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Background: Loss of normal function is an inevitable effect of aging. Several factors contribute to the aging process, including
cellular senescence and oxidative stress.

Methods: We investigate how Arthrospira platensis Nanoparticles (NSP) protect against aging injury induced by d-galactose (D-gal)
in the rat. So, we subcutaneously (S/C) injected D-gal at 200 mg/kg BW to see if Arthrospira platensis Nanoparticles (NSP) might
protect against the oxidative changes generated by D-gal. NSP (0.5 mg/kg body weight once daily by gastric gavage) was given to all
groups apart from the control and D-gal groups. The d-gal + NSP group was supplemented with 200 mg of D-gal per kg BW once
a day and NSP 0.5 mg/kg BW given orally for 45 days. Biochemical, mRNA expression, and histological investigations of brain
tissues were used to evaluate the oxidative alterations caused by d-gal and the protective role of NSP.

Results: Our data demonstrated that d-gal was causing significant reductions in relative brain and body weight with increased
malondialdehyde (MDA) and redox oxygen species (ROS) levels and increases in serum creatine phosphokinase (CPK) and creatine
phosphokinase isoenzyme BB (CPK-BB) with marked decreases in the level of antioxidant enzyme activity in the brain and
acetylcholinesterase activity augmented with a phosphorylated H2A histone family member X (y-H2AX) level increased. The D-gal
group had considerably higher phosphorylated p38 mitogen-activated protein kinases (P38MAPK) and C-Jun N-terminal (JNK)
kinases. The d-gal administration stimulates the apoptotic gene expression by downregulating the brain superoxide dismutase (SOD),
catalase (CAT), and nuclear factor erythroid 2—related factor 2 (Nrf2). The NSP administration saved these parameters in the direction
of the control. The brain histopathologic and immunohistochemistry analysis findings support our findings on NSP’s protective role.
Conclusion: The NSP may be a promising natural protective compound that can prevent aging and preserve health.
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Introduction

The increase of reactive oxygen species (ROS) and decreased antioxidant capabilities are two significant contributors to
the deterioration that characterizes the aging process.' When looking for anti-aging medications, the d-galactose (D-gal)-
induced aging model is frequently employed.? Proteins and peptides include free amines that can react with D-gal when it
build up in the body, producing advanced glycation end products (AGEs).> Therefore, AGEs engage with particular
receptors (RAGE) in numerous cell types, inducing the activation of the downstream nuclear factor kappa B (NF-kB),
leading to ROS formation, which may hasten the aging process.* Increased levels of ROS, such as superoxide anion and
nitric oxide, cause cellular damage in proteins, lipids, and DNA that can promote the development of various diseases.’®
Antioxidants derived from natural sources are gaining popularity to protect cells from oxidative damage and reduce the
production of harmful free radical species.’” Spirulina is the common name for the fresh blue-green algae Arthrospira
platensis, a filamentous cyanobacterium rich in phytochemical components such as essential amino acids and lipids.
Carotenoids, other pigments, and riboflavin, a B vitamin, are all present.® Aspergillus is a significant contributor of fungal
secondary metabolites, which have several biological applications.” Anticancer and antioxidant activities are hallmarks of
A. awamori supplementation, which also boosts growth efficiency and reduces lipid peroxidation in skeletal muscle.'®!!
A. awamori contained high levels of several compounds with antioxidant action, including coumarins, glucose, saponins,
flavonoids, and tannins.'? Because of their small size and active surface, nanoparticles are unlike any other active
chemical; unlike traditional particles, they can remain in the bloodstream for a longer time, resulting in high and effective
activity.'® This paper investigates the potential intracellular pathway by which A. platensis nanoparticles ameliorate D-
gal-induced aging harm in male rats. To assess if NSP has antioxidant capability, we looked at its effects on the oxidative
alterations brought on by the D-gal-aging model in the brains of rats.

Ethical Guidelines

The Animal House Ethical Committee at Kafrelsheikh University’s School of Veterinary Medicine in Egypt approved all
of the experiments in this study (Code. VKSU 01/3/22). The rats were cared for following the ethical guidelines
established by the National Institutes of Health (NIH).

