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ABSTRACT

Background and Objectives: Alzheimer's disecase (AD) is a progressive neurodegenerative disease that causes cognitive
impairment.

The Aim of this Study: Was to evaluate microvesicles (MVs) and melatonin effects on mitochondrial biogenesis and apoptosis
in an experimental model of Alzheimer's disease in rats

Methods: Forty-five female rats were divided randomly (9 rats in each group) intoGpl (control) and experimental groups,
which included: GplI (AD), GplIl (AD+MVs), GpIV (AD+melatonin), GpV (AD+MVs+melatonin). Induction of AD was
done by a single intraperitoneali.p injection of lipopolysaccharide (LPS) of 0.8mg/kg. One week after the AD induction, the
treated groups received a single i.p injection of MVs at a dose of 0.2mg/kg or melatonin by i.p injection of 10mg/kg once daily
for three weeks or combined therapy of both. When the experiment was over, Y-maze & open field tests were used to assess the
cognitive functions. The hippocampus was subjected to histological and immunohistochemical studies for assessment of the
morphological changes. Besides, biochemical investigations were performed for AD pathogenesis, mitochondrial biogenesis,
inflammatory mediators, and apoptosis.

Results: The AD modeling group demonstrated impaired cognitive function, a significant increase in AD markers; AP plaques
deposition in Congo-red stained sections and the levels of AB-42 and p-tau protein, increased apoptotic markers; Casp-3
positive immunostaining and Cyt-c level, a significant reduction in mitochondrial biogenesis markers; gene expressions of
PGC-1a, Nrf-2, TFAM and Sirt-1, affection of the brain energy metabolism represented by the AMPK level. Besides, the IL-6
level increased significantly. The therapy with MVs, melatonin, or combined therapy had a curative role against AD with the
best results in the combined therapy group.

Conclusion: Combined therapy with MVs and melatonin was superior to single therapy for AD.
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INTRODUCTION

The most frequent neurodegenerative disease is
Alzheimer's disease (AD). It is characterized by cortical
and hippocampal shrinkage, enlargement of ventricles,
and abundant evidence of intracellular tau neurofibrillary
tangles andextracellular-amyloid (AP) plaques in the
gross histopathology!!l. In Alzheimer's disease, tau protein
is phosphorylated at several locations, causing tau to be
removed from the microtubule and the microtubule to
collapse, affecting cellular processes such as protein
trafficking and overall cellular morphology™. Another
study has demonstrated a crosslink between mitochondrial
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oxidative stress and the hyper-phosphorylation of tau
protein.The efficient internal antioxidant defense system
prevents tau hyper-phosphorylation and protects against
AD neuropathology®!.

The degree of cognitive impairment in AD has also
been linked to the extent of the mitochondrial accumulation
of AB™. AP was found to impair mitochondrial functions,
including the electron transport chain, reactive oxygen
species (ROS) production, mitochondrial dynamics, and
mitochondrial motility!™.

The mitochondrion is engaged in the pathogenesis of
many neurodegenerative diseases due to its important role
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in regulating cell energy and metabolism. Mitochondrial
defects, such as a lack of oxidative phosphorylation
(OXPHOS), reactive oxygen species (ROS) increase, a
decline in ATP output, and an imbalance in mitochondrial
fission and fusion, are early events in AD patients' and
animal models brain. On the other hand, proteins
implicated in Alzheimer's disease pathogenesis, such
as amyloid precursor protein (APP) and AP, have been
discovered to invade mitochondria and interrupt their
activity”!,

Melatonin is a neurohormone secreted from the
pineal gland and has a regulatory and neuroprotective
role. Melatonin is a potent antioxidant and free radical
scavenger that activates several antioxidative enzymes and
increases mitochondrial energy metabolism. It has been
reported that melatonin level is disturbed in AD, indicating
its involvement in the pathophysiology of AD¥. Melatonin
has a remarkable role in governing the molecular events
that occur during the development of AD disease and
regulating stem cells that can repair brain damage and
may help develop novel strategies for neurodegenerative
disease therapy®.

Melatonin is a known inducer of Silent Information
Regulator Type 1 (SIRT-1)I"%, a NAD+-dependent protein
deacetylase that regulates the key targets via deacetylation
and is a key player in several biological mechanisms
such as inflammation, necrobiosis, and metabolism!'!.
In neurodegenerative diseases, SIRT-1 activation plays
a significant neuroprotective role,according to previous
studies!">¥.  During transcription,SIRT-1 deacetylates
histone and non-histone proteins as PGC-1a (peroxisome
proliferator initiated receptor gamma-coactivator 1 alpha),
which is thought to be a core regulator of mitochondrial
biogenesis!'¥. According to some studies,the pathway of
SIRT-1/PGC-1ahas been shown to mediate the protective
effects of SIRT-111,

