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ABSTRACT:

Introduction: D-galactose (D-gal) caused brain aging and cognitive
decline. Astaxanthin (ASX) has anti-inflammatory and antioxidant
impacts.

Objective: to demonstrate the underlying mechanisms and the

neuroprotective impact of ASX in D-gal-induced cognitive impairments

YY


https://muj.journals.ekb.eg/?_action=article&au=1017516&_au=Shorouk+E.+M.+Elmorshdy
https://muj.journals.ekb.eg/article_448515.html#aff1
https://muj.journals.ekb.eg/?_action=article&au=1017501&_au=Suzan+A+Khodir
https://muj.journals.ekb.eg/article_448515.html#aff2
https://muj.journals.ekb.eg/?_action=article&au=1017503&_au=Noha++Abd+El-aziz
https://muj.journals.ekb.eg/article_448515.html#aff3
https://muj.journals.ekb.eg/?_action=article&au=1017507&_au=Mohamed+E.+lashin
https://muj.journals.ekb.eg/article_448515.html#aff4
https://muj.journals.ekb.eg/?_action=article&au=1045205&_au=Mai+A+Ebeid
https://muj.journals.ekb.eg/article_448515.html#aff5
https://muj.journals.ekb.eg/?_action=article&au=1017508&_au=Mai+A.+Nasser
https://muj.journals.ekb.eg/article_448515.html#aff6
https://muj.journals.ekb.eg/?_action=article&au=1045209&_au=Sabah+Mohamed+Sharaf
https://muj.journals.ekb.eg/?_action=article&au=1045209&_au=Sabah+Mohamed+Sharaf
https://muj.journals.ekb.eg/article_448515.html#aff7
https://muj.journals.ekb.eg/?_action=article&au=1090592&_au=Rania+Mohamed+Al+Nabawy
https://muj.journals.ekb.eg/article_448515.html#aff8
https://muj.journals.ekb.eg/?_action=article&au=1090593&_au=Radwa+Hassan+Ali
https://muj.journals.ekb.eg/article_448515.html#aff9
https://muj.journals.ekb.eg/?_action=article&au=1063411&_au=Azza+S+Khalil
https://muj.journals.ekb.eg/?_action=article&au=1063411&_au=Azza+S+Khalil
https://muj.journals.ekb.eg/article_448515.html#aff10
https://muj.journals.ekb.egdean@med.psu.edu.eg
https://creativecommons.org/licenses/by/4.0/

Material & methods: Thirty male Wister albino rats were split into three groups:
control, D-gal, and D-gal+ASX. Rats were subjected to the NOR and EPM tests, and
after they were Kkilled, the hippocampus gene expression of HMGB1, TLR4, NF-kB,
and BDNF was evaluated, along with measurements of MDA, SOD, TNF-a, and IL-6.
GFAP and NF-kB hippocampus immunoreaction were performed.

Results: In contrast to the control group, D-gal had higher hippocampal GFAP and
NF-kB immunoreaction and a significantly lower discrimination index of the NOR test,
time in the open arms of EPM, SOD, and gene expression of BDNF, D-gal also
demonstrated cognitive impairment with significantly higher MDA, TNF-a, IL-6, and
hippocampal gene expression of HMGB1, TLR4, and NF-kB. D-gal-induced brain
alterations were significantly ameliorated by ASX.

Conclusion: By down-regulating the HMGB1/TLR4/NF-kB signaling cascade,
improving gliosis, and utilizing neurotrophic, antioxidant, and anti-inflammatory
pathways, ASX mitigated D-gal-induced cognitive impairments.

Key words: Astaxanthin, Aging, BDNF, Cognitive impairment, D-galactose, HMGB1,
NF-kB, TLR4.

Introduction

Numerous cellular impacts, such as elevated oxidative stress, modifications to cellular
metabolism, and damage to nucleic acids, are part of the intricate physiological process
of aging. Because of its high oxygen demand, brain tissue is especially vulnerable to
age-related redox homeostasis-related degeneration. Anxiety, diminished cognitive
performance, and different metabolic and signaling system dysfunctions are part of the
behavioral abnormalities that result from such brain degradation (Sadigh-Eteghad et
al., 2017).

It is commonly known that oxidative stress, inflammation, and apoptosis are all part of
the pathophysiology of aging. The most often used model is D-galactose-induced brain
aging (D-gal) (Younis et al., 2024).

The D-gal-induced brain aging model was created recently and has been extensively
applied to gain a better understanding of how aging occurs. Its short research period,
low side effects, convenience of use, and higher animal survival rates during the

experimental period are the reasons for this (Liu et al., 2020).
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Aldose and hydrogen peroxide are produced during the breakdown of D-gal. These
substances act as potent catalysts for the production of free radicals from oxygen,
causing oxidative stress and its associated symptoms, which include protein loss,
mitochondrial dysfunction, hippocampal neuronal damage, and cognitive deficit (Gok
et al., 2015; Atef et al., 2022).

