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Rutin attenuates p-galactose-induced oxidative
stress in rats’ brain and liver: molecular docking
and experimental approachest
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Ali H. El-Far (2 *9 and Abdelwahab A. Alsenosy (29

Oxidative stress results from the imbalance between reactive oxygen species (ROS) production and anti-
oxidant defence and is primarily involved in aging. The current study investigated the antioxidant activity
of rutin in aging in rats induced by p-galactose (p-gal) for 42 days. Rutin was orally used at doses of 50
and 100 mg kg™ daily. Results showed that p-gal induced oxidative alterations in the brain and liver
recognized via upregulation of aging and oxidative markers. In contrast, rutin ameliorated the oxidative
stress induced by p-gal by enhancing antioxidant markers such as superoxide dismutase-1, glutathione
peroxidase-1, and glutathione S-transferase-a. Also, rutin significantly decreased the accumulation of g-
galactosidase and reduced the expression of p53, p21, Bcl-2-associated X protein (Bax), caspase-3
(CASP3), and mammalian target of rapamycin (mTOR) in brain and hepatic tissues. Rutin potentially atte-
nuated these aging-related oxidative alterations in a dose-dependent manner. Moreover, rutin markedly
reduced the increased immunohistochemical expression of f-galactosidase, 8-hydroxy-2'-deoxyguano-
sine, calcium-binding adapter molecule 1, glial fibrillary acidic protein, Bax, and interleukin-6 and signifi-
cantly increased Bcl2, synaptophysin, and Ki67. Furthermore, a molecular docking study revealed that
rutin exhibited high affinity to rat and human caspases, PI3K/AKT/mTOR, and the IL-6 receptor. Finally, we
can conclude that rutin supplementation can be a promising natural protective compound that could
delay aging and maintain health.

1. Introduction

Aging is associated with numerous morphological and func-
tional changes in the body. Oxidative stress and inflammation
are the main mechanisms involved in the aging process that
may cause severe cellular injuries." Reactive oxygen species
(ROS) are produced by living organisms due to normal cellular
metabolism and environmental factors. ROS are highly reactive
molecules and can damage cell structures such as carbo-
hydrates, nucleic acids, lipids, and proteins and alter their
functions.” The shift in the balance between oxidants and anti-
oxidants in favor of oxidants is termed oxidative stress.’

The liver and the brain are the two most crucial organs, and
ROS assault throughout aging causes both of these organs to
steadily deteriorate.* There is a relationship between the func-
tional status of the liver and brain; hepatic encephalopathy
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results from the insufficiency of the liver to remove toxins
from the blood, leading to brain dysfunction.® Furthermore,
exposure to ROS increases the incidence of several liver dis-
eases throughout the life-span, including aging.®

Chronic experimental p-galactose (p-gal) exposure induces
premature aging similar to natural aging in rodents.”® p-gal

This journal is © The Royal Society of Chemistry 2023
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is largely metabolised in the liver, which also plays a crucial
detoxifying role. Additionally, this organ is regularly exposed
to ROS due to its rapid respiratory rate. Second, despite the
fact that the brain has the most complex tissue of any organ in
the body and needs a lot of oxygen and energy to operate nor-
mally, it only has a small concentration of antioxidant
enzymes.'!

In nature, p-gal is a reducing sugar that can be metabolized
at normal concentrations. However, at high levels, p-gal can be
converted into aldose and hydroperoxide under the catalysis of
galactose oxidase, resulting in the generation of a superoxide
anion and oxygen-derived free radicals.'® p-gal also reacts with
the free amines of amino acids in proteins and peptides both
in vivo and in vitro to form advanced glycation end products
(AGEs), which cause ROS accumulation.”'* Oxidative stress-
mediated DNA damage caused alterations in the synaptic
structure, and memory maintenance and learning abilities
were also demonstrated in mouse models.'*"®

Since ancient times, medicinal plants have been an integral
part of traditional medicine for the discovery of new drug
leads.'” "¢ Rutin (3,3',4',5,7-pentahydroxyflavone-3-thamnoglu-
coside) is a flavonol abundant in plants such as passionflower,
buckwheat, tea, and apple. The name ‘rutin’ comes from the
plant Ruta graveolens, which contains rutin. Chemically, it is a
glycoside comprising the flavonol aglycone quercetin and the
disaccharide rutinose. The 4-oxo group and the 2,3 double
bond in the C ring in rutin may be related to its neuroprotec-
tive action.>” Polyhydroxylated substitutions on rings A and B,
a 2,3-double bond, a free 3-hydroxyl substitution, and a 4-keto
moiety confer antiperoxidative properties to rutin.*® It has
demonstrated many pharmacological activities, including anti-
oxidant, neuroprotective, cytoprotective, vasoprotective, antic-
arcinogenic, and cardioprotective effects.>**' The present
experiment aims to assess the anti-aging protective effect of
rutin in experimentally induced aging by p-gal in rats’ brain
and liver.

2. Materials and methods

2.1. Ethics statement

All methods are reported in accordance with the ARRIVE
guidelines (https:/arriveguidelines.org) and approved (DMU/
VetMed-2023/012) by the Faculty of Veterinary Medicine Ethics
Committee, Damanhour University, Egypt.