Animal

Thirty-six male Wistar rats weighing 155+ 2 g were utilized in this experiment. Tweleve h of darkness and 12 hof light, with
ad libitum food and water. All experiments were conducted following the standards set forth by the ethical committee of
Egypt’s Kafrelsheikh University. The rats were treated humanely following National Institutes of Health recommendations.

Rats were adapted for ten days before the experiments. The ingredients of the basal diet follow Atta et al'*

Preparation of Nanoparticles of Arthrospira Platensis (NSP)

Algae Biotechnology Unit in Giza, Egypt, gave us 1 g of 4. spirulina. After being suspended for an hour in 100 mL of
distilled water with stirring, the suspension was warmed at 50 for three hours, and the ultrasonication process was
performed to high dispersion and more extract purity. The addition of 5g of the spirulina extract to 50 mL of 0.5
g synthesized Se NPs, which was prepared by the precipitation method by reduction process of the sodium selenite
solution through hydrazine hydrochloride as a reducing reagent, and the Se NPs formed after washing and drying. The
addition of Se NPs to the spirulina extract for shrinking the spirulina particles and giving it in the nanoscale. The mixture
was ultrasonicated for 1 h, then left stirring overnight at room temperature, the obtained spirulina nanoparticle was
centrifugated. The resultant was washed and dried, then characterized with different techniques such as scanning electron
microscopy (SEM), X-ray diffraction (XRD), dynamic light scattering (DLS), and UV-Vis spectroscopy (UV-Vis). The
synthesized NSP diameter appeared at 158 nm. (See Figure 1S. Scanning electron microscopy-energy dispersive X-ray
analysis (SEM-EDX) of NSP).
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Experimental Protocol
Rats were randomized into four groups (9 rats /group), with the control group receiving distilled water via a stomach tube
and a subcutaneous (S/C) injection of physiological saline solution (0.9%); the D-gal group receiving a S/C injection of

200 mg per kg /BW of D-gal dissolved in saline solution daily for 45 days;'>"'®

in addition to the third group, the rats
were received NSP (0.5 mg/kg body weight),'” one time daily using the stomach tube. The fourth group co-treated with

both D-gal+ NSP using the dose mentioned above for 45 days using the stomach tube.

Blood and Tissue Sample

After the experiment, the rats were given an intravenous dose of pentobarbital (30 mg/kg).'* Serum was extracted from blood
samples by centrifuging at 5000 RPM for 15 min. Histopathology and immunohistochemistry analyses were performed on rat
brains after they were washed in phosphate buffer saline (PBS, pH 7.4) and preserved in 4% paraformaldehyde dissolved in
PBS for 48 h. Other brain regions frozen at —80 "C can be used for gene expression analysis.

Biochemical Analysis and Brain Oxidative Stress Markers

The serum CPK and CPK-BB activities were measured using commercially available diagnostic kits from Biodiagnostic Co.,
Egypt. The measurement was performed spectrophotometrically, following the instructions provided by the manufacturer.
The YH2AX levels in brain tissue homogenate were measured using an ELISA method. The ELISA kit used for this analysis
was supplied by Sun Red Biotechnology Co. (Shanghai, China) with the catalog number #: 201-11-1762.