Excess ROS are created when oxidative stress triggers inflammatory signaling
pathways, resulting in apoptosis and cellular dysfunction. ROS primarily targets
mitochondria. The subsequent generation of ROS causes mitochondrial dysfunction

and cell death, which speeds up aging-related changes (Ma et al., 2024).

One of the main chemokines generated by inflammatory cells is HMGB 1, which
stimulates the release of cytokines by binding to receptors for AGEs. TLR-4 is the first
HMGBL receptor discovered. This results in the activation and translocation of NF-xB
into the nucleus (Wu et al., 2016; Awad et al., 2024)

TLRA4 plays a critical role in regulating inflammation. NF-xB, the main target gene of
TLRA4, is responsible for the transcriptional production of inflammatory factors. Since
NF-«xB signaling is the main cause of pathogenesis in many disease problems, it is one
of the principal targets for therapeutic intervention (Khodir, Bayomy, et al., 2025).
NF-kB is found in almost all cell types and has a role in immunology, differentiation,
apoptosis, and inflammation. TLR4 stimulates the release of cytokines by activating
NF-kB (Negm et al., 2025).

BDNF is essential for synaptic transmission, neuronal growth, and neuronal plasticity.
BDNF promotes the survival and growth of cholinergic neurons, which aids in learning
and memory. People's BDNF levels sharply decline with age, which may cause
cognitive issues (Khodir et al., 2025).

Astaxanthin (ASX), a xanthophyll carotenoid found in salmon, crabs, and algae such
as Haematococcus pluvialis, has been suggested to offer protection against oxidative
stress. ASX is safe and has no side effects when taken with meals. It builds up in rats,
is fat soluble, and doesn't seem to have any negative effects (Zhuge et al., 2021).
Furthermore, ASX protects patients from apoptosis, inflammation, and oxidative stress
(Hong et al., 2024).

Because ASX can lessen oxidative stress, it has been employed in numerous animal
models and has demonstrated anti-aging effects (Liu et al., 2018). In this study, the

neuro-protective effect of ASX in D-gal-induced cognitive impairments was
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demonstrated, along with the underlying mechanisms with referral to
HMGB1/TLR4/NF-kB pathway.

Materials and methods

Animals. Thirty Wister albino male rats weighing between 200 and 250 grams were
used after approved from the Faculty of Medicine's Research Ethical Committee at
Menoufia University in Egypt (registration No. 8/2025B1015). The rats were housed
in 80 x 40 x 30 cm wire-mesh cages. Following two weeks of constant environmental
conditions, all animals were granted unrestricted access to food and water during the
study period.

Experimental design. (10/group):

1. Control group: For ten consecutive weeks, rats were given a daily oral gavage of 2
mL olive oil and a single daily SC injection of 1ml isotonic saline for 10 consecutive
weeks.

2. D-galactose (D-gal) group: rats received a daily oral gavage of 2 mL olive oil along
with SC injection D-gal (Sigma-Aldrich St. Louis, USA) at a dose of 150 mg/kg/day
dissolved in isotonic saline once a day for 10 weeks (Younis et al., 2024).

3. D-galactose + Astaxanthin (D-gal+ASX) group: Rats received a single daily 25
mg/kg body weight ASX (Sigma, St Louis, MO, USA) orally by gavage dissolved in 2
mL olive oil (Xue et al., 2017); Baeissa et al., 2024), and daily administration of D-
gal (150 mg/kg/day) by SC injection daily for 10 weeks.

After ten weeks, a neurobehavioral examination was performed on each rat. After being
anesthetized, the rats' cervical vertebrae were dislocated and lengthened to scarify them.
The brain was extracted. The left hemisphere was divided in half, with one half being
used for biochemical analysis and the other half for RT-PCR study. The right

hippocampal tissues was fixed in formalin saline for histological analysis.

Neurobehavioral tests

Novel Object Recognition (NOR): Each rat underwent a three-day testing process that
included training, testing, and habituation. During the habituation phase, rats were
placed in an open-field apparatus that measured 50 cm by 50 cm by 40 cm. They were

allowed to adjust to their environment for 10 minutes. For the first five minutes of
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training, we put two identical items in each rat's room. Each rat was kept in the chamber
for five minutes following the item exchange, which occurred twenty-four hours later,
during the testing phase. We put the stopwatch to work. [= (familial object exploration
time—novel object exploration time)/total exploration timex100%] is one way to

calculate the discriminating index (Zou et al., 2017).