2.2. Experimental design

Fifty healthy male Wistar rats weighing (90-110 g B.W.), were
purchased from the Medical Research Institute of Alexandria
University, Egypt. The animals were kept in metal cages under
controlled environmental conditions with optimum tempera-
ture (23 + 2), humidity (55 + 5), and dark/light cycle (12 hours)
with free access to basal diet (ESI Table 1f) and drinking
water. All animals were housed for one week before the experi-
ment to acclimate and ensure average growth and behavior.
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Rats were randomly assigned into five groups containing 10
rats each. In the control group, rats were subcutaneously
injected with physiological saline solution (0.9%) daily. In the
vehicle group, rats were injected subcutaneously with physio-
logical saline solution (0.9%) and orally supplemented with
corn oil daily. In the p-gal (Sigma-Aldrich Co., Missouri, USA)
group, rats were injected subcutaneously with 200 mg of p-gal
per kg body weight (B.W.) dissolved in saline solution daily
and supplemented orally with corn oil.>*> However, in the p-gal
+ RU50 group, rats were injected subcutaneously with 200 mg
of p-gal per kg B.W. dissolved in saline solution daily and sup-
plemented orally with 50 mg of rutin (Sigma-Aldrich Co.) per
kg B.W.?* In the p-gal + RU100 group, rats were injected subcu-
taneously with 200 mg of p-gal per kg B.W. dissolved in saline
solution daily and supplemented orally with 100 mg of rutin
per kg B.W.>* dissolved in corn oil. The experimental period
lasted for 42 days.

2.3. Sampling

On day 42, the animals were anesthetized with isoflurane inha-
lation and euthanized by cervical dislocation. The brain (cere-
brum, hippocampus, and cerebellum) and liver (right lobe)
were immediately dissected, rinsed with chilled normal saline
0.9%, and divided into three parts; the first was used for histo-
pathological and immunohistochemical examination (fixed in
neutral buffered formalin, 10%) and the other two parts were
stored at —80 °C until further analysis. The first part was used
for studying mRNA expression of p53, p21, Bcl-2-associated X
protein (Bax), B-cell lymphoma-2 (Bci2), caspase-3 (CASP3),
mammalian target of rapamycin (m7TOR), and p-actin by
RT-PCR. The second part was used for the determination of
superoxidase dismutase 1 (SOD1), glutathione peroxidase-1
(GPx-1), and glutathione S-transferase-a (GST-a) by ELISA.

2.4. Histopathological assessment

The conventional paraffin embedding technique was per-
formed to process the fixed specimens according to Bancroft
and Layton.*® Four pm thick sections from brain and liver
samples were stained using hematoxylin and eosin (H and E)
as described by Bancroft and Layton®’ and periodic acid Schiff
(PAS) in liver sections according to Layton and Bancroft.*®
Semiquantitative scoring of brain and liver lesions was calcu-
lated according to Gibson-Corley et al.®” Briefly, lesions in 10
fields randomly chosen from each rat’s slide were obtained
and averaged. The lesions were scored in a blinded way [score
scale: 0 = normal; 1 < 25%; 2 = 26-50%; 3 = 51-75%; 4 =
76-100%).

2.5. Immunohistochemical assessment

Antibodies, sources, working dilutions, and methods for
antigen retrieval are listed in the ESI Table 2.1 The immuno-
histochemical technique was investigated according to the
method described by Noreldin et al.*® Micrographs of the sec-
tions were taken with a digital camera (Leica EC3, Leica,
Germany) connected to a microscope (Leica DM500). The
Image] software (National Institutes of Health, Bethesda, MD,
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USA) was used to quantify immunostaining intensities. Vis
et al. (2000) reported that the inverse means density was deter-
mined in 10 randomly chosen fields from various sections of
five rats in each group.

2.6. Antioxidant status assessment

Oxidative stress and antioxidant biomarkers were analyzed in
the brain and liver homogenates (20% (w/v)) using cooled 0.1
M phosphate buffered saline. SOD1 (cat. no. ER0332), GPx-1
(cat. no. ER0274), and GST-a (cat. no. ER1022) protein levels
were determined using ELISA Kkits (FineTest, Wuhan, Hubei,
China). The Bradford method was followed to determine
protein levels in all samples.*®

2.7. Gene expression assessment by real-time polymerase
chain reaction (RT-PCR)

According to the manufacturer’s kit, total RNA was extracted
from the tissue samples using the easy-spin kit for total RNA
extraction (INTRON Biotechnology, Korea). The purities and
concentration of RNA were measured by a nanodrop spectro-
photometer (Genway Nanodrop, Germany). 1 pg of RNA (260/
280 ratio = 1.8-2.0) was used for the transcription of cDNA
using the RT-Premix kit (INTRON Biotechnology). 2 ul of RT
product was mixed with 10 pl of SYBR-Green master mix
(INTRON, Biotechnology, Korea) and 0.5 mM of each forward
and reverse primer (ESI Table 31) and nuclease-free water to
make a final volume of 20 pl. All reactions were performed on
a 7500 Applied Biosystems, USA, under the following con-
ditions: 95 °C for 10 min, followed by 40 cycles at 95 °C for 15
s, 58 °C for 15 °C, and 72 °C for 30 s. Relative expression of
mRNA was normalized to f-actin as a housekeeper gene. The
fold changes of mRNA expression were calculated by the
2744 method described by Livak and Schmittgen.*®

2.8. Molecular docking

Molecular docking assessment was performed to determine
the binding affinity (pK;) of rutin toward phosphatidylinositol-
4,5-bisphosphate 3-kinase-catalytic subunit alpha (PK3CA),
phosphatidylinositol-4,5-bisphosphate 3-kinase-catalytic
subunit beta (PK3CB), protein kinase B1 (AKT1), AKT2, AKT3,
mammalian target of rapamycin (mTOR), caspase-8, caspase-9,
caspase-3, interleukin 6 receptor-alpha (IL6RA), and interleu-
kin 6 receptor-beta (IL6RB) proteins in rats and humans.

Rat PK3CA (AF-A0A0G2K344), PK3CB (AF-Q9Z1L0), AKT1
(AF-P47196), AKT2 (AF-P47197), AKT3 (AF-Q63484), mTOR
(AF-P42346), caspase-8 (AF-Q9JHX4), caspase-9
(AF-AOA0G2K3VO0), caspase-3 (AF-P55213), IL6RA (AF-G3V8TS6),
IL6RB (AF-P40190), and human PK3CB (AF-P42338) were
retrieved from the AlphaFold protein structure database
(https://alphafold.ebi.ac.uk/). Human PK3CA (3HIZ), AKT1
(6S9X), AKT2 (1GZO), AKT3 (2X18), mTOR (4]JT6), caspase-8
(1I4E), caspase-9 (1INW9), caspase-3 (1NMQ), IL6RA (1N26),
and IL6RB (1P9M) were obtained from the RCSB protein data
bank (https:/www.rcsb.org/).