Brain homogenates were analyzed for oxidative damage after being preconditioned in PBS. GSH levels activity were
evaluated following Beutler et al'® using (Biodiagnostic, Giza, Egypt) which utilizes the reduction of 5,5 dithiobis 2-nitro-
benzoic acid (DTNB) by glutathione. The resulting product was then measured at a wavelength of 405 nm. The measurement
of superoxide dismutase (SOD) activity involves the utilization of xanthine and xanthine oxidase to produce superoxide
radicals. These radicals then react with 2-(4-iodophenyl)-3-(4-nitrophenyl)-5-phenyltetrazolium chloride, forming a red
formazan dye. This reaction’s inhibition level determines the activity of superoxide dismutase following Flohe'® using a
ready-to-use kits (Biodiagnostic, Giza, Egypt). CAT activity was measured using a colorimetric method based on Aebi’s *°
approach. Each CAT unit decomposed one uM of H,O, per min at 25 °C and pH 7.0. The reaction involved CAT reacting with
known amount of H,O,, which was then stopped after 1 min using a CAT inhibitor. The remaining H,O, reacted with specific
reagents to form a color that indicated the CAT level. Enzyme activities were expressed as unit/mg protein following Aebi’s
protocol?’ using a commercial kits (Biodiagnostic, Giza, Egypt). The total antioxidant capacity was assessed by measuring the
depletion of hydrogen peroxide due to the presence of antioxidants in the sample. The remaining H,O, was quantified using
a calorimetric enzymatic reaction, which involved converting 3.5-dichloro-2-hydroxy benzenesulfonate to a product.”’
Thiobarbituric acid was used to measure malondialdehyde, an intermediate lipid peroxidation product.*? Calorimetric analysis
of Sigma-Aldrich acetylcholinesterase (AChE) in the brain (St Louis, MO, USA) was performed according to the method
developed by Den Blaauwen et al*® This method involves the hydrolysis of acetylcholine by acetylcholinesterase, resulting in
the production of acetate and thiocholine. In the presence of dithiobis-nitrobenzoate, thiocholine reacts to produce 2-nitro
mercapto benzoate, which can be quantitatively measured at a wavelength of 405 nm.

The brain tissue homogenate was tested for reactive oxygen species (ROS) by Socci et al**

Using a fluorescence plate
reader and an excitation wavelength of 488 nm, 2.7-dichlorofluorescein diacetate can be converted to the fluorescent
compound 2.7-dichlorofluorescein, which emits light at a wavelength of 525 nm. Protein concentration in homogenates
was measured using the Bradford assay (Bio-Rad Laboratories, Watford, UK).>> The c-Jun N-terminal kinase (JNK)
ELISA Kit and p38 mitogen-activated protein kinase (P38MAPK) ELISA kit, provided by MyBioSource in San Diego,

California, USA, were used for the measurement of JNK and P38MAPK levels, respectively.

Gene Expression

Gene expression in the brain was studied by reverse transcription-polymerase chain reaction. About 100 mg of brain
tissue was weighed, and TRIzol was used to extract total RNA (Invitrogen, Life Technologies, Carlsbad, CA, USA). The
RNA samples had an A260/A280 ratio greater than 1.8 and used a cDNA kit (Fermentas, Waltham, MA, USA). The
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SYBR Green master mix and primers listed in Table 1S were used to amplify with the glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) control (housekeeping) gene. We used two methods to analyze the amplification data.”®

Brain Histological Analysis

For 24 h, brain samples were submerged in a neutral formaldehyde buffer solution (1%). (Sigma-Aldrich). Tissues have been
fixed using a paraffin integration device after undergoing ethanol dehydration (Sigma-Aldrich).?” Following Malkiewicz et al*®
Paraffin wax was used to embed the dried (10%) brain tissue samples. It was sliced into six even thicknesses, placed on glass
slides, and incubated for a whole day. After 30 min in a protein block, slices were transferred to a 4 °C refrigerator overnight to be
incubated with a polyclonal anti-GFAP antibody (1:1000). After 30 min at room temperature in a solution of avidin-biotin-
peroxidase reagent and biotinylated anti-rabbit IgG antibody (1:100), sections were stained. The peroxidase response was
observed using DAB. Hematoxylin was used to contrast the Nissl-stained samples that were used to see the neurons.

Statistical Assessment

GraphPad Prism was used to conduct a one-way analysis of variance followed by Tukey’s post hoc tests on the collected
data (Version 8.4.3). A statistical significance level of P < 0.05 was determined. The inter-variable correlation heatmap,
inter-intervention clustering heatmap, and VIP ratings were all generated in RStudio (R version 4.0.2).