Elevated Plus Maze (EPM) Test: As previously described (Tchantchou et al., 2018),
In this experiment, we used an apparatus to have the rats identify a plus sign in order to
assess their anxiety-like behavior. Each rat was placed in the middle of the apparatus
and allowed ten minutes to explore the labyrinth. The animals' movements were
monitored by an overhead security camera. The duration of time spent in the open arms
mazes was meticulously documented. The duration and the intensity of anxiety-like

behavior were inversely correlated.

Hippocampal homogenate preparation

Each hippocampal specimen was weighted and homogenized, the centrifuged for 14
minutes at 11,000 rpm. The supernatant was stored at -80°C for additional biochemical
analysis.

Biochemical Analysis

However, in accordance with the manufacturer's instructions, rat ELISA kits (TNF-a:
ERT2010 1, Assaypro LLC, Saint Charles, Missouri, USA, IL-6: ab100772, Abcam,
Cambridge, UK) were utilized to assess the quantities of IL-6 and TNF-a in the
hippocampus. Hippocampal MDA and SOD were measured using colorimetric kits
(Biodiagnostic Company, Dokki, Giza, Egypt) in accordance with the manufacturer's

instructions.

Quantitative assay of hippocampal HMGBI1, TLR4, NF-kB and BDNF genes
expression using RT-PCR.

The QiagenRN easy plus Universal Kit from the USA was used to prepare hippocampal
samples for total RNA isolation. The quality and purity of the RNA were then assured.
Until it was required, RNA was stored at -80 °C. The first step therefore was to create
cDNA in asingle cycle on an Applied Biosystems 2720 heat cycler in Singapore using
the QuantiTect Reverse Transcription Kit, which is produced by Qiagen in the USA. In
RT-PCR processes, GAPDH primers were used as an RNA loading control. cDNA
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amplification was the second step. SensiFASTTMSYBR Lo-ROX Kit, USA, used
cDNA in SYBR green-based quantitative real-time PCR for Relative Quantification
(RQ) of HMGBI, TLR4, NF kB, and BDNF gene expression using the following
primers (Midland, Texas): the forward primer for HMGB 1 was
(TGAGGGACAAAAGCCACTCQ), and the reverse primer was
(TTGGGAGGGCGGAGAATOQ), The NF-kB forward primer was

(TCGACCTCCACCGGATCTTTC). The reverse primer was
(GAGCAGTCATGTCCTTGGGT). The forward primer for TLR4 was
(TCAGCTTTGGTCAGTTGGCT), and the reverse was
(GTCCTTGACCCACTGCAAGA)

The forward primer for BDNF
was GCTGCCTTGATGTTTACTTTG and reverse

ATGGGATTACACTTGGTCTCGT.

Finally, the 2.0.1 version of the Applied Biosystems 7500 software was used to finish
the data analysis. The RQ of HMGBI1, TLR4, NF kB, and BDNF gene expression was
conducted using a comparative AACt technique, which normalizes the amount of target
gene (HMGBL1, TLR4, NF-k<B & BDNF) mRNA to an endogenous reference gene
(GAPDH) and compares it to a control. (Khodir, Bayomy, et al., 2025)

Histological study:

at get at the hippocampal location, each cerebral hemisphere was divided coronally
into two sections, which were subsequently preserved in 10% formalin. After being
cleansed and dehydrated, the samples were embedded in paraffin blocks. For routine
histological analysis, serial coronal slices were stained with Hx. & E.

Immunohistochemical studies:

Blocks of paraffin were deparaffinized and then rehydrated using decreasing alcohol
grades. Following the use of 3% H202 in methanol to inhibit endogenous peroxidase
activity and the use of a protein blocker to block nonspecific binding sites, the primary
antibodies against GFAP [1:300, rat monoclonal, Lab vision MS-1376-R7] and NF-kB
(monoclonal, dilution 1:200, Abcam) were added and incubated overnight. A 2%
concentration of biotinylated goat polyvalent secondary antibody was added for 10

minutes, and then the avidin-biotin-peroxidase complex was added.
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Hippocampal morphometric assessment

In H&E-stained slices, the number of pyramidal cells was counted using three non-
overlapping fields per section. For quantitative immunohistochemical analysis, the area
percentage of GFAP and NF-kB immunopositive cells was calculated using three non-
overlapping fields/sections.

Statistical analysis

SPSS version 23 was used to process the data (SPSS Inc., USA). To make sure all of
the data sets were normally distributed, the Shapiro-Wilk test was used. The mean +
SD was used to express the data. A post-hoc Tukey test and a one-way ANOVA were
used to determine the significance of group differences. For statistical significance, P
values below 0.05 were used.