The binding affinity (pK;) and the ligand efficiency of rutin
and target proteins were determined using the InstaDock soft-
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ware.*' In addition, visualization of ligands-proteins inter-
actions was visualized using the Discovery Studio Visualizer
software (https:/discover.3ds.com/discovery-studio-visualizer-
download).

2.9. Statistical analysis

A one-way ANOVA with Tukey’s post hoc multiple range tests
was used for data analysis using GraphPad Prism v.5 (https:/
www.graphpad.com/) (GraphPad, San Diego, CA, USA). All
declarations of significance were based on P < 0.05.

3. Results

3.1. Histopathology

The histopathological investigation of the cerebrum of rats in
the control and vehicle groups showed normal histoarchitec-
ture of the neurons and neuropil (ESI Fig. 1A and Bf). On the
other hand, the cerebrum of p-gal-treated rats revealed necrotic
neurons and congested blood vessels (ESI Fig. 1Ct). However,
the cerebrum of the p-gal + RU50-treated rats showed improved
cerebral neurons and neuropil with minimal necrotic neurons
(ESI Fig. 1DT). Moreover, the p-gal + RU100-treated rats exhibi-
ted a quite normal cerebral architecture (ESI Fig. 1Ef). ESI
Fig. 1F{ represents a significant decrease in the cerebral necro-
tic score in the p-gal + RU50 and p-gal + RU100 groups com-
pared with that of the p-gal group. Also, the p-gal + RU100 rats
exhibited a significant reduction in necrotic score compared
with those in the p-gal + RU50 group.

The histopathologic examination of the hippocampus of
rats in the control and vehicle groups showed normal hippo-
campal structures of the granule cell layer and molecular layer
of the dentate gyrus (ESI Fig. 2A and BY). However, the p-gal-
treated rats showed necrotic neurons of the dentate gyrus with
a small number and layers of neurons with a disordered
arrangement (ESI Fig. 2Ct). Rats treated with p-gal + RU50 and
p-gal + RU100 revealed an improvement in the dentate gyrus
morphology, with a few degenerated neurons (ESI Fig. 2D and
Et). Hippocampal necrotic scores were significantly decreased
in the p-gal + RU50 and p-gal + RU100 compared with those of
the p-gal. Also, the p-gal + RU100 group exhibited a significant
reduction in the necrotic score compared with the p-gal +
RU50 group (ESI Fig. 2Ff).

Upon examining the cerebellum of rats in the control and
vehicle groups, we detected the normal cerebellar architecture
of the molecular cell, Purkinje cell, and granule cell layers (ESI
Fig. 3A and BfY). p-gal-treated rats showed a complete loss or
necrotic nuclei of the Purkinje cell layer with a focal loss of
neurons of the granule cell layer (ESI Fig. 3Ct). However, in
the p-gal + RU50 group, rats revealed a better histologic cer-
ebellar structure with a few pyknotic Purkinje cells (ESI
Fig. 3DY). Furthermore, p-gal + RU100-treated rats have a
nearly normal histologic cerebellar architecture with minimal
degenerated Purkinje cells (ESI Fig. 3Ef). Cerebellar necrotic
scores were significantly decreased in the p-gal + RU50 and
p-gal + RU100 groups compared with those of the p-gal group.

This journal is © The Royal Society of Chemistry 2023
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Also, the p-gal + RU100 rats exhibited a significant reduction
in the necrotic score compared with the p-gal + RU50 rats (ESI
Fig. 3Ff).

No histopathologic hepatic lesions were detected in the
control and vehicle groups (ESI Fig. 4A and Bf). However,
hepatic samples isolated from the p-gal group showed dilated
and congested central vein, hydropic degeneration, and accu-
mulated inflammatory cells (ESI Fig. 4Ct). Rats treated with
p-gal + RU50 revealed an improved hepatic architecture with a
few pyknotic nuclei (ESI Fig. 4Df). Furthermore, p-gal +
RU100-treated rats exhibited a relatively normal hepatic arch
similar to the control group (ESI Fig. 4Et). Semi-quantitative
statistical analysis of hepatic lesion scores revealed that the
p-gal group had a markedly increased level of hepatic vacuo-
lation score compared to the rats in the control group.
However, the p-gal + RU50 and p-gal + RU100 groups showed a
significant reduction in the hepatic lesion score (ESI Fig. 4Ff).

The negative control and vehicle groups had normal
content and distribution of glycogen inside hepatocytes (ESI
Fig. 5A and Bf). On the other hand, hepatic sections of the
p-gal group revealed a low amount and distribution of glycogen
(ESI Fig. 5Ct). The glycogen amount and distribution in the
p-gal + RU50 and p-gal + RU100-treated rats had increased in a
dose-dependent manner (ESI Fig. 5D and Et). The p-gal group
revealed a marked reduction in glycogen distribution com-
pared with the control and negative vehicle groups. Moreover,
rats protected against p-gal using RU50 and RU100 exhibited
an even glycogen distribution in all hepatic lobules (ESI
Fig. 5F1).