Results

Patterns of Spirulina and NSP

Figure 1 illustrated the formation of nano spirulina (NSP), XRD patterns (Figure 1a) were detected at 20, 37, 44, 65, and
79° for spirulina. At the same time, the NSP has a crystal structure at 23, 27, 41, 43, 45, 51.55, and 60°. The shift and
crystallinity of the NSP emphasized the formation of NSP. Zeta potential experiment was performed in double distilled
water and room temperature conditions; the diluted solution of the examined samples was used to investigate
the investigated samples’ stability and distribution (Figure 1b). The electrostatic stability around values + 30 refers to
the dispersion and stability of the NSP that has =21 mV. Dynamic light scattering (DSL) was performed to determine the
particle size of NSP, which appeared in diameter at 158 nm (Figure 1c); the sample was prepared in double distilled water
and at room temperature. In addition, the SEM micrograph displayed the surface of the synthesized NSP, which NSP
nanoparticles accumulated on the surface (Figure 1d).

Stability and Distribution of NSP in situ and Tissue

Figure 2a illustrates the synthesized NSP’s absorption peaks displayed by UV-Vis spectroscopy for prepared solution in
double distilled water and room temperature conditions. The measuring was performed at different time after 120 hwhich
is the period of measuring the nano spirogyra has high stability and high dispersion; this result qualifies and supports it
for good distribution during biological activity within the blood and tissues. Zeta potential was performed to investigate
the stability and distribution of NSP, the electrostatic stability around values from + 30 referred to the dispersion stability
of the NSP. The cyclic voltammetry (CV) was performed to display the stability and distribution of NSP, where 5 mg
stock of examined samples was dispersed in 10 mL in double distilled water and measured by CV analysis under
measurement conditions at room temperature, 0.1 Vs-1 scan rate, 0.1M of electrolyte solution from potassium chloride
salt (KCI). The CV technique was performed with different scan rates to emphasize the stability of the NSP and good
dispersion in situ and tissue (Figure 2b). In addition, the Tafel plot was calculated to illustrate the stability of NSP with
different scan rates and 100-cycle measurements (Figure 2¢). The surface area under the curve of the CV curve, which
can be computed using Eq. 1 below,

[} idv

Carea = S 71y N
SU(Vb - Va)

(M

The higher surface area and the conductivity of the fabricated electrode cause the higher area under the CV curve, in
addition to enhancing the porosity of the surface. The Cyeq was displayed at 190 mFem 2 because of the surface area and
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Figure | XRD patterns of spirulina and NSP (a), zeta potentials of spirulina and NSP (b), DLS of NSP (c), and SEM micrograph of NSP (d).

high conductivity of the NSP. More than 100 cycles of nano spirogyra with scan rate 0.1 Vs-1 were measured to estimate
the stability, distribution, and long cycling electrochemical properties (Figure 2d). The cycle stability (85%).

Body Weight

It can be seen in Table 1 that when NSP-treated rats were given the D-gal, their brain weight increased both absolutely
and in comparison to that of D-gal indvidual treatment. The D-gal group lost significantly more weight than the other
treatment groups (P < 0.05). However, compared to D-gal-treated rats, NSP-adminstrated animals showed a dramatic rise
in body weight. There were no deaths in any of the experimental groups.

Oxidative Injury and Antioxidant Markers

As shown in Figure 3 D-gal-induced ageing significantly (P < 0.01) increased MDA compared to the other treatment
animals. Brain homogenate MDA and ROS MDA levels were significantly lower in the D-gal+NSP group compared to
the D-gal group (P < 0.05). SOD, Catalase, GSH, and TAC levels were considerably higher in the D-gal+NSP group than
in the D-gal-treated group.

