b Significantly different from the AD group at P < 0.05.

Table 3
Effect of D. salina biomass and its isolated polar and carotenoid fractions on the
brain neurotransmitters levels in dementia-induced rats.

Table 4
Quantitative analysis of surviving neurons recorded in the cerebral cortex and
CA1 hippocampal regions of normal and treated groups.

Neurotransmitter content (ug/g Metabolites contents
GROUPS tissue) (ug/g tissue)
5-HT NE DOP 5-HIAA  HVA DOPAC
Normal 0.32 + 0.21 + 0859+ 033+  0.104 0.090 +
0.02 0.002 0.005 0.04 + 0.003
0.004
D-Gal 0.14 + 0.15 + 0281+ 0.66+  0.098 0.132 +
0.012? 0.009° 0.006% 0.01° + 0.004*
0.004
D-Gal + 0.17 + 0.19 + 0324+ 063+  0.861 0.120 +
BDS 0.01° 0.006% 0.008%° 0.02° +0.02  0.03*
D-Gal + 0.2+ 0.17 + 0.454+ 056+  0.972 0.109 +
PDS 0.022° 0.004% 0.003% 0.03° +0.06  0.009°
D-Gal + 0.26 + 0.20 + 0580+ 045+  0.898 0.099 +
CDS 0.006%" 0.01° 0.02% 0.01%° +0.03  0.04%
D-Gal + 0.23 + 0.18 + 0.670 +  0.48+  0.980 0.091 +
ZH 0.005%" 0.02° 0.01%° 0.01%° +0.04  0.03%"

Data was expressed as mean + SEM, n = 6 rats/group.
2 Significantly different from the normal control.
® Significantly different from the AD group at P < 0.05.

matter abundantly supplied with MBP i.e. corpus callosum, striatum,
show very little deposition of Af. Taken together, these results indicate

an inverse association between MBP and Ap levels. Whether MBP may
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Gliosis Number of surviving neurons Number of surviving Group
in CA1 region of cerebral cortical
hippocampus (count/pm2) neurons (count/pm?2)
Normal 30.70 +£ 1.49 33.71 £ 1.40 Normal
glial cell
Diffuse 17.00 + 1.19° 7.50 + 0.84° D-gal
Moderate 23.57 + 2.29% 12.40 + 0.60%° D-Gal +
BDS
Moderate 25.00 + 2.90°° 13.70 + 1.39 *° D-Gal +
PDS
Mild 27.14 + 3.60° 26.50 + 1.91%° D-Gal +
CDS
Mmild 29.28 + 2.11° 28.50 + 2.25° D-Gal +
ZH

Data was expressed as mean + SEM.
aSignificantly different from the normal control.
bSignificantly different from the AD group at P < 0.05.

actually affect in vivo accumulation of Af, however, remains uncertain
[38].

It has been demonstrated that carotenoids such as zeaxanthin can
improve the neural efficiency. Hence, increasing central zeaxanthin
levels could boost neural performance, both speeding up neural
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conduction and reducing the probability of cross-talking between axons
at the same time [39]. Carotenoids have been shown to be more effective
at defending liposomes from lipid peroxidation than any existing
carotenoid [40].

Age-related decline in the amount of biogenic amines in brain tissue,
i.e. NA, DA, and 5-HT as well as elevation in their metabolites viz. 5-
HIAA and DOPAC were also observed in the current research which
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Fig. 7. Effect of D. salina biomass and its iso-
lated polar and carotenoid fractions on brain
histopathological alterations associated with
dementia induced in rats.