Mitochondrial ~ biogenesis is  important  for
mitochondrial homeostasis to be maintainedto satisfy the
physiological needs of eukaryotic cells. Mitochondrial
biogenesis is regulated by multiple elements,such
asnuclear respiratory factor-2 (Nrf-2), which controlsthe
nuclear genes that code for mitochondrial proteins as
well asmitochondrial transcription factor A (TFAM),
which inducesmtDNAtranscription and replication!'®.
PGC-1a regulates the expression of Nrf-2 and TFAM;
thus,the affection of these markers contributes to reduced
mitochondrial biogenesis observed in AD!U7,

Microvesicles are small cell-derived membranous
particles, and their content and surface markers reflect the
cells they are originating from and the underlying pathology.
Therefore, circulating endothelial microvesicles (EMVs)
in differentbody fluids, such as blood, cerebrospinal
fluid, and urine,function as accuratepathophysiological
processes,such as neurodegenerative diseases,
biomarkers!'®. Growing data have shown that mesenchymal
stem cells, dendritic cells, and regulatory T cell-derived

exosomes possess anti-inflammatory, anti-apoptotic,
immunomodulatory, and pro-angiogenic properties!!’.
They can cross the blood-brain barrier and deliver drugs
and genetic elements to treat neurological disorders.They
can act as potent AP scavengers suggesting their role in AP
clearance in the central nervous system!!,

Regulating the status and state of MVs may be a
"Trojan- horse' approach to deliver drugs into the brain and
treat neurodegenerative and other disorders!?!.

The aim of this work was to study how MVs and
melatonin, either separately or in combination, affect
mitochondrial biogenesis and apoptosis in the AD rat
model.

MATERIALS AND METHODS

A) The experimental design

In this study, 45 female albino Wistar rats of similar
age and weight were used (6 months-one year &150-200
gm). Animals were inbred at Cairo University, Faculty of
Medicine, Animal House. They had unrestricted access to
water and ate a regular laboratory diet while being exposed
to a 12:12 hour daylight/dark cycle. The experiment
received ethical approval with the approval number (CU/
III/F/5/18)from Cairo University Institutional Animal Care
and Use Committee (IACUC).

Rats were randomly divided
experimental groupsas the following:

into control and

The control group (Gpl): included nine rats that were
equally subdivided into three subgroups (3 rats in each):

*  Subgroup la: eachrat received a single i.p. injection
of 0.5ml phosphate buffer saline (PBS), the solvent
of lipopolysaccharide (LPS) and MVs.

*  Subgroup Ib: each rat received dailyi.p. injection
of 0.5ml dimethyl sulfoxide, the solvent of
melatonin, for three weeks.

e Subgroup Ic: each rat received a single i.p.
injection of 0.5ml PBS and a daily i.p. injection of
0.5ml dimethyl sulfoxide for three weeks.

Experimental groups

Using a single i.p. injection of 0.8mg/kg LPS in 36 rats,
the AD was induced!®?..

The rats were separated into the following groups after
one week (n=9):

Gpll (AD-induced): the rats received no further
treatment.

GplII (MVs-treated): each rat received MVs as 0.2
mg/kg single MSC-MVs i.p injection!®,

GplV  (Melatonin-treated): each rat received
melatonin by daily i.p injection of 10 mg/kg for 3 weeks?*.

GpV (MVs+Melatonin-treated): each rat received
MVs and melatonin (with the same route and the same
dose of each drug in GplII and GpIV).
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After four weeks from the start of the experiment, all
rats were euthanized.

B) Isolation and identification of bone marrow-
mesenchymal stem cells (BM-MSCs)

BM cells were flushed from the tibia of white albino
rats with PBS.Nucleated cells were isolated with a density
gradient Ficoll-Paque (Gibco-Invitrogen, Grand Island,
NY) and suspended in Roswell Park Memorial Institute
(RPMI)-1640 medium supplemented with 0.5% penicillin
and streptomycin, then incubated with 5% CO2 at 37°C
till reaching 80-90% confluence within 7days. Using
morphology and Florescent Analysis of Cell Sorting
(FACS), cultured BM-MSCs were characterized by
assessingthe positivity and negativity of CD90and CD45,
respectively, which are specific to BM-MSCs.

C) MVs derived from BM-MSCs: preparation and
identification

Microvesicles were extracted from BM-MSC
supernatants cultured in RPMlovernight without Fetal
Calf Serum (FCS). After centrifugationto remove debrisfor
20 minutes at 10,000 g, cell-free supernatants were
centrifuged at 100,000 g (Beckman Coulter Optima L-90K
ultracentrifuge) at 4° C for one hour, washed in serum-
free medium 199 containing N-2-hydroxyethylpiperazine-
N'-2-ethane sulfonic acid (HEPES) 25 mM (Sigma)
and, under the same conditions, applied to the second
ultracentrifugation®!. The MVs were detected using
transmission electron microscopy (TEM) on purified
MVs9 (Figure 1) as well as a polymerase chain reaction
(PCR) study of integrin gene expression.For the integrin
gene, we used the following oligonucleotide primers:
forward, 5'-AATGTTTCAGTGCAGAGC-3'; reverse,

5'-TTGGGATGATGTCGGGAC-3' (accession to gene
bank number: NM017022.2).

orv
5% veeeit Mg BOOOOX

Fig. 1: TEM Ultra-magnification (50000x) for purified MVs showing
their spheroid morphology (arrows)and confirming their size.