Results

While the discrimination index of the NOR test, time in the open arms of EPM,
hippocampal SOD, and hippocampal gene expression of BDNF values of the D-gal
were significantly lower than those of the control, the D-gal group's hippocampal MDA,
hippocampal TNF-a, hippocampal IL-6, and hippocampal gene expression of HMGB1,
TLR4, and NF kB were substantially higher than those of the control. The D-gal +ASX
group’s hippocampal MDA, hippocampal TNF-a, hippocampal IL-6, and hippocampal
gene expression of HMGBL1, TLR4, and NF «B were substantially lower than D-gal but
still substantially higher than control; in contrast, the discrimination index of the NOR
test, time in the open arms of EPM, hippocampal SOD, and hippocampal gene

expression BDNF values were substantially higher than D-gal. (Table 1)

Table (1): The measured discrimination index of NOR test, time in the open arms of
EPM, hippocampal MDA, SOD, TNF-a, IL-6, hippocampal HMGBL1 gene expression,
hippocampal TLR4 gene expression, hippocampal NF-xB gene expression and

hippocampal BDNF gene expression in all studied groups
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Control D-gal group D-gal +ASX
group group
Discrimination index of NOR | 70.8+2.33 20.9+2.16 51.7+3.14™
Test
Time in the open arms of EPM | 100.1£3.9 52.8+5.47" 74.8+ 3.5
Hippocampal MDA (nmol/ gm. | 7.8 +£0.99 24.56+2.22" 14.8+ 1.62"
Tissue)
Hippocampal SOD  (U/gm. | 9.87+0.98 3.78+0.72" 7.22+0.817*
Tissue )
Hippocampal TNF-o. (ng/ml) 19.5+0.81 56.8+7.59" 37.8+5.6™
Hippocampal IL-6 (pg/mL) 101.6+7.23 205.9+8.97" 151.5+3.99*
Hippocampal HMGBI1 gene | 1 3.32+0.07" 2.33+0.05™
expression
Hippocampal =~ TLR4  gene | 1 2.99+0.04" 1.98+0.07"
expression
Hippocampal NF-kB  gene | | 2.66+0.01" 1.87+0.03"
expression
Hippocampal ~BDNF  gene | 1 0.34+0.06" 0.66+0.03"#
expression

* Significant compared with control, # Significant compared with D-gal

Histological results in H&E-stained sections: The hippocampus of the control group

was formed of normal histological pictures of the three layers. In the D-gal, the

hippocampus showed a loss of hippocampal tissue integrity. The hippocampus showed

a marked decrease in the number of cells of the pyramidal layer. The D-gal+ ASX, there

was an apparent increase in the number of cells of the pyramidal layer. Many pyramidal

cells appeared normal with basophilic cytoplasm. (Fig. 1 A-C)

In D-gal group, there were substantially fewer pyramidal cells (p<0.05) than in the
control (30.42+0.52 vs. 87.76+0.76). Though it was still lower than the control, the D-

gal+ ASX demonstrated a substantial increase (p<0.05) in comparison to the D-gal
(57.33+0.33 vs. 30.42+0.52). (Fig. 1 D)




x400

Control

the pyramidal cells

Fig. (1): photomicrographs of the hippocampus of the different groups showing: (A)
The hippocampus of the control group was formed of normal histological pictures of
the three layers; molecular (M), pyramidal (P) and polymorphic (Pm) layers. (B) In the
D-gal group, the hippocampus showed a loss of hippocampal tissue integrity. The
hippocampus showed a marked decrease in the number of cells of the pyramidal layer
(P). The D-gal+ ASX, there was an apparent increase in the number of cells of the
pyramidal layer (P). Many pyramidal cells appeared normal with basophilic cytoplasm,

large vesicular nuclei and prominent nucleoli. (X400).
Immunohistochemical results:

The number of astrocytes in GFAP-stained sections was significantly higher (p<0.05)
in the D-gal group than in the control group (83.5+0.54 vs. 5.7 +£0.6). Astrocytes were
significantly lower in the D-gal+ ASX group than in the D-gal group (19.4+0.6 vs.
83.5+0.54), but they were still higher than in the control group. (Fig. (A-D)).

The D-gal 's percentage of NF-kB stain in NF-kB-stained sections was dramatically
higher (p<0.05) than control (81.6£0.33 vs. 6+0.22). The D-gal+ ASX had a
dramatically drop in the percentage of NF-kB stain when compared to the D-gal
(30.1£.65 vs. 81.6+0.33). (Fig. (E-H))
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meén percentage
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Control D-gal  D-gal+A!
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Control ~ D-gal  D-gal+ASX

Fig. (2): Representative micrographs showing a substantially upregulation of the GFAP
(A-D) and NF-kB (E-H) immunoreaction in the D-gal and a dramatically
downregulation in the D-gal+ ASX group.