Brain tissue of, (a) normal rats showing normal
cerebral cortical neurons with large cell bodies
and nuclei with single prominent nuclei normal
(black arrows), (b,c,d,e) D-gal group showing
decreased number of normal neurons and
increased number of degenerated neurons,
which appeared with shrunken cell bodies and
intensely stained eosinophilic cytoplasm as well
as a small pyknotic nuclei (red arrows) in
addition to activation of microglia (arrow head)
(b), diffuse gliosis and presence of reactive as-
trocytes with more distinct eosinophilic cyto-
plasm and large eccentric nuclei (black arrow)
(c), deposition of amyloid plaques with eosin-
ophilic core surrounded by astrocytes and
microglia (black arrow) (d) and cerebral amy-
loid angiopathy (black arrow) (e), (f) D-gal-BDS
group showing degeneration of cerebral cortical
neurons (black arrow) associated with neuro-
nophagia (red arrow), (g) D-gal-PDS group
showing decreased number of degenerated
neurons associated with mild gliosis (arrow),
(h) D-gal-CDS group showing pronounced
decrease of degenerated neurons (black ar-
rows), and (i) D-gal-ZH group showing sparse
degenerated neurons (black arrow). (Stain
H&E; Scale bar=100pm).

have been tightly related to cognitive processes such as concentration
and learning. Previous studies have shown that brain neurotransmitters
levels have decreased by age [8]. In the initial stages of AD, serotonergic
dysfunction is most pronounced and 5-HT activity has been decreased
and its metabolite has been found in the post-mortem AD brain. The
temporal cortex of patients with AD had reduced 5-HT reuptake sites as
well as decreased 5-HT and metabolite levels. These disturbances have
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Fig. 8. Effect of D. salina biomass and its isolated polar and carotenoid fractions
on hippocampus histopathological alterations associated with dementia
induced in rats.

Hippocampus of, (a, b) normal rats showing normal neurons (black arrows), (c,
d) D-gal group showing increased number of degenerated neurons (black ar-
rows), (e, f) D-gal-BDS group showing degeneration of hippocampal pyramidal
neurons (black arrow) associated with activation of astrocytes (red arrow), (g,
h) D-gal-PDS group showing decreased number of degenerated neurons asso-
ciated with mild gliosis (black arrow for degenerated neurons and red arrow for
astrocyte), (I, j) D-gal-CDS group showing pronounced decrease of degenerated
neurons (black arrow), and (k, 1) D-gal-ZH group showing sparse degenerated
neurons (black arrow). (Stain H&E; Scale bar=100pm).

been observed in AD in both post-synaptic and pre-synaptic 5-HT sys-
tems [41].

Administration of D-gal has extensively damaged multiple neuro-
transmitter systems viz. serotonergic and dopaminergic systems. The
role of 5-HT and its receptors in various aspects of memory and learning
functions has also been described in preclinical and clinical studies.
Interestingly, the current study has shown that oral treatment of rats
with D. salina biomass and its isolated polar, carotenoid fractions and ZH
exhibited an increase in the brain levels of 5-HT, NE and DA. Moreover,
salina biomass and its isolated polar fraction showed a slight decrease in
the neurotransmission metabolites not yet significant, however, carot-
enoid fractions and ZH showed a marked reduction in the metabolites 5-
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HIAA and DOPAC.

Furthermore, age-related dementia in the current study has dis-
played dramatic incrimination in the brain contents of IL-1p and iNOS.
Previous studies have shown that over-expression of the immune-
modifying cytokine IL-1p produced by microglia and astrocytes
covering Ap plaques occurs compared to age-matched controls in the AD
brain and in animal models of AD [42]. Similarly, it has been demon-
strated that iNOS as key Ap action mediators [43]. Treatment of D-gal
induced dementia in rats with D. salina biomass and its isolated polar
and carotenoid fractions showed a reduction in these inflammatory in-
dicators compared to untreated rats. All of these outcomes has been
confirmed by the histopathological examinations.

5. Conclusion

From all these findings, new sights have been clarified that D. salina
and its fractions particularly its zeaxanthin containing carotenoids as
well as the isolated zeaxanthin could constitute a new therapeutic op-
portunity for learning and memory alterations as a multi-targeting
approach in neuroprotection, neuroregeneration, and other rational
perspectives in novel drug development are highlighted by general
antioxidant and anti-inflammatory pathways. Furthermore, D. salina
counteracts brain aging due to its modulatory role in attenuating Af
protein and neurotransmitters and their metabolites and thus repair age-
related dementia.
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