3.2. Immunohistochemistry

The investigation of p-galactosidase immunohistochemical
expression in the control and vehicle groups showed a negative
immune reaction in the cerebrum (Fig. 1A1 and A2), hippo-
campus (Fig. 1B1 and B2), cerebellum (Fig. 1C1 and C2), and
liver (Fig. 1D1 and D2) respectively. However, the p-gal-group
showed many p-galactosidase immune reactive nuclei in all
brain regions and the liver (Fig. 1A3, B3, C3, and D3). On the
other hand, the group treated with p-gal + RU50 showed a
lower distribution of nuclei showing the p-galactosidase reac-
tion than the p-gal alone group (Fig. 1A4, B4, C4, and D4).
Moreover, the p-gal + RU100 group revealed the lowest distri-
bution of nuclei showing the p-galactosidase reaction
(Fig. 1A5, B5, C5, and D5). The nonparametric quantitative
analysis for the area percentage of nuclei showing the f-galac-
tosidase immunohistochemical reaction revealed a markedly
high expression in the p-gal group compared with the control
rats. This expression was significantly reduced in the p-gal +
RU50 and p-gal + RU100 groups (Fig. 1A6, B6, C6, and D6).

No immunohistochemical reaction of 8-hydroxy-2'-deoxy-
guanosine (8-OHdG) could be detected in the cerebrum
(Fig. 2A1 and A2), hippocampus (Fig. 2B1 and B2), cerebellum
(Fig. 2C1 and C2), and liver (Fig. 2D1 and D2) of control and
vehicle groups. The p-gal-treated rats revealed the highest dis-
tribution of nuclei showing 8-OHdG immunoreaction
(Fig. 2A3, B3, C3, and D3). However, the p-gal + RU50-sup-
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plemented rats exhibited a smaller distribution of nuclei
showing the 8-OHdG immunoreaction than the p-gal alone
group (Fig. 2A4, B4, C4, and D4). In addition, the p-gal +
RU100 group exhibited the smallest expression of nuclei
showing the 8-OHdG immunoreaction in all brain compart-
ments and liver (Fig. 2A5, B5, C5, and D5). The nonparametric
quantitative analysis for the area percentage of nuclei showing
8-OHdG immunohistochemical reaction reveals a significantly
increased expression in p-gal-treated rats in comparison with
control rats. This expression was markedly lowered in the p-gal
+ RU50 and p-gal + RU100 groups (Fig. 2A6, B6, C6, and D6).

The detection of cells showing calcium-binding adapter
molecule 1 (IBA1) immunoreaction in the control and vehicle
groups revealed the lowest number in the cerebrum (Fig. 3A1
and A2), hippocampus (Fig. 3B1 and B2), cerebellum (Fig. 3C1
and C2), and liver (Fig. 3D1 and D2). However, the rats in the
p-gal group exhibited the highest microglia distribution in all
brain compartments and Kupffer cells in the liver (Fig. 3A3,
B3, C3, and D3). On the other hand, rats in the p-gal +
RU50 group showed lower microglia and Kupffer cell distri-
bution than those in the p-gal group (Fig. 3A4, B4, C4, and
D4). Furthermore, the p-gal + RU100 group revealed the lowest
microglia and Kupffer cell number among all treated groups
(Fig. 3A5, B5, C5, and D5). The nonparametric quantitative
analysis for the area percentage of cells showing IBA1
immunohistochemical reaction showed a markedly high
immunohistochemical reaction in the p-gal-treated rats com-
pared with the control rats. This expression was significantly
decreased in the p-gal + RU50 and p-gal + RU100 groups
(Fig. 3A6, B6, C6, and D6).

Regarding the immunohistochemical expression of the glial
fibrillary acidic protein (GFAP) in rat brain, a low distribution
of astrocytes was detected in the cerebrum (Fig. 4A1 and A2),
hippocampus (Fig. 4B1 and B2), and cerebellum (Fig. 4C1 and
C2), respectively. In contrast, in the p-gal group, rats revealed
the highest astrocyte number in all brain regions (Fig. 4A3, B3,
and C3). The p-gal + RU50 group showed lower astrocyte distri-
bution than the p-gal group (Fig. 4A4, B4, and C4). Moreover,
rats treated with p-gal + RU100 revealed the lowest astrocyte
distribution than all groups (Fig. 4A5, B5, and C5). The non-
parametric quantitative analysis for the area percentage of
GFAP expression in astrocytes showed a markedly high
immunohistochemical GFAP reaction in the p-gal group com-
pared with the control group. This reaction was markedly
decreased in the p-gal + RU50 and p-gal + RU100 groups
(Fig. 4A6, B6, and C6).

The examination of Bax immunohistochemical expression
in the control and vehicle groups revealed negative to mild
reactions in the cerebrum (Fig. 5A1 and A2), hippocampus
(Fig. 5B1 and B2), cerebellum (Fig. 5C1 and C2), and liver
(Fig. 5D1 and D2). On the other hand, brain and liver speci-
mens obtained from rats in the p-gal group showed massive
Bax expression in the nuclei of neurons and hepatocytes
(Fig. 5A3, B3, C3, and D3). At the same time, the p-gal + RU50
rats exhibited decreased Bax expression than the p-gal group
(Fig. 5A4, B4, C4, and D4). Furthermore, the p-gal + RU100 rats
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Fig. 1 Representative photomicrograph demonstrated immunohistochemical expression of p-galactosidase in cerebrum (A1-A5), hippocampus
(B1-B5), cerebellum (C1-C5), and liver (D1-D5) from control (A1, B1, C1, and D1), vehicle (A2, B2, C2, and D2), p-gal-treated (A3, B3, C3, and D3),
p-gal + RU50-treated (A4, B4, C4, and D4), and p-gal + RU100-treated (A5, B5, C5, and D5). f-galactosidase area percentages are represented in
bars (A6, B6, C6, and D6). Blue arrows indicate positive immune expression in p-gal, p-gal + RU50, and p-gal + RU100, red arrow indicates negative
nucleus. Data were analyzed with a one-way ANOVA followed by Tukey’s multiple comparison test. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P <
0.0001. ns = nonsignificant. Error bars represent mean + SD. n = 10. Scale bar = 50 pm.