Discussion

A number of clinical conditions, including anxiety and memory loss, are associated
with aging. Animals' brains can age in a manner remarkably similar to human brain
aging when they are given D-gal for six to ten weeks (Younis et al., 2024). According
to the interpretation of the EPM and NOR tests, our results showed clear cognitive
impairments between the D-gal and the control. This is consistent with Younis et al.'s
(2024) findings. When D-gal reacts with free amines in amino acids, it creates AGES,
which cause aging-like symptoms (Younis et al., 2024; El-Far et al., 2024).

In line with earlier research, ASX supplementation reduced the cognitive deficits
caused by D-gal in the D-gal+ASX group (Liu et al., 2020). Ji et al., ( 2017)
demonstrated the value of astaxanthin in preventing inflammation and oxidation in a
variety of illness models.

Initially, oxidative stress brought on by mitochondrial damage, or increased production
of ROS, is a major factor in the accelerated aging process. Therefore, the fundamental
strategy to avoid age-related illnesses was to use mitochondria-targeted rechargeable
antioxidants to suppress the formation of ROS (Ni et al., 2018).

The activity of antioxidant enzymes in brain tissue is intimately linked to aging. The
most significant antioxidant enzyme is SOD. MDA is known to be the most significant
byproduct of membrane lipid peroxidation, which indirectly reduces levels of oxidative
damage in cells, as well as a signal of aging (Liu et al., 2020).
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OS has a major impact on aging, as evidenced by our study's greater MDA level and
decreased D-gal SOD in comparison to the control. These results align with the findings
of Atef et al., (2022). By raising galactitol synthesis and aldose reductase activity, D-
gal damages cells oxidatively by generating AGEs, which in turn generates too many
ROS and reduces antioxidant capacity. ROS causes oxidative damage to DNA inside

cells, which results in apoptosis and cellular dysfunction Shwe et al., (2018).

ASX considerably improved oxidative stress indicators in D-gal+ASX, which is
consistent with earlier studies (Ni et al., 2018). The ability of ASX to neutralize free
radicals is high (Fassett & Coombes, 2011). Additionally, ASX enables the molecule
to remove free radicals from the cell's inner (Kidd, 2011). By boosting the expression
of its antioxidant genes and activating Nrf2, ASX can have an indirect antioxidant
impact (Cui et al., 2020).

Chronic inflammation was also observed in the aging brain. As people age, their
microglia may become more susceptible to inflammatory stimuli, and dementia is
brought on by elevated levels of inflammatory cytokines (Corlier et al., 2018). ROS
can trigger inflammatory reactions by triggering the activation of NF-kB, which
promotes the release of TNF-a and IL-6, among other inflammatory mediators.
Moreover, chronic inflammation most likely started a vicious cycle of rising ROS
production (Khodir et al., 2025).

This explains the d-gal-induced inflammatory response, which is in line with Atef et
al., 2022 and is evidenced by the substantial increase in TNF-a and IL-6 as well as the
significant up-regulation of NF-kB gene expression in the D-gal group’s hippocampus
regions (Atef et al., 2022).

The inflammatory state caused by D-gal was significantly reduced by ASX. ASX has a
potent anti-inflammatory impact, which may be linked to its antioxidant action, and it
helps to improve organ function through physiological changes (Visioli & Artaria,
2017). By inhibiting NF-KB, ASX has been demonstrated to have anti-inflammatory
effects (Chen et al., 2020). Prior research has connected ASX's medicinal uses to its
function in suppressing the expression of inflammatory genes and cytokine production
(Priyadarshini & Aggarwal, 2018).

BDNF is a crucial neurotrophic factor that controls a number of brain functions.

Furthermore, by managing the NF-kB signaling cascade, BDNF controls the
AY



inflammatory state. The relationship between neuroinflammation and cognitive decline
is thus significantly mediated by BDNF (Atef et al., 2022). The current investigation
showed that D-gal dramatically decreased the amount of BDNF, which are consistent
with earlier research by Atef et al., (2022).

Following treatment with ASX, BDNF was significantly up-regulated in comparison to
the D-gal group. This is consistent with a prior study that found that ASX reduced brain
aging by restoring BDNF levels in rats' brains and hippocampal regions (Wu et al.,
2014). In addition ASX slows brain aging by increasing levels of BDNF in the rat
hippocampus (Wu et al., 2014).