Biochemical Parameters and Acetylcholinesterase Activity
Compared to the other treated groups, Figure 4 shows that serum CPK and CPK-BB levels, as well as brain
acetylcholinesterase activity and y-H2AX 1 levels, were significantly elevated (P < 0.05) in d-gal-treated rats. These
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Figure 2 Stability and distribution of NSP in situ and tissue: (a) lllustrates the synthesized NSP’s absorption peaks displayed by UV-Vis spectroscopy. (b) The stability of the
NSP and good dispersion in situ and tissue. (c) The stability of NSP with different scan rates with 100 cycle measurements. (d) The stability, distribution, and long cycling

electrochemical properties.

settings were saved in the NSP administration’s master control database. P38 MAPK and C-Jun N-terminal kinase (JNK)
phosphorylation levels were significantly more significant in the D-gal group compared to the other treatment groups.
The NSP therapy considerably suppressed this increase in the D-gal group, as seen in Figure 5A and B, respectively.

Table | Influence of NSP on the Aging Rat Brain and Body

Control D-gal NSP D-gal+NSP
Body weight (g, Initial) 156.17+4.2 157.7£4.5 152+4.2 157.75+3.5
Body weight (g, Final) 232.01+4.5% 201.81+5.1¢ 234.1£2.17 221.245.1°
Weight gain (g) 75.84+2.1° 44.1242.2° 82.1£32° 63.45+2.2°
Brain weight (g, Absolute) 1.98+0.01* 1.17£0.02° 2.014+0.02° 1.65+0.02°
Brain weight (%, Relative) 0.855+0.01* | 0.5797+0.01° | 0.860£0.01* | 0.745+0.02°

Notes: Data showed as mean + S.EM. * > “Data from the same raw that had different letters considerably varied.
P < 0.05. (g), gram. (%), percent. (n =9).

5596

Dove!

International Journal of Nanomedicine 2023:18


https://www.dovepress.com
https://www.dovepress.com

Dove Ghamry et al

P
~
«m

P T E
< 44 * £ 204
8 $ 8
o o 3" S o 1.5-
o E = E
» 5 $ 5 £
'E 2+ - OE 1.0+
% y
=
5 1 5 0.5+
0- 0.0-
o S KR Q
F o EF §
(& § <
Q
c D
6 15+
— — » § ‘f’ -
>
i S S
3 4 : 2 104 4
z 2 ' :
- $
o2 o -
(<] v
£ 29 3 54
2 S
g
0- 0-
o > Q Q o S Q Q
& f ¥ F & f ¥ P
< '& (&) »9
Q Q
E F $
__20- 1.5+ L
O 92 154 e S X *
=i s i > 1.0 S
c 3 % o
w - -
8 2 1.0 E
o S 0.54
£ o054 £
w
E e
0.0 0.0~
D B AR 8 . B o8 a8
oo\‘ 09 *9 \.QQ oo\‘o O.Q é@ \-*9
<O & <o &
Q Q

Figure 3 Brain antioxidant markers. (A) SOD. (B) Catalase. (C) GSH. (D) MDA. (E)TAC. (F) ROS. Data showed as Mean * SEM. *P < 0.05, **P < 0.01 vs the control. $P <
0.01 vs the NSP, #P <0.05 vs the D-gal. n= 9.

Genes Expression

Brain mRNA expression of superoxide dismutase (SOD), catalase (CAT), and nuclear factor (Nrf2) was considerably
lower in the D-gal treated group compared to the other treated group (Figure 6). In D-gal+NSP-treated animals, this
expression level was normalized considerably (P < 0.05). Bax mRNA expression was significantly higher in the d-gal
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Figure 4 Effect of the NSP on AchE activity (A), serum CPK (B), CPK-BB (C), and y-H2AX level (D). Data showed as Mean * SEM. *P < 0.05, **P < 0.01 vs the control. $P
< 0.0l vs the NSP, #P <0.05 vs the D-gal. (n=9).

group than in the other treatment group (P< 0.01). However, Bax mRNA expression was significantly decreased in the D-
gal+NSP-treated group. Besides, compared to the D-gal-treated group, Bcl2 expression was considerably higher in the D-
gal+NSP group. Compared to the other treated group, the NSP treatment normalized the p21 mRNA expression in the
brain of the D-gal group (P < 0.01).