showed the lowest Bax expression among all groups (Fig. 5A5, Bax expression in the p-gal group compared with the control
B5, C5, and D5). The nonparametric quantitative analysis for group. This reaction was markedly reduced in the p-gal + RU50
the area percentage of Bax expression showed a markedly high and p-gal + RU100 groups (Fig. 5A6, B6, C6, and D6).
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Fig. 2 Representative photomicrograph demonstrated immunohistochemical expression of 8-hydroxy-2'-deoxyguanosine (8-OHdG) in cerebrum
(A1-AS5), hippocampus (B1-B5), cerebellum (C1-C5), and liver (D1-D5) from control (A1, B1, C1, and D1), vehicle (A2, B2, C2, and D2), p-gal-treated
(A3, B3, C3, and D3), p-gal + RU50-treated (A4, B4, C4, and D4), and p-gal + RU100-treated (A5, B5, C5, and D5). 8-OHdG area percentages are rep-
resented in bars (A6, B6, C6, and D6). Blue arrows indicate positive immune expression in p-gal, b-gal + RU50, and p-gal + RU100. Data were ana-
lyzed with a one-way ANOVA followed by Tukey’s multiple comparison test. *P < 0.05, ***P < 0.001, and ****P < 0.0001. ns = nonsignificant. Error

bars represent mean + SD. n = 10. Scale bar = 50 pm.

Concerning the studying of Bcl2 expression in the control
and vehicle groups, high expression was seen in the cerebrum
(Fig. 6A1 and A2), hippocampus (Fig. 6B1 and B2), cerebellum
(Fig. 6C1 and C2), and liver (Fig. 6D1 and D2). However, treat-

This journal is © The Royal Society of Chemistry 2023

ing rats with p-gal lowered the distribution of Bcl2 in all brain
compartments and the liver (Fig. 6A3, B3, C3, and D3). On the
other hand, the expression of Bcl2 increased in the p-gal +
RU50 group more than in rats treated with p-gal alone

Food Funct., 2023, 14, 5728-5751 | 5733
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Fig. 3 Representative photomicrograph demonstrated microglia distribution using immunohistochemical staining for calcium-binding adapter
molecule 1 (IBA1) in cerebrum (A1-A5), hippocampus (B1-B5), cerebellum (C1-C5), and liver (D1-D5) from control (A1, B1, C1, and D1), vehicle (A2,
B2, C2, and D2), p-gal-treated (A3, B3, C3, and D3), b-gal + RU50-treated (A4, B4, C4, and D4), and p-gal + RU100-treated (A5, B5, C5, and D5). IBA1
area percentages are represented in bars (A6, B6, C6, and D6). Blue arrows indicate positive immune expression in b-gal, p-gal + RU50, and p-gal +
RU100. Data were analyzed with a one-way ANOVA followed by Tukey's multiple comparison test. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P <
0.0001. ns = nonsignificant. Error bars represent mean + SD. n = 10. Scale bar = 50 pm.

(Fig. 6A4, B4, C4, and D4). Moreover, Bcl2 expression was the
highest in the p-gal + RU100 group among all treated groups
(Fig. 6A5, B5, C5, and D5). The nonparametric quantitative
analysis for the area percentage of Bcl2 expression revealed a

5734 | Food Funct, 2023, 14, 5728-575]

markedly decreased Bcl2 expression in the p-gal group com-
pared with control groups. This reaction was markedly
increased in the p-gal + RU50 and p-gal + RU100 groups
(Fig. 6A6, B6, C6, and D6).

This journal is © The Royal Society of Chemistry 2023
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Fig. 4 Representative photomicrograph demonstrated astrocytes distribution using immunohistochemical staining for glial fibrillary acidic protein
(GFAP) in cerebrum (A1-A5), hippocampus (B1-B5), and cerebellum (C1-C5) from control (A1, B1, and C1), vehicle (A2, B2, and C2), p-gal-treated
(A3, B3, and C3), p-gal + RU50-treated (A4, B4, and C4), and p-gal + RU100-treated (A5, B5, and C5). GFAP area percentages are represented in bars
(A6, B6, and C6) Blue arrows indicate positive immune expression in p-gal, p-gal + RU50, and p-gal + RU100. Data were analyzed with a one-way
ANOVA followed by Tukey's multiple comparison test. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001. ns = nonsignificant. Error bars rep-

resent mean + SD. n = 10. Scale bar = 50 pm.

In the control and vehicle groups, no expression for inter-
leukin-6 (IL-6) could be detected in the cerebrum (Fig. 7A1 and
A2), hippocampus (Fig. 7B1 and B2), and cerebellum (Fig. 7C1
and C2). Otherwise, the rats exposed to p-gal showed extensive

This journal is © The Royal Society of Chemistry 2023

IL-6 expression in all brain locations (Fig. 7A3, B3, and C3),
which was reduced in the samples isolated from rats treated
with p-gal + RU50 (Fig. 7A4, B4, and C4). IL-6 expression was
the lowest in the p-gal + RU100 group among all treated groups

Food Funct., 2023,14, 5728-5751 | 5735
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Fig. 5 Representative photomicrograph demonstrated immunohistochemical expression of Bcl-2-associated X protein (Bax) in in cerebrum (Al—
A5), hippocampus (B1-B5), cerebellum (C1-C5), and liver (D1-D5) from control (A1, B1, C1, and D1), vehicle (A2, B2, C2, and D2), b-gal-treated (A3,
B3, C3, and D3), p-gal + RU50-treated (A4, B4, C4, and D4), and p-gal + RU100-treated (A5, B5, C5, and D5). Bax area percentages are represented
in bars (A6, B6, C6, and D6). Blue arrows indicate positive immune expression in p-gal, b-gal + RU50, and p-gal + RU100. Data were analyzed with a
one-way ANOVA followed by Tukey's multiple comparison test. **P < 0.01, ***P < 0.001, and ****P < 0.0001. ns = nonsignificant. Error bars represent
mean + SD. n = 10. Scale bar = 50 pym.