By attaching itself to TLR-4, HMGB 1 promotes the release of cytokines. NF-xB
activity was linked to TLR4 signaling activation, which increased the production of
pro-inflammatory cytokines, leading to leukocyte buildup and localized inflammation.
NF-xB functions is a TLR4 signaling pathway downstream effector (Khodir et al.,
2025). In line with earlier research, D-gal significantly increased HMGB1/TLR4/NF-
kB hippocampus gene expression and NF-kB hippocampal immunoreaction when
compared to control (Atef et al., 2022).

By downregulating hippocampus HMGB1/TLR4/NF-kB and NF-kB immunoreaction
in comparison to D-gal, our findings provides evidence that ASX can improve cognitive
deficits in an aging model caused by D-gal, which is consistent with earlier research
(Khodir et al., 2024).

In the hippocampal CA1, D-gal caused chaotic pyramidal cell loss. Previous research
showing that D-gal produced neurodegenerative changes supported our
histopathological findings (Samad et al., 2022). ASX dramatically improved these
changes.

Rat astrocytes are implicated in D-gal-induced brain aging, according to numerous
studies. Astrocytes may become activated as a result of brain damage. Overactive
astrocytes can impede normal neuronal functioning and result in cognitive impairment
by exacerbating oxidative stress, decreasing the number of neurons, blocking synaptic
transmission, and releasing neurotoxic or cytotoxic chemicals (Liu et al., 2020).
According to our findings, D-gal increased the quantity and activity of GFAP-positive
astrocytes in the rat hippocampal region, which is consistent with a prior study by Kou
et al., (2016).

A¢



In the hippocampus of the D-gal+ASX, we found that ASX dramatically reduced GFAP
immunoreactivity, improving gliosis. This finding may be related to ASX's anti-
inflammatory effect and is consistent with other research (Liu et al., 2020).

Conclusion

By down-regulating the HMGB1/TLR4/NF-kB signaling cascade, improving gliosis,
and utilizing neurotrophic, antioxidant, and anti-inflammatory pathways, ASX
mitigated D-gal-induced cognitive impairments. ASX is a viable target for altering the
aging process because of these effects.

Conflicts of interest
The authors declare that they have no conflict of interest

References:

1.  Atef, M. M., Emam, M. N., Abo El Gheit, R. E., Elbeltagi, E. M., Alshenawy,
H. A., Radwan, D. A,, Younis, R. L., & Abd-Ellatif, R. N. (2022). Mechanistic
insights into ameliorating effect of geraniol on D-galactose induced memory
impairment in rats. Neurochemical Research, 47(6), 1664—1678.

2. Awad, A. M,, Elshaer, S. L., Gangaraju, R., Abdelaziz, R. R., & Nader, M. A.
(2024). Ameliorative effect of montelukast against STZ induced diabetic
nephropathy: targeting HMGB1, TLR4, NF-kB, NLRP3 inflammasome, and
autophagy pathways. Inflammopharmacology, 32(1), 495-508.

3. Baeissa, H. M., Bargawi, A. A., Tashkandi, M. A., Algahtani, L. S., Al-azragi,
R., Salem, N. A., & Hussein, R. H. (2024). Gero-protective Impact of
Astaxanthin on Experimental Model of Brain Aging: Biochemical and
Molecular Study. Egyptian Journal of Chemistry, 67(3), 297-307.

4.  Chen, Z., Xiao, J., Liu, H,, Yao, K., Hou, X,, Cao, Y., & Liu, X. (2020).
Astaxanthin attenuates oxidative stress and immune impairment in D-galactose-
induced aging in rats by activating the Nrf2/Keap1 pathway and suppressing the
NF-xB pathway. Food & Function, 11(9), 8099-8111.

5. Corlier, F., Hafzalla, G., Faskowitz, J., Kuller, L. H., Becker, J. T., Lopez, O.
L., Thompson, P. M., & Braskie, M. N. (2018). Systemic inflammation as a
predictor of brain aging: Contributions of physical activity, metabolic risk, and
genetic risk. Neuroimage, 172, 118-129.

6. Cui, G, Li, L., Xu, W., Wang, M., Jiao, D., Yao, B., Xu, K., Chen, Y., Yang,
S., & Long, M. (2020). Astaxanthin Protects Ochratoxin A-Induced Oxidative
Stress and Apoptosis in the Heart via the Nrf2 Pathway. Oxidative Medicine
and Cellular Longevity, 2020(1), 7639109.

7.  El-Far, A. H., Elghaity, M. M., Mohamed, S. A., Noreldin, A. E., Elewa, Y. H.
A., Al Jaouni, S. K., & Alsenosy, A. A. (2024). Diosgenin alleviates D-
galactose-induced oxidative stress in rats’ brain and liver targeting aging and
apoptotic marker genes. Frontiers in Molecular Biosciences, 11, 1303379.