Correlation Heatmap and Scores of the Variable Important Project (VIP)

The correlation heatmap illustrated in Figure 7A offered an intuitive visualization of results obtained from all
treatment groups, which summarizes the correlation between all measured biochemical variables and mRNA expres-
sion of target genes in response to D-gal and/or NSP treatments. A colored scale from highest to lowest, with red
denoting a positive association and blue indicating a negative correlation. The intensity of the hue conveys the degree
of correlation. According to Pearson’s correlation coefficient between all measured factors, the various squares are
colored. These data exhibit strong positive correlations between the variable decreased along each other’s, including
the tissue SOD, CAT, GSH, and TAC levels, and the mRNA expression of SOD, CAT, Nrf2, and Bcl2. In addition to
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< 0.01 vs the NSP, #P <0.05 vs the D-gal. (n=9).

those which increased in parallel to each other’s such as MDA, ROS, AchE, CPK, y-H2AX, P-P38MP, P-JNK, Bax,
P21 levels. The negative correlation could be seen in the data set of increased parameters against those that show
decreased levels in comeback to D-gal and/or NSP supplementation. In addition, Figure 7B summarizes the variable
averages according to how they were treated in this study. These data suggest the occurrence of physiopathological
alterations in D-gal-injured rats and the degree of improvements when co-administrated with NSP.

Then, to elucidate the most affecting variables in the present study, VIP scores were estimated. As shown in
Figure 5C, Nrf2, CAT, SOD, Bcl2, Bax, P21, AchE, and JNK were the top contributing variables in the present study.

Histopathological and Immunohistochemical Assessment

The hippocampus of the control and NSP-treated group showed normal pyramidal cells, molecular cell layer, granular
cell layer, and blood capillaries. In contrast, the aged rats showed aggregation of granular cells and pyramidal cells, area
of demyelination and gliosis, nuclear pyknosis of some neurons, in addition to congested blood vessels and edema in
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Figure 7 Analysis of the VIP ratings for all variables and their correlation heatmap (A) The correlation heatmap is a user-friendly data display that compiles the associations
between biochemical variables and mRNA expression following D-gal and/or NSP administration. (B) The concentration values are shown as a heatmap generated by
hierarchical clustering, with averages of each variable in the rows and the sets of treatments in the columns. Red denotes a positive association, and the scale runs from
highest to lowest to illustrate the range of the contribution (blue indicates a negative correlation). The degree of correlation is shown by the color’s intensity. The various
squares are colored in accordance with Pearson’s correlation coefficient between all measured variables. (C) Using variable importance in projection (VIP) scores, the boxes
on the right show how each research group’s measured parameters stack up in terms of concentration, with red being the highest concentration and blue the lowest (blue).

between pyramidal cells and neuronal degeneration with acidophilic cytoplasm. The NSP-treated aged rats showed
granular cell layers with intact pyramidal cells and slightly dilated blood capillaries, as shown in Figure 8.

TEM panel of the hippocampus of the control and NSP treated groups showed a euchromatic nucleus of neuron, mitochondria
in cytoplasm, myelinated axons, and rER, showing cell nuclei, abundant lysosome. In contrast, the TEM panel of the hippocampus
of the aged rats showed astrocytes nucleus with peripheral heterochromatin, lysosomes surrounded by electron-lucent cytoplasm,
asymmetric myelinated axons, and neurofilaments in addition to degenerated axons with slight demyelination and swelled
mitochondria. The TEM of the NSP-treated aged rats showed swelled mitochondria with dilated rER and congested blood
capillaries containing red blood cells and abundant lysosomes, as shown in Figure 9. The GFAP expression was significantly
increased in the aged rats concerning the other examined groups, as shown in Figure 10.