D) Assessment of the rats' cognitive functions
Open Field Test

It is the easiest and most cost-effective approach for
evaluating rodent locomotion, exploration, and anxiety.
Usually, the number of line crosses and the frequency
of rearing are reported. A lower degree of anxiety and

increased locomotion and exploration were correlated with
a high prevalence of these behaviors?”,

Y-Maze Test

The natural inclination of rats to select alternate arms
during a Y-maze is known as spontaneous alternation in
rats. It is considered a fast and relatively easy test of spatial
working memory!?®,

E) Biological sample collection

At the experiment end, rats were euthanized by
anesthesia overdose using 90 mg/kg ketamine/15mg/kg
xylazine i.p injection®”. The scalp was reflected, and the
sagittal suture was traced with dissecting blade to obtain
the brain tissue.The harvested right brain hemispheres
were subjected to histological assessment, and the left ones
were subjected to biochemical investigations.

F) Histological Studies
I. Hippocampus preparation

For histological assessment, the harvested brain
hemispheres were placed in Bouin'ssolution for 2 hours,
then removed and placed in a new Bouin's solution for
24 hours. The brain was sectioned coronally to expose
the hippocampus and processed into paraffin blocks. The
specimens were dehydrated in ascending grade of alcohol
(70%, 90%, and 100%), cleared in xylene to be embedded
in paraffin.

I1. Hematoxylin and Eosin (H&E) Staining

Using a microtome (Leica RM 2025, Germany),
Serial sections (5-7 m thick) were placed on glass slides
and rehydrated in descending alcohol grades before being
stained with H&Eand examined at Histology Department,
Faculty of Medicine, Cairo University®.

III. Congo Red Staining

The sections were de-paraffinized, rehydrated in
descending grades of alcohol then stained by Congo Red
solution (0.2%) for 20 minutes. The sections were rinsed
in distilled water, dehydrated, cleared in xylene, mounted,
and covered with a glass slide. The AP plaques were
observed and illustrated as darkly stained cytoplasmic red
plaquest!l.

IV. Immunohistochemical Staining

The paraffin-embedded hippocampal sections were
dewaxed and rehydrated. Endogenous peroxidase was
blocked for 15 minutes, followed by washing in PBS.
Retrieval was done by microwave-heating for the tissue
sectionsfor 20 min in 10mM citrate buffer (Neomarkers',
Cat. # AP-9003), pH 6, followed by cooling for 20 min at
room temperature. The sectionswith the primary antibodies
were then incubated in the humified chamberduring the
night at room temperature. Anti-cleaved caspase-3 (Casp-
3) rabbit polyclonal antibody (NEO markers, Thermo
Scientific Laboratories-USA, Cat. # RB-1197-R7) was
used as in a dilution of (10pg/ml) as an apoptotic marker
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indicator. One step mouse/rabbit poly-detector DAB HRP
brown (Bio SB-USA, Cat. # BSB 0201) was used to
visualize the antigen antibody-positive reaction. Mayer's
hematoxylin was used for counterstaining of the nuclei.
The Casp-3 positive cells showed brown cytoplasmic
depositst?,

G) Biochemical Investigations

1. Detection of gene expression of PGC-1a, Nrf-2,
TFAM, SIRT-1 and cytochromec by real-time PCR

RNA extraction from brain tissue: to isolate total
RNA from brain tissue homogenate, the SV Total RNA
Isolation System was used (Promega, Madison, WI, USA).
Using a UV spectrophotometer, the concentration of RNA
was measured.

c-DNA synthesis:using high capacity c-DNA reverse
transcription kit (Cat. #K1621, Fermentas, USA), the
total RNA (1ug) was used for c-DNA conversion.Random
primers (3ul)were appliedto the 10 pul of RNA, denaturedin
the thermal cyclerat 65°C for 5 minutes. The temperature
of the RNA primer mixture was lowered to 4°Cand reverse
transcription mixture containing 5 plfirst-strand buffer,
2 ul of 10 mM of deoxyribonucleotide triphosphate
(dNTP), 1 pl RNase inhibitor (40 U/ul), 1 pl of moloney
murine leukemia virus reverse transcriptase (MMLV-RT
enzyme -50 U/ul), and10 pl DEPC-treated water. For each
sample,the master mix total volume was 19 ul. This was
added to the 13 pl RNA-primer mixture. The last mix was
incubated at 37°C for 1 hour in the programmed thermal
cycler, followed byenzyme inactivationfor 10 minutes at
95°C before its temperature was lowered at 4°C. RNA was
then converted toc-DNA. Minus 20°C was used to store
the transformed c-DNA.