Ao



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Fassett, R. G., & Coombes, J. S. (2011). Astaxanthin: a potential therapeutic
agent in cardiovascular disease. Marine Drugs, 9(3), 447-465.

Gok, D. K., Ozturk, N., Er, H., Aslan, M., Demir, N., Derin, N., Agar, A., &
Yargicoglu, P. (2015). Effects of rosmarinic acid on cognitive and biochemical
alterations in ovariectomized rats treated with D-galactose. Folia Histochemica
et Cytobiologica, 53(4), 283-293.

Hong, M., Nie, Z., Chen, Z., & Bao, B. (2024). Astaxanthin attenuates diabetic
kidney injury through upregulation of autophagy in podocytes and pathological
crosstalk with mesangial cells. Renal Failure, 46(2), 2378999.

Ji, X., Peng, D., Zhang, Y., Zhang, J., Wang, Y., Gao, Y., Lu, N., & Tang, P.
(2017). Astaxanthin improves cognitive performance in mice following mild
traumatic brain injury. Brain Research, 1659, 88-95.

Khodir, S. A., Abdelrahman, S. E., Abd El-aziz, N., Aboul-Ela, Y. M., Khedr,
S. A, El-Sawaf, E. A., Abd EL-Khalek, S. H., El Menyawi, M. A. I., Yusuf, W.
A., & Greash, M. A. (2025). Activation of angiotensin-converting enzyme 2
mitigates  Doxorubicin  induced  nephrotoxicity by  TLR4/NF-kB
downregulation. Mansoura Journal of Forensic Medicine and Clinical
Toxicology, 33(2), 1-11.

Khodir, S. A., Bayomy, N., Diab, K. A., Abd El-aziz, N., Shahien, M. A.,
Mowafy, S. M., Abo EL-Soud, S., Kamal, A., Hussein, S. M., & Elmorshdy, S.
(2025). Albiflorin mitigates Renal Impairment in Hyperuricemic Rats by
modulating HMGB1/TLR4/NF-kB signaling pathway. Bulletin of Egyptian
Society for Physiological Sciences, 45(2), 232-245.

Khodir, S. A., El-Haroun, H., Shukry, A. M., H Abd-Elhamid, T., Seddek, A.
A., Samy, E., R Mahmoud, A., Nabil, A., & Ahmed, K. E.-S. (2025). The Rho
Kinase Inhibitor Fasudil Mitigates Neurocognitive Deficits in D-Galactose-
Induced Brain Aging in Rats: Involvement of SIRT1, BDNF and NF-xB.
Bulletin of Egyptian Society for Physiological Sciences, 45(1), 18-31.

Khodir, S. A., Shukry, A. M., El-aziz, A., Noha, M., Ahmed, F. E., Sherif, H.
G., Hussein, S. M., & Gaafar, A. M. (2024). Astaxanthin Mitigates
Streptozotocin Induced Diabetic Nephropathy, Targeting HMGB1, TLR4 and
NF-xB. Egyptian Journal of Hospital Medicine, 97(1).

Kidd, P. (2011). Astaxanthin, cell membrane nutrient with diverse clinical
benefits and anti-aging potential. Altern Med Rev, 16(4), 355-364.

Kou, X., Liu, X., Chen, X., Li, J., Yang, X., Fan, J., Yang, Y., & Chen, N.
(2016). Ampelopsin attenuates brain aging of D-gal-induced rats through miR-
34a-mediated SIRT1/mTOR signal pathway. Oncotarget, 7(46), 74484—74495.
https://doi.org/10.18632/oncotarget.12811

Liu, H., Zhang, X., Xiao, J., Song, M., Cao, Y., Xiao, H., & Liu, X. (2020).
Astaxanthin attenuates d-galactose-induced brain aging in rats by ameliorating
oxidative stress, mitochondrial dysfunction, and regulating metabolic markers.
Food & Function, 11(5), 4103-4113.

Liu, X., Chen, X., Liu, H., & Cao, Y. (2018). Antioxidation and anti-aging

AT



20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

activities of astaxanthin geometrical isomers and molecular mechanism
involved in Caenorhabditis elegans. Journal of Functional Foods, 44, 127-136.
Ma, Y., Ma, Z., Zhang, Y., Luo, C., Huang, P., Tong, J., Ding, H., & Liu, H.
(2024). Apigenin and baicalein ameliorate thoracic aortic structural
deterioration and cognitive deficit via inhibiting AGES/RAGE/NF-kB pathway
in D-galactose-induced aging rats. European Journal of Pharmacology, 976,
176660.

Negm, A. M., Khodir, S. A., Amer, M. S., Bayomy, N. R., Abd El-aziz, N. M.,
Elfakhrany, A. T., Abd-Elhamid, T. H., Abd Elmaksoud, R. A., Faisal, A. S., &
Bayomi, A. I. (2025). Acacia Saligna alleviates Stress Induced Gastric Ulcer in
Rats by TLR4/NF-xB Downregulation. Egyptian Journal of Hospital Medicine,
98(1).