Discussion

Losing organ and tissue function is a hallmark of aging.?’ The accumulation of oxidative damage to macromolecules (proteins,
DNA, and lipids) by ROS and RNS is responsible for decreased age-related functions.*® Senescent cells accumulate with age and
have been linked to promoting several diseases associated with getting older.®' As a result of senescence induction, p53 was
activated, leading to an increase in p21(WAF1/CIP1), a cyclin-dependent kinase inhibitor that primarily mediates G1 growth
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Figure 8 Histomicrograph of H&E-stained sections of the hippocampus of control (A), aged (B and C), NSP-treated aged rats (D), and NSP-treated groups (E). Plate A and
E show the molecular cell layer (M), granular cell layer (G), pyramidal cells (black arrows), and blood capillaries (black arrowheads). Plate B shows an aggregation of granular
cells (G), an area of demyelination and gliosis (white arrow), nuclear pyknosis of some neurons (black arrowheads) in addition to congested blood vessels (black arrows).
Plate (C) shows an aggregation of pyramidal cells with pyknotic nuclei (black arrowheads), edema in between pyramidal cells (asterisk), and neuronal degeneration with
acidophilic cytoplasm and pyknotic nuclei (white arrowheads). Plate (D) shows a granular cell layer (G), intact pyramidal cells (black arrows), and slightly dilated blood
capillaries (black arrowheads).

arrest.>> The ROS production, which drives inflammation and death of many bodily cells, is a well-established mechanism by
which D-gal induces aging.** Therefore, it is essential to pinpoint the physiological mechanisms that contribute to healthy ageing
and delay the onset of age-related disorders.* In vivo, investigations have shown that oxidative damage and the pro-inflammatory
response are two major damaging processes that contribute to these defects.>® In the current analysis, our result revealed that the
d-gal-treated group significantly declined in body and brain weight. These results were in the same line as they reported the same
finding in the rats and mice.*>~*

The current study showed that supplementing D-gal-treated rats with NSP markedly restored body weight to near-
normal quantities. These data jived with those of Ozdemir et al,’” who showed that people with diabetes who had lost
weight owing to protein breakdown in their tissues could put on the weight again after taking NSP. Benefits to weight
increase may be attributable, due in part, to the rich nutritional profile provided by Arthrospira platensis, which includes
protein, vitamin, mineral, and amino acid content.>® The incredible efficiency with which Arthrospira platensis nano-

particles are transported from circulation to their intended tissues and organs.*’
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Figure 9 TEM panel of the hippocampus of control (A), aged (B and C), NSP-treated aged rats (D), and NSP-treated groups (E). Plate A showing the euchromatic nucleus
of neuron (EUN), lysosomes (Ly), mitochondria in the cytoplasm (M) myelinated axons (My) contained mitochondria (black arrow), and rER (arrowhead). Plate B shows
astrocytes nucleus with peripheral heterochromatin (N), lysosomes (Ly) surrounded by electron-lucent cytoplasm, asymmetric myelinated axons (My), and neurofilaments
(black arrow). Plate (C) shows degenerated axons with slight demyelination (AD), swelled mitochondria (black arrows), and rER of adjacent neurons (arrowhead). Plate (D)
shows swelled mitochondria (black arrows), dilated rER (black arrowhead), and congested blood capillaries (CBC) containing red blood cells (RBCs). Plate (E) showing cell
nuclei (NC), abundant lysosomes (Ly), blood capillaries (BC), mitochondria (M), and myelinated axons (My).
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Figure 10 GFAP IHC panel of the hippocampus of control (A), aged (B), NSP-treated aged rats (C), and NSP-treated groups (D) showing increased expression of GFAP in
astrocytes (arrowheads) and its processes (arrows) in the hippocampus of aged rats than the treated NSP and control groups.

In the current investigation, NSP dramatically reduced d-gal-induced oxidative stress in brain homogenates. By
bringing MDA and ROS levels back to normal, as shown in Figure 1, NSP significantly boosted the activities of SOD,
Catalases, and the total antioxidant capacity. Additionally, our result concerning the oxidative stress of the d-gal was
supported by Elabd et al,** in which the D-gal administration induces aging by increasing oxidative injury with
subsequent apoptosis and inflammation. Multiple organs are vulnerable to the aging effects of exogenous d-gal because
it promotes oxidative stress, apoptosis, and inflammation.*' The brain is particularly susceptible to oxidant stress due to
its high-fat content, rapid metabolism, and inadequate antioxidant defenses.**