(Fig. 7A5, B5, and C5). The nonparametric quantitative ana- control groups. This reaction was markedly decreased in
lysis for the area percentage of IL-6 expression showed a mark- the p-gal + RU50 and p-gal + RU100 groups (Fig. 7A6, B6, and
edly high IL-6 expression in the p-gal group compared with the Cé6).
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Fig. 6 Representative photomicrograph demonstrated immunohistochemical expression of B-cell lymphoma-2 (Bcl2) in in cerebrum (A1-A5), hip-
pocampus (B1-B5), cerebellum (C1-C5), and liver (D1-D5) from control (A1, B1, C1, and D1), vehicle (A2, B2, C2, and D2), p-gal-treated (A3, B3, C3,
and D3), p-gal + RU50-treated (A4, B4, C4, and D4), and p-gal + RU100-treated (A5, B5, C5, and D5). Bcl2 area percentages are represented in bars
(A6, B6, C6, and D6). Blue arrows indicate positive immune expression in p-gal, p-gal + RU50, and p-gal + RU100. Data were analyzed with a one-
way ANOVA followed by Tukey's multiple comparison test. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001. ns = nonsignificant. Error bars rep-
resent mean + SD. n = 10. Scale bar = 50 ym.

Synaptophysin expression in rats of the control and vehicle However, synaptophysin expression was the lowest in the brain of rats
groups was intense and normal in the cerebrum (Fig. 8A1 and A2), in the p-gal group (Fig. 8A3, B3, and C3). In contrast, synaptophysin
hippocampus (Fig. 8B1 and B2), and cerebellum (Fig. 8C1 and C2). expression improved in the p-gal + RU50 group more than in the

This journal is © The Royal Society of Chemistry 2023 Food Funct., 2023,14, 5728-5751 | 5737


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2fo03301a

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 31 March 2023. Downloaded on 6/18/2026 7:32:08 AM.

(cc)

Paper

LS P . - oE—
’ ; E

— -- = = "
* - aw o " . « Y3
o G It ik - o ®

o o, B4 %

5

,—\

NS ' dkdkk  kokdk  RkdK

N
S

@

Cereblar IL-6 (Area %)
Hippocampal IL-6 (Area %)
3

: o‘ ;’:-. Rl k: 2,
- Na -
Vgl da-'gg 3
o s b ¥

View Article Online

Food & Function

CS"'” ,‘a‘ “;"l”

! > «‘,. 'f : >
A P Fi.%
: ,‘,.. ?‘,‘g.‘- o8, se
SREV T
.-‘)_4

. L4 .a.’ o

o R <
. R

L,

A
i et N3
el ik

et
1
et e

NS kkkk  KERK

Cerebellar IL-6 (Area %)

Fig. 7 Representative photomicrograph demonstrated immunohistochemical expression of interleukin-6 (IL-6) in cerebrum (A1-A5), hippocampus
(B1-B5), and cerebellum (C1-C5) from control (A1, B1, and C1), vehicle (A2, B2, and C2), p-gal-treated (A3, B3, and C3), p-gal + RU50-treated (A4,
B4, and C4), and p-gal + RU100-treated (A5, B5, and C5). IL-6 area percentages are represented in bars (A6, B6, C6, and D6). Blue arrows indicate
positive immune expression in p-gal, b-gal + RU50, and p-gal + RU100. Data were analyzed with a one-way ANOVA followed by Tukey’'s multiple
comparison test. *P < 0.05 and ****P < 0.0001. ns = nonsignificant. Error bars represent mean + SD. n = 10. Scale bar = 50 pm.

p-gal group (Fig. 8A4, B4, and C4). Interestingly, the best improve- expression revealed a marked reduced synaptophysin expression in
ment in synaptophysin expression of all groups was detected in the the p-gal group compared with the control group. This reaction was
p-gal + RU100 group (Fig. 8A5, B5, and C5). The nonparametric quan- markedly increased in the p-gal + RU50 and p-gal + RU100 groups
titative analysis for the area percentage of the synaptophysin (Fig. 8A6, B6, and C6).
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Fig. 8 Representative photomicrograph demonstrated immunohistochemical expression of synaptophysin in cerebrum (A1-A5), hippocampus (B1—
B5), and cerebellum (C1-C5) from control (A1, B1, and C1), vehicle (A2, B2, and C2), p-gal-treated (A3, B3, and C3), p-gal + RU50-treated (A4, B4,
and C4), and p-gal + RU100-treated (A5, B5, and C5). Synaptophysin area percentages are represented in bars (A6, B6, and C6). Data were analyzed
with a one-way ANOVA followed by Tukey’s multiple comparison test. **P < 0.01 and ****P < 0.0001. ns = nonsignificant. Error bars represent mean
+ SD. n = 10. Scale bar = 50 pm.

The exploration of hepatic tissue for Ki67 expression in the (Fig. 9A and B). However, this extensive reaction was decreased
control and vehicle groups displayed extensive expression in in the p-gal group (Fig. 9C). The p-gal + RU50 group showed
nuclei of hepatocytes with mild reaction in the cytoplasm mild restoration for Ki67 expression in hepatocytes nuclei

This journal is © The Royal Society of Chemistry 2023 Food Funct., 2023,14, 5728-5751 | 5739
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(Fig. 9D), which increased extensively in the b-gal +
RU100 group (Fig. 9E). The nonparametric quantitative ana-
lysis for the area percentage of Ki67 expression revealed a
marked decreased Ki67 expression in the p-gal group com-
pared to control groups. This reaction was markedly increased
in the p-gal + RU50 and p-gal + RU100 groups (Fig. 9F).