Real-time qPCR using SYBR Green I: An Applied
Biosystem with software version 3.1 (StepOneTM,
USA) was used to perform real-time qPCR amplification
and analysis. At the annealing temperature, the qPCR
assay with the primer sets (Tablel) was optimized. All
c-DNA including previously prepared samples (for
cytochromec, PGC-la, TFAM, Nrf-2, and SIRT-1gene
expression), internal control (for B-actin gene expression
as housekeeping gene), and non-template control (water to
confirm the absence of DNA contamination in the reaction
mixture), were in duplicate.PCR reactions consisting of
50°C for 2 min (1 cycle), 95 °C for 15 s, 60°C for 1 min, and
72°C for Imin (40cycles), were performed on step one plus
Real-Time PCR system (Applied Biosystems). ABI Prism
7500 sequence detection system software was used for the
data analysis. Data quantification was done using the v1.7
Sequence Detection Software from PE Biosystems (Foster
City, CA). Using the method of the comparative threshold
cycle, the relative expression of the studied genes was
computed.All values were normalized to the beta-actin
genes. All these steps were described by,

Table 1: Primers’ Sequences

Gene Primer sequence
Cvt Forward primer:5-TTTGGATCCAATGGGTGATGTTGAG-3'
yte Reverse primer:5’TTTGAATTCCTCATTAGTAGCTTTTTTGAG-3'
PGC-1 Forward primer:5’-CATTGAGGTGTATTTCACGG -3
e Reverse primer:5’-GGCAAGTGGCCATTGTGTTC -3
TFAM Forward primer: SAAAAATCTGTCTCATGATGAAAAGCAG-3'".
Reverse primer: 3' CTTCATTTCATTGTCATAACGAATTCTAT-3’
Nrf2 Forward primer: 5'-CTTTTGGCGCAGACATTCC-3".
b Reverse primer:5'-AAGACTGGGCTCTCGATGTG-3".
SIRT-1 Forward 5°-TCG TGG AGA CAT TTT TAA TCA GG -3°,
. Reverse 5’-GCT TCA TGA TGG CAA GTG G-3’
. Forward primer :5’-~AGGTCGGAGTCAACG GATTTGGT-3
Beta actin

Reverse primer:5’- CATGTGGGC CATGAG GTC CACCAC-3

1I. Enzyme-Linked ImmunoSorbent Assay (ELISA)
in estimation of the levels of IL-6, AB-42, and p-tau

Following the instructions of the manufacturer,
estimation of [IL-6 was done by ELISA kit supplied by R&D
system-USA; estimation of AB-42 was done by rat amyloid
beta-peptide 1-42 ELISA kit (My Biosource-USA). Rat
phospho tau protein (p-tau) ELISA kit (MyBioSource-
USA) was used for estimation of p-tau

Estimation of AMPK Protein by Western Blot
Technique

In 4001 RIBA lysis buffer PLOO0S, brain tissue (50 mg)
was homogenized using a Bio Basicpolytron homogenizer
(Markham Ontario L3R 8T4 Canada).The supernatant
was collected after centrifuging the homogenate at 4°C for
30 minutes. At -80°C, the samples were held before they
were used. After boiling for 5 minutes at 95° C, samples
(20 mg/lane) were applied toa SDS-PAGE gel (7%) then
transferred to nitrocellulose membranes (Bio-Rad-USA).
The membrane was blocked for 1 hour at room temperature
in tris-buffered saline with Tween 20 (TEST) buffer and 3 %
bovine serum albumin (BSA), then incubated overnight at
4°C with primary antibodies specific for AMPK (Cat.#07-
350) at dilution factor 1:2000 (Thermo Fisher, USA). The
membranes were washed for1 0 minutes3 times with TBS-T
before being incubated for 1 hour at room temperature
with a secondary horseradish peroxidase-conjugated (Goat
antirabbit [gG- HRP-Img Goat mab -Novus Biologicals)
Enhanced chemiluminescence (ClarityTM Western ECL
substrate - Bio-Rad-USA, Cat. #170-5060) was used to
visualize proteins. With a CCD camera-based imager, the
chemiluminescent signals were recorded. On the Chemi
Doc MP imager, software for image analysis was used to
compare the target proteins band strength to the control
sample after beta-actin normalization.

H. Morphometric and Statistical Analysis

The "Leica Qwin 500 C" image analysis computer
system Ltd (Cambridge, UK) wasused. For each group,
five slides of five different specimens were examined with
five non-overlapping fields at a magnification of x100.The
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following parameters were assessed:

1. The area % of AP plaques in Congo red-stained
sections.

2. The area % of Casp-3 +ve immuno-stained cells in
Casp-3 immuno-stained sections.

Data analysis was done using SPSS software version 22.
Numerical data werepresentedusing means and standard
deviations. ANOVA testwas used to compare groups when
comparing more than twogroups. Multiple comparisons
were done and adjusted using post hoc testsi®**l. Pearson
correlation coefficient was used for correlation analysis?!.