In the same way, our findings showed a significant increase in brain acetylcholinesterase activity, which may have been caused
by a rise in lipid peroxidation brought on by the breakdown of cell membranes.** Our finding was in harmony with Kumar et al
and Xian et al*** In addition, Abdel-Daim et al,*° revealed that Arthrospira platensis restored the increased level of ACHE
induced by the sub-acute toxicity of deltamethrin in mice. In the D-gal-treated group, we observed statistically significant serum
CPK and CPK-BB elevations. That correlated with brain damage associated with free radical-cell interaction, ultimately resulting
in cell damage. This finding was in line with El-Far et al,*® who reported that the CPK and CPK-BB were markers of aging.

Age-related neurodegeneration is mainly due to DNA damage.*” As well as, D-gal-induced boosts the y-H2AX
molecules that reconcile DNA damage. In addition,*® showed that The anti-aging effect might be mediated by the
prevention of DNA damage, which supports our finding concerning the brain y-H2AX level that markedly increased by
D-gal administration and restored by the NSP treatment near to the normal level, which was confirmed by Amadeu
etal.,* that proved the decreased level of the y-H2AX after Arthrospira platensis administration.

Increased phosphorylation levels of p38MAPK and JNK were observed after the NSP treatment restored d-gal administration.
Considering these findings, the MAPK pathway appears to be a promising therapeutic target for treating brain injury. This result
was supported by Trotta and Porro *° They showed that the Arthrospira platensis squelched the phosphorylation of p38 MAPK,
SAPK/INK, and JNK.

We compared the effects of NSP and D-gal on cellular senescence and apoptosis in the current investigation. Our result has
proven that the D-gal administration substantially downregulated the mRNA expression of the SOD, Catalase, GSH, and Nrf2,
which was in line with, Atef et al,”’ who reported the oxidative injury of the D-gal. Our data revealed that NSP treatment restored
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this effect, which was in harmony with Shaman et al,'” which said the antioxidant impact of the A. platensis Nanoparticles. In the
current investigation, the mRNA expression of the Bax was extensively upregulated with marked down-regulation of the Bcl2 by
the D-gal treatment. Many prior research studies have shown similar results.’>* This effect was restored by the NSP treatment,
consistent with, Shaman et al,'” who proved the anti-apoptotic effect of the A. platensis. D-gal injection triggered a dramatic
increase in p21 mRNA expression in the brain. This was in harmony with El-Far et al** D-gal causes oxidative stress due to the
production of reactive oxygen species (ROS) and the inhibition of antioxidant enzyme activity.”* The NSP treatment restored the
upregulation effect of d-gal to p21 mRNA expression.

Our previous data was supported by the histopathological analysis and TEM panel of the hippocampus in addition to the
significant expression of the GFAP in the aged rat, which significantly normalized with NSP treatment. Our result was in harmony
with, Venkateshappa et al,” which showed that GFAP expression rises with age, potentially making the brain more susceptible to
neurotoxic assaults. In addition, Zhou et al,>® revealed that Aspergillus platensis reduced GFAP levels via the gut-brain axis in
high-fat-diet-induced memory loss in mice.

The multivariate analyses represented by heatmaps and VIP scores affirm the abovementioned data. The clustering
heatmap revealed apparent differences in concentration values between NSP- and D-gal-treated mice. These results provide
substantial evidence that NSP has anti-aging benefits for brain tissue. The VIP scores revealed that the Nrf2, CAT, SOD,
Bcl2, Bax, P21, AchE, and JNK were the top contributing variables in such protective mechanisms. Moreover, these
markers could be potentially used as diagnostic markers for monitoring the defensive efficiency of NSP in aged brain tissue.

Conclusions and Prospects

Despite the new evidence, the oxidative stress theory of age-related cellular changes is still a strong contender. NSP may
have mitigated the oxidative injury generated by d-gal in rat brains by lowering aging and apoptotic markers and
increasing antioxidant status a possible mechanism of NSP action via mitogen-activated protein kinase. Our findings
suggest NSP may be an effective natural anti-aging supplement for reducing age-related indicators in rat brain tissues.
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