Ni, Y., Wu, T., Yang, L., Xu, Y., Ota, T., & Fu, Z. (2018). Protective effects of
astaxanthin on a combination of D-galactose and jet lag-induced aging model
in mice. Endocrine Journal, 65(5), 569-578.

Priyadarshini, L., & Aggarwal, A. (2018). Astaxanthin inhibits cytokines
production and inflammatory gene expression by suppressing IkB kinase-
dependent nuclear factor kB activation in pre and postpartum Murrah buffaloes
during different seasons. Veterinary World, 11(6), 782.

Sadigh-Eteghad, S., Majdi, A., McCann, S. K., Mahmoudi, J., Vafaee, M. S., &
Macleod, M. R. (2017). D-galactose-induced brain ageing model: a systematic
review and meta-analysis on cognitive outcomes and oxidative stress indices.
PloS One, 12(8), e0184122.

Samad, N., Hafeez, F., & Imran, I. (2022). D-galactose induced dysfunction in
mice hippocampus and the possible antioxidant and neuromodulatory effects of
selenium. Environmental Science and Pollution Research, 29(4), 5718-5735.
https://doi.org/10.1007/s11356-021-16048-x

Shwe, T., Pratchayasakul, W., Chattipakorn, N., & Chattipakorn, S. C. (2018).
Role of D-galactose-induced brain aging and its potential used for therapeutic
interventions. Experimental Gerontology, 101, 13-36.

Tchantchou, F., Puche, A. A., Leiste, U., Fourney, W., Blanpied, T. A., &
Fiskum, G. (2018). Rat model of brain injury to occupants of vehicles targeted
by land mines: mitigation by elastomeric frame designs. Journal of
Neurotrauma, 35(10), 1192-1203.

Visioli, F., & Artaria, C. (2017). Astaxanthin in cardiovascular health and
disease: mechanisms of action, therapeutic merits, and knowledge gaps. Food
& Function, 8(1), 39-63.

Wu, H., Chen, Z., Xie, J., Kang, L.-N., Wang, L., & Xu, B. (2016). High
Mobility Group Box-1: a missing link between diabetes and its complications.
Mediators of Inflammation, 2016(1), 3896147.

Wu, Q., Zhang, X.-S., Wang, H.-D., Zhang, X., Yu, Q., Li, W., Zhou, M.-L., &
Wang, X.-L. (2014). Astaxanthin activates nuclear factor erythroid-related
factor 2 and the antioxidant responsive element (Nrf2-ARE) pathway in the

AY



31.

32.

33.

34.

35.

brain after subarachnoid hemorrhage in rats and attenuates early brain injury.
Marine Drugs, 12(12), 6125-6141.

Wu, W., Wang, X., Xiang, Q., Meng, X., Peng, Y., Du, N., Liu, Z., Sun, Q.,
Wang, C., & Liu, X. (2014). Astaxanthin alleviates brain aging in rats by
attenuating oxidative stress and increasing BDNF levels. Food & Function,
5(1), 158-166.

Xue, X.-L., Han, X.-D., Li, Y., Chu, X.-F., Miao, W.-M., Zhang, J.-L., & Fan,
S.-J. (2017). Astaxanthin attenuates total body irradiation-induced
hematopoietic system injury in mice via inhibition of oxidative stress and
apoptosis. Stem Cell Research & Therapy, 8(1), 7.

Younis, R. L., EI-Gohary, R. M., Ghalwash, A. A., Hegab, I. I., Ghabrial, M.
M., Aboshanady, A. M., Mostafa, R. A., EI-Azeem, A. H. A, Farghal, E. E., &
Belal, A. A. E. (2024). Luteolin mitigates D-galactose-induced brain ageing in
rats: SIRT1-mediated neuroprotection. Neurochemical Research, 49(10), 2803—
2820.

Zhuge, F., Ni, Y., Wan, C., Liu, F., & Fu, Z. (2021). Anti-diabetic effects of
astaxanthin on an STZ-induced diabetic model in rats. Endocrine Journal,
68(4), 451-459.

Zou, W., Yuan, J., Tang, Z.-J., Wei, H.-J., Zhu, W.-W., Zhang, P., Gu, H.-F.,
Wang, C.-Y., & Tang, X.-Q. (2017). Hydrogen sulfide ameliorates cognitive
dysfunction in streptozotocin-induced diabetic rats: involving suppression in
hippocampal endoplasmic reticulum stress. Oncotarget, 8(38), 64203.

AA