RESULTS

No variations were observed between subgroups Ia,
Ib and Ic, so their findings will be discussed as group I
(control group).

Improvement of the cognitive functions in melatonin
and MV’ treated rats

In AD-induced group, the cognitive functions were
signigicantly decreased as compared to control group
(group I). All treated groups displayed a significant increase
in the cognitive functions as compared to AD group but
still significantly decreased as compared to the control
group. Interestingly, a significant increase was observed in
the cognitive functions of group V as compared to groups
&IV (Figure 2).

Melatonin and MVs therapy protected against
neurodegenerative changes in AD

In the control rats, light microscopic inspection of H&E-
stained hippocampus sections (Gpl) revealed C-shaped
hippocampus proper formed of the cornuammonis, which
consisted of four regions as CAl, CA2, CA3, the hilus
regions, and the dentate gyrus having upper and lower limbs
(Figure 3A). Three layers were observed; polymorphic,
pyra—midal and,molecular layers. The polymorphic
and molecular layers showed glial cells within the
eosinophilic neuropil, while the pyramidal layer was the
most characteristic layer located between the previous two
layers. This pyramidal layer illustrated the pyramidal cells
with prominent nucleoli and vesicular nuclei (Figure 3B).

Sections of the hippocampus (CA1 and CA3 regions)
from the AD group (Gpll) demonstrated multiple shrunken
degenerated pyramidal cells having dark eosinophilic
cytoplasm with pyknotic nuclei and surrounded by
pericellular spaces (Figure 4A).

Animals that received a single treatment with MVs
therapy (GplIl) or melatonin therapy (GpIV) revealed mild
to moderate neurodegenerative changes in the pyramidal
layer. Some of the pyramidal neurons displayed vesicular
nuclei and prominent nucleoli.

In contrast, others were still shrunken and degenerated
(Figures 4B,5A). Combined treatment administration
in MVs and Melatonin group (GpV) showed substantial

protection and normal hippocampus structure as the
pyramidal layer showed multiple pyramidal cells with
prominent nucleoli and vesicular nuclei. Yet, few
degenerated cells were observed (Figure 5B).

Melatonin and MVs therapy markedly decreased
p-amyloid plaques deposition in AD

Light microscopic examination of Congo red staining
of the control rat hippocampus revealed no obvious red AP
plaques deposition in the pyramidal cells of the pyramidal
layer (Figure 6A). Group II showed a marked deposition
of red AP plaques in all layers of the hippocampus
(Figure 6B). AP plaques mean area percent (%) was
significantly increased in Group II as compared to the
control group (Figure 10A). Groups III & IV revealed
red AP plaques in some cells of the hippocampus
(Figures 7A,B). The mean area % of AP plaques in groups
I & IV was significantly increased as compared to
control group, and significantly decreased as compared
to AD-induced group (Figure 10A). Meanwhile, groupV
appeared normal with no red AP plaques deposition in
the hippocampus cells (Figure 7C) in most of fields. The
mean area % of AP plaques in groupV was significantly
decreased as compared to groups III & IV (Figure 10A).

Melatonin and MVs therapy markedly reduced
Casp-3 immunostaining in AD

Light microscopic examination of Casp-3 immuno-
staining (IS) the control rat hippocampus (group I) revealed
negative IS in pyramidal layer cells (Figure 8A). Group
II revealed multiple positive IS in the pyramidal layer
cells (Figure 8B). The mean area % of Casp-3 immuno-
staining showed a significant increase as compared to the
control group (Figure 10B). Groups III & IV showed some
positive IS in the pyramidal layer cells (Figures 9A,B). The
mean area % of Casp-3 immuno-staining was significantly
increased in groups Il & IV as compared to the control
group and significantly decreased as compared to AD-
induced group (Figure 10B). Meanwhile, groupV exhibited
negative IS in the cells of the pyramidal layer in most of the
fields (Figure 9C). Group V revealed a significant decrease
as compared to groups I1I & IV (Figure 10B).

Therapy with melatonin and MVs decreased the
pathological markers of AD (Af-42 and P-tau)

In terms of AB-42, AD group revealed a significant
increase in its level as compared to control group. All
treated groups showed a significant decrease in its level
compared to the AD group. Its level was significantly
decreased in GpV (MVs+Melatonin) compared to Gp IV.
(Figure 11A).

P-tau level, AD group revealed a significant increase
in its level as compared to control group. Its level was
significantly decreased in all treated groups compared
to the AD group. However, in comparison to the control
group, it was still significantly higher in Gp III and Gp IV.
(Figure 11B).
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Melatonin and MV’s therapy improved mitochondrial
biogenesis

The expression of mitochondrial biogenesis markers
(PGC-1a, Nrf-2, TFAM, SIRT-1) was significantly lower
in the AD group than in the control. At the same time, it was
increased significantly in all treated groups in comparison
to the AD group, especially the GpV compared to Gps III
& 1V. Compared to GplV, sirt-1 expression significantly
was increased in GpV (Figure 11C).