3.3. Antioxidant status

The data in Fig. 10A show a significant (P < 0.05) decrease in
brain SOD1 concentration in the p-gal group compared with
the control and the vehicle groups, whereas in the p-gal +
RU50 and p-gal + RU100 groups, the brain SOD1 concentration
was significantly (P < 0.0001) increased compared with the
p-gal group. Its concentration was significantly increased in
the p-gal + RU100 (P < 0.01) group compared with the control
group; in addition, its concentration was significantly (P <
0.01) increased in the p-gal + RU100 group compared with the
vehicle group.
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The data in Fig. 10B and C show a significant (P < 0.05)
decrease in brain GPx-1 and GST-a concentrations, respectively
in the p-gal group compared with the control and the vehicle
groups, while in the p-gal + RU50 (P < 0.001) and p-gal +
RU100 (P < 0.0001) groups, the brain GPx-1 concentration was
significantly increased compared with the p-gal group. In
addition, GPx-1 concentration was significantly increased in
the p-gal + RU100 group compared with the control and
vehicle groups (P < 0.001) and p-gal + RU50 group (P < 0.05).
Furthermore, GST-a concentration was significantly (P < 0.01)
increased in the p-gal + RU100 group compared with the
control and vehicle groups.

The levels of hepatic SOD1, GPx-1, and GST-a are shown in
Fig. 10D, E, and F, respectively. Their levels were significantly
(P<0.01, P<0.01, and P < 0.001, respectively) decreased in the
p-gal group. The p-gal group treated with rutin showed signifi-
cant increases in SOD1, GPx-1, and GST-«a in the p-gal + RU50
and p-gal + RU100 groups in a dose-dependent manner.
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Fig. 9 Representative photomicrograph demonstrated immunohistochemical expression of Ki67 in liver. (A) Control and (B) vehicle groups showing
high number of Ki67 reacted nuclei (arrowhead) and low number of negative nuclei (arrow). (C) p-gal group. (D) p-gal + RU50 group. (E) p-gal +
RU100 group. Ki67 area percentages are represented in bars (F). Data were analyzed with a one-way ANOVA followed by Tukey’'s multiple compari-
son test. ****P < 0.0001. ns = nonsignificant. Error bars represent mean + SD. n = 10. Scale bar = 50 pm.
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Fig. 10 Antioxidant status. (A) Brain superoxide dismutase (SOD1), (B) brain glutathione peroxidase (GPx-1), (C) brain glutathione S-transferase
(GST-a), (D) hepatic SOD1, (E) hepatic GPx-1, and (F) hepatic GST-a. Data were analyzed with a one-way ANOVA followed by Tukey’'s multiple com-
parison test. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001. Error bars represent mean + SD. n = 4.

3.4. mRNA expression

The brain p53 and p21 mRNA expression (Fig. 11A and B,

respectively) in the p-gal group was significantly increased (P <
0.0001) compared with the control and vehicle groups. In the

This journal is © The Royal Society of Chemistry 2023

p-gal + RU50 and p-gal + RU100 groups, p53 mRNA expression
was significantly decreased (P < 0.0001) compared with the
p-gal group. In addition, p53 expression levels in the p-gal +
RU100 were non significantly reduced compared with the
vehicle group. Also, the brain p21 mRNA expression was
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significantly decreased (P < 0.0001) in the p-gal + RU50 and

p-gal + RU100 groups compared with the p-gal group.

The brain CASP3 mRNA expression in the p-gal group
was significantly increased (P < 0.0001) compared with the
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control and vehicle groups. In contrast, in the p-gal + RU50
and p-gal + RU100 groups, their levels showed a significant
decrease (P < 0.0001) compared with the p-gal group
(Fig. 11C).
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Fig. 11 mRNA relative fold change expression of brain tissue. (A) p53, (B) p21, (C) caspase-3 (CASP3), (D) Bcl2-associated X protein (Bax), (E) B-cell
lymphoma 2 (Bcl2), and (F) mammalian target of rapamycin (mTOR). Data were analyzed with a one-way ANOVA followed by Tukey's multiple com-
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The brain Bax mRNA expression in the p-gal group was sig-
nificantly increased (P < 0.0001) compared with the control
and vehicle groups. On the other hand, the brain Bax mRNA
expression was significantly decreased (P < 0.0001) in the p-gal
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+ RU50 and p-gal + RU100 groups compared with the p-gal
group. In comparison with the vehicle group, the brain Bax
mRNA expression was significantly decreased in the p-gal +
RU50 (P < 0.05) and p-gal + RU100 (P < 0.01) groups. At the
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Fig. 12 mRNA relative fold change expression of hepatic tissue. (A) p53, (B) p21, (C) caspase-3 (CASP3), (D) Bcl2-associated X protein (Bax), (E)
B-cell lymphoma 2 (Bcl2), and (F) mammalian target of rapamycin (mTOR). Data were analyzed with a one-way ANOVA followed by Tukey’s multiple
comparison test. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001. ns = nonsignificant. Error bars represent mean + SD.n = 6.
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same time, its expression was significantly decreased in the
p-gal + RU100 (P < 0.05) compared with the control group
(Fig. 11D).

The brain Bcl2 mRNA expression in the p-gal group was sig-
nificantly decreased (P < 0.01) compared with the control and
the vehicle groups. On the other hand, the brain Bcl2 mRNA
expression was significantly increased (P < 0.0001) in the p-gal
+ RU50 and the p-gal + RU100 groups compared with the p-gal
group. In addition, its expression was significantly (P < 0.0001)
increased in the p-gal + RU100 group compared with the
control group, the vehicle group, and the p-gal + RU50 group
(Fig. 11E).

The brain mTOR mRNA expression in the p-gal group was
significantly increased (P < 0.0001) compared with the control
and the vehicle groups. On the other hand, its expression was
significantly decreased (P < 0.0001) in the p-gal + RU50 and
p-gal + RU100 groups compared with the b-gal group
(Fig. 11F).