Melatonin and MVs therapy improved cellular
energy

Compared to the control, AD group showed a significant
decline in AMPK expression. All treated groups showed
a significant increase in AMPK expression as compared

to AD group,yet they were decreased significantly in
comparison to the control group (Figures 11D,E).

Melatonin and MVs therapy improved the cellular
apoptosis

In comparison to the control group and all the treated
groups, Cyt-c gene expression showed a significant
increase in the AD group. Compared to Gps &IV, GpV
showed a significant reduction in Cyt-c gene expression
(Figure 11F).
Melatonin and MVs therapy improved the neuro-
inflammation

In comparison to control group and all the treated
groups, AD group had a significant rise in IL-6 level.
In contrast to to Gps II&IV, GpV showed a significant
reduction in IL-6 level (Figure 11G).

Line crossing n. of rearing Spontaneous alternation
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Fig. 2: Cognitive functions assessment for number of line crossing, number of rearing and spontaneous alternation. Data were expressed as Mean + SD, (a)
Significant (p value <0.05) difference versus the control group; (b) Significant difference versus AD group; (c) Significant difference versus MVs-treated and

Melatonin-treated groups.

Fig. 3: Photomicrographs of H&E-stained hippocampus of the control group. (A): the hlppocampus proper is formed of the cornuammonis as CA1, CA2, CA3
the hilus (H) regions and the dentate gyrus (DGy) having upper and lower limbs (40x). (B): A higher magnification shows the three layers of the hippocampus;
polymor—phic layer (P1), pyramidal layer (Pr) and molecular layer (Mo). The pyramidal layer illustrates pyramidal cells with vesicular nuclei and prominent
nucleoli. The molecular layer displays glial cells (G) among eosinophilic neuropil (N). (400x)
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Fig. 4: Photomicrographs of H&E-stained hippocampus (400x) show: (A)Gpll: the pyramidal layer (Pr) with multiple shrunken pyramidal cells which have
dark eosinophilc cytoplasm and pyknotic nuclei surrounded by pericellular space (arrows). (B) GpllIl: some shrunken pyramidal cells with dark eosinophilic
cytoplasm, pyknotic nuclei and surrounded by pericellular space (arrows).
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Fig. 5: Photomicrographs of H&E-stained hippocampus(400x) show: (A) GplV: many preserved pyramidal cells with vesicular nuclei and prominent nucleoli.
Some degenerated pyramidal cells (arrows) are noted. (B) GpV: the pyramidal layer (Pr) illustrates most of the pyramidal cells with vesicular nuclei and
prominent nucleoli. Few degenerated pyramidal cells (arrow) are observed.
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Fig. 6: Photomicrographs of Congo red stained rat hippocampus (400x): (A) Control Gp: showing no red A plaques deposition in the hippocampus layers. (B):
Gpll: exhibiting extensive positively Congo red stained cytoplasmic AP plaques (arrows) accumulated in all layers of hippocampus.

Fig. 7: Photomicrographs of Congo red stained rat hippocampus (400x): (A) Gplll& (B): GpIV: reveal some positively Congo red stained A plaques (arrows)
accumulated in all layers of hippocampus. (C): group V: showing no clear red A plaques deposition in hippocampus layers.
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Fig. 8: Photomicrographs of rat hippocampus immunohistochemically stained with anti-Casp-3 antibody (400x): (A) Control group:

pyramidal cells. (B): Groupll: reveals multiple pyramidal cells with Casp-3 +velS (arrows).

shows negative IS in the

Fig. 9: Photomicrographs of rat hippocampus immunohistochemically stained with anti-Casp-3 antibody (400x): (A)&(B) Gps III &IV: shows some positive
IS in the pyramidal cells(arrows). (C): GpV: reveals negative Casp-3 IS in the pyramidal cells.

p

Area % of Congo red positively

stained plaques

14

Control

Melatonin

Area % of Casp-3 immuno-staining 0

Control

Fig. 10: Histograms illustrating the mean area % of of f-amyloid plaques &Casp-3 immuno-stained cells AD. Data were expressed as Mean + SD, (a)
Significant (p value <0.05) difference versus the control group; (b) Significant difference versus AD group; (c) Significant difference versus MVs-treated and

Melatonin-treated groups.
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Fig. 11: A) The level of AB-42; B) The level of P-tau; C) The level of mitochondrial biogenesis markers expression (PGC-a, Nrf-2, TFAM, Sirt-1); D) Protein
expression of AMPK by western blot analysis; E) Quantification of the AMPK expression; F) The level of Cyt-c gene expression; G) The level of IL-6. Data
were expressed as Mean + SD. (a) Significant (p value <0.001) difference versus the control group; (b) Significant difference versus AD group; (c) Significant
difference versus MVs-treated group. (d) Significant difference versus Melatonin-treated group.
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DISCUSSION

The most frequent neurodegenerativeage-related
disease is Alzheimer's disease (AD). It is marked by
neuronal cell loss and progressive brain atrophy, which
results in cognitive decline®®®. This work aimed to study
the effect of the BM-MSCs microvesicles and melatonin
separately or as a combined therapy on mitochondrial
biogenesis and apoptosis in the rat model of AD.

In this work, a single i.p. injection of 0.8mg/kg
lipopolysaccharide (LPS) successfully induced AD. In
comparison toall treated groups and the control group,
the AD group (Gpll) showed a significant decline in
cognitive functions. Examination of the H&E-stained
sections showed multiple shrunken degenerated pyramidal
cellsexhibiting dark eosinophilic cytoplasm with pyknotic
nuclei and surrounded by pericellular spaces in CAl and
CA3 regions of the hippocampus. Mean area % of AP
plaques in Congo red-stained sections showed a significant
increase. Besides, significant increases in p-tau and Ap-42
levels were observed. It was documented that the cognitive
impairment in AD is related to the accumulation of p-tau
aggregates and fibrils in the degenerating neurons®”. Our
findings agreed with other authorsP**!. Another study
showed that survived neurons number was significantly
decreased or disappeared in the transgenic AD model, and
serious damage to the neurons was observed, including loss
of integrity™’). It was documented that the histopathological
stigma of AD is the neurodegeneration of the brain with
the deposition of neurofibrillary hyperphosphorylated
tau protein and the AP peptidest*!!. Hyperphosphorylated
tau protein is a key component of neurofibrillary tangles,
which may be used as an early indicator of Alzheimer's
disease!?. Another study also showed that AD exhibited
an increase in AP plaques and a decrease in the neuronal
population of the hippocampus compared to cortex
and white matter by Congo red staining!). These Ap
plaques inhibit the antioxidant enzymes activity,trigger
reactive oxygen species (ROS) generation, and disrupt
mitochondrial function, resulting in the neuronal oxidative
and non-resolving inflammatory response*4!,

Senile plaques in AD patients' brains are associated with
an increase in inflammatory cytokines as IL-6*1. In the
current analysis, the AD group had a significantly higher
level of IL-6 than the control and all of the treated groups.
This was in line with other studies that observed increased
IL-6 cytokine production in AD patients, indicating
abnormal cellular immunity in these patients™*. This also
agreed with another study that reported that patients with
AD had higher IL-6 levels than the healthy controls*”.

Mitochondrial dysfunction in AD increased ROS
production, which initiated lipid peroxidation of the
cell membrane by promoting p-tau aggregation! and
enhancing the neurodegenerative  changes®.This
mitochondrial dysfunction in AD was proved by measuring
different markers for mitochondrial biogenesis as silent
information regulator Type 1 (SIRT-1), nuclear respiratory

factor-2 (Nrf-2), peroxisome proliferation activator receptor
gamma-coactivator la (PGC-la), and mitochondrial
transcriptional factor A (TFAM). SIRT-1 has been the most
widely investigated sirtuin, especially in models of aging
and neurodegenerative disorders as ADPC. Sirtuins are
involved in cell cycle regulation, DNA repair, cell survival,
and apoptosis.PGC-1a is a transcriptional co-activator that
promotes mitochondrial biogenesis and respiration, as
well as adaptive thermogenesis and gluconeogenesis?!.
Nrf-2 is a transcription factor that controls antioxidant gene
expression. In the presence of oxidative stress, Nrf-2 is
released and then bound to antioxidant response elements
that activate the synthesis and release of antioxidant
molecules®.  The TFAM controls mitochondrial
transcription and retains mitochondrial DNA, which helps
to preserve mitochondrial homeostasis. TFAM binds
mitochondrial DNA and protects it from ROS damage**!.
In the AD group, compared toall the treated groups and
the control group,our study showed a significant decrease
in SIRT-1, PGC-1a, Nrf-2, and TFAM gene expression.
Nrf-2 deficient mice had higher insoluble p-tau and
AP56 levels and increased signs of oxidative stress and
neuroinflammation. These findings suggest that the lack of
Nrf-2 replicates a prodromal condition of human AD that
is aggravated by the loss of Nrf-2-related homeostasis®*l.

AMP-activated protein kinase (AMPK) is a vital
intracellular energy sensor associated with energy
metabolism?l.  AMPK activation suppresses ATP-
consuming and protects against stress-mediated cellular
pathophysiology®®. Activation of AMPK facilitates
autophagy and promoteslysosomal degradation of A
plaquesP”. In the present study,in comparison toall the
treated groups and the control group, the AMPK level
in the AD group was significantly lower. This could be
explained by the oxidative stress involved in AD.