Similarly, hepatic p53 (Fig. 12A), p21 (Fig. 12B), CASP3
(Fig. 12C), Bax (Fig. 12D), and mTOR (Fig. 12F) mRNA
expression was significantly increased in the p-gal group com-
pared with the control group, while Bcl2 (Fig. 12E) expression
was significantly decreased. In contrast, p53, p21, CASP3, Bax,
and mTOR mRNA expression was significantly decreased in the
p-gal + RU50 and p-gal + RU100 groups compared with the
p-gal group, while Bcl2 expression was significantly increased
in a dose dependent manner.

3.5. Molecular docking scores

Data presented in Table 1 and Fig. 13 reveal that rutin exhibi-
ted high binding affinity to rat and human PK3CA, PK3CB,
AKT1, AKT2, AKT3, mTOR, caspase-8, caspase-9, caspase-3,
IL6RA, and IL6RB proteins.

4. Discussion

Chronic intraperitoneal and subcutaneous administration of
p-gal has been used as a model of aging.*> Aging is caused by
the accumulation of senescent cells, which alters the physio-
logical responses in the surrounding microenvironment in an
autocrine and paracrine fashion through senescence-associ-
ated secretory phenotype.*® Aging is characterized by cellular
hallmarks, including the accumulation of p-galactosidase with
upregulation of p53 and p21. In the current study, f-galactosi-
dase accumulation was significantly recognized in the p-gal
group along with upregulation of p53 and p21 mRNA
expression. El-Far et al.***® identified significant upregulation
of p53 and p21 expression in the rat brain in the p-gal group.
Also, Sun et al.*® declared an upregulation of brain p21 in
mice injected with p-gal. Also, pancreas and kidney samples of
rats injected with p-gal to induce aging exhibited upregulation
of p53 and p21.** p-galactosidase, p53, and p21 protein
expression has been significantly recognized by western blot
analysis in the liver of p-gal-treated rats.*” Furthermore, a high

5744 | Food Funct, 2023,14, 5728-575]
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Table 1 Molecular docking scores of rutin against phosphatidyl-
inositol-4,5-bisphosphate 3-kinase-catalytic subunit alpha (PK3CA),
phosphatidylinositol-4,5-bisphosphate 3-kinase-catalytic subunit beta
(PK3CB), protein kinase Bl (AKT1), AKT2, AKT3, mammalian target of
rapamycin (mTOR), caspase-8, caspase-9, caspase-3, interleukin 6
receptor-alpha (IL6RA), and interleukin 6 receptor-beta (IL6RB) proteins
in rats and human

Rats Human

Binding free energy Binding free energy

(keal mol™) pK;  (kcal mol™) pki
PK3CA —8.40 6.16 —9.40 6.89
PK3CB -9.40 6.89 -9 6.60
AKT1 -9 6.60 —8.80 6.45
AKT2 —8.20 6.01 -7.50 5.50
AKT3 -7.90 5.79 -=7.50 5.50
mTOR —8.30 6.09 -8.90 6.53
Caspase-8 —7.70 5.65 —8.80 6.45
Caspase-9 -6 440 -7.10 5.21
Caspase-3  —7.80 5.72 -=7.30 5.35
IL6RA -7.3 5.35 =81 5.94
IL6RB 7.7 5.65 —8.2 6.01

accumulation of p-galactosidase could be recognized in the
hippocampus of aged rats using a staining kit.*®

Oxidative stress is a primary factor in neurodegenerative
diseases and the normal aging process.”> The exact mecha-
nism of oxidative stress-induced aging is unknown, but
increased ROS levels are likely to cause cellular senescence.”®
It was confirmed that hippocampal and hepatic proliferation
was reduced after receiving p-gal, as demonstrated by previous
studies which confirmed that Ki-67 decreased after p-gal
administration.>* Besides, p-gal markedly decreased the
hepatic glycogen content in the p-gal-treated group, indicating
impairment of liver storage ability.>* In the present study, p-gal
significantly decreased brain and liver SOD1, GPx-1, and GST-a
protein levels. Du et al> stated significant increases in
8-OHdG (the oxidative derivative of guanosine) expression. In
rats, they decreased total superoxide dismutase (T-SOD) and
GPx activity in the ventral cochlear nucleus of the p-galactose-
induced aging model. Similarly, El-Far et al.*> recognized sig-
nificant decreases in brain GPx and GST activities in p-gal-
treated rats. Also, p-gal decreased the protein expression of
SOD1°° and SOD®’ activity in the brain of rats. Similarly,
Motevalian et al’" stated significant decreases in the
expression of Sirt1, Bel2, CAT, and GPx of p-gal-treated mice.

Oxidative stress in aging is accompanied by cellular inflam-
mation monitored by elevated cytokines.”® IL-6 significantly
expressed in immunostaining of brain samples of p-gal group has
been stated in the present study. Similarly, IL-6 levels were
increased in the rat brain.’”**°" Also, molecular docking study
revealed high affinity of rutin to IL6RA and IL6RB indicating the
ability of rutin to reduce aging-associated inflammatory process.

Oxygen-derived free radicals exert detrimental effects,
including peroxidation of membrane lipids, enzyme inacti-
vation, DNA fragmentation, and activation of apoptosis.®” In
the present study, we stated enhancement of apoptosis moni-
tored by the upregulation of CASP3, Bax, and Bax protein along

This journal is © The Royal Society of Chemistry 2023
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Fig. 13 Molecular interaction between rutin and phosphatidylinositol-4,5-bisphosphate 3-kinase-catalytic subunit alpha (PK3CA), phosphatidyl-
inositol-4,5-bisphosphate 3-kinase-catalytic subunit beta (PK3CB), protein kinase B1 (AKT1), AKT2, AKT3, mammalian target of rapamycin (mTOR),
caspase-8, caspase-9, caspase-3, interleukin 6 receptor-alpha (IL6RA), and interleukin 6 receptor-beta (IL6RB) proteins in