Regarding the apoptotic changes observed in this study,
Casp-3 immunostaining and Cyt-c results confirmed these
changes. In comparison to all the treated groups and the
control group, the mean area % of casp-3 immunopositive
cells and Cyt-c gene expression significantly increased
in the AD group. Cytochrome-c acts as a key initiator of
apoptosis by facilitating the assembly of apoptosomes that
activates caspase cascade as Casp-3 leading to cellular
death¥, Other authors confirmed our findings, reporting
that AP oligomers trigger Cyt-c release from neuronal cell
mitochondria, which is an important phase in apoptosis.
It induces a cascade of caspase activation, which results
in cell death in Alzheimer's diseasel®. Moreover, it was
demonstrated that increased oxidative damage of ROS
in AD targets DNA proteins and lipids, leading to cell
apoptosis®,

All treated groups in this study showed improvement
in cognitive functions. This agreed with other authors
who reported that melatonin could protect against
dementia and improve the cognitive performance in AD
transgenic mice by decreasingthe p-tau burden in the
hippocampus!®!l. Moreover, intravenous administration of
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adipose-derived stem cells also showed beneficial effects
in dementia of induced ADI®?. In this study, single therapy
in GpllIl or GplVrevealed mild to moderated protection.
Some pyramidal neurons displayed vesicular nuclei
with prominent nucleoli. Others were degenerated with
reduction of AP plaques depositionin Congo-red stained
sections.

In contrast, the combined administration of MVs
and melatonin displayed synergetic improvement in
the hippocampus structure against the degenerative
AD changes with a significant decrease in AP plaques
mean area % in Congo-red stained sections and p-tau
and AB-42 levels as compared to single therapy groups
(Gplll & GplV).The MVs have immunomodulatory,
anti-inflammatory, and neuroprotective effects capable
of stimulating tissue regeneration®. Moreover, other
authorsdemonstrated that intracerebral infusion of neuronal
MVs into the brains of amyloid protein precursor (APP)
transgenic micedecreased amyloid depositions, suggesting
neuronal MVs key role in clearing AP in the brain!®.
The protective effect of melatonin is explained by other
authors who stated that melatonin is an antioxidant that
may help reduce proinflammatory cytokines expression,
mitochondrial dysfunction, and neuronal cell death in
Alzheimer's diseasel®). Also, melatonin exerts anti-Af
aggregation effects and prevents neurotoxicity.

Regarding neuroinflammation in this study, we
observed improvement in all the treated groups with a
significant IL-6 declinein the combined therapy group
(GpV) than single therapy groups (GpllIl & GplV). This is
consistent with other authors who reported that melatonin
inhibited LPS-induced production of inflammatory
cytokines TNF-a, IL-18, and IL-6 in mouse mammary
cellst®!. Another study also showed that melatonin could
reduce IL-6 levels in a concentration-dependent mannert®”,
Other authors reported that transplantation of MVs derived-
MSCs could significantly reduce the elevated serum levels
of IL-6 in concanavalin A-induced hepatitis in mice!®®,

Another study observed that genes regulating
mitochondrial  biogenesis (PGC-la, TFAM, and
Nrf-2) had been downregulated in AD patients' postmortem
brains compared with age-matched control subjects
indicating that these genes have an inverse relationship
to AD pathogenesis®!. All the treated groups showed
improvement in mitochondrial biogenesis with a significant
increase in SIRT-1, PGC-1a, Nrf-2, and TFAM expression
in the combined therapy group than the single therapy
groups. This was in line with other authors who showed
an inverse association between melatonin treatment and
aging with a simultaneous increase in SIRT-1 level in the
dentate gyrus of ratsl’?. In contrast,other authors reported
that melatonin's anti-inflammatory effects occur due to
up-regulation of SIRT-1 as observed in the ischemic brain
injury model”. Melatonin also could inhibit oxidative
stress and apoptosis by activating the PGC-1a/Nrf2
signaling pathway!?. This is consistent with other authors
who observed decreased hippocampal TFAM in Af-

injected rats and when treated with melatonin”. Adipose-
derived stem cells MVs treatment showed normalization
of PGC-1a expression level™. AMPK levelsignificantly
increased in GpVcompared tothe single therapy groups.
These results agreed with other authors who indicated
that melatonin increased AMPK phosphorylation and, as
a result, expression levels in a dose-dependent mannert’..

The present study showed neurogenesis in all the treated
groups with paid attention to the combined therapy group, in
which the mean area % of Casp-3 positive immunostained
cellsand Cyt-c levelsignificantly decreased compared
to the single therapy groups. This was followingother
authorswho showed that treatment with melatonin
protects against apoptosis and cellular dysfunction by
decreasing cyst-c expression in diabetic micel’®l. Another
study documented that MVs can reduce neuronal loss
by blocking apoptosis and increasing neurogenesist’’.
Besides, MVs can transfer several functional molecules
like proteins, lipids, and regulatory RNA, modifying cell
metabolism and promoting the recruitment, proliferation,
and differentiation of other cells like neural stem cells.
Thus, MVs and melatonin proved to have a synergetic
protective effect against neurodegeneration in induced AD.

CONCLUSION

Our results revealed different therapeutic regimens
for AD. With the morphological examination of the
hippocampus structure and all biochemical parameters
measured, we could conclude that a combined therapy
(melatonin and MVs) could be superior to one therapeutic
agent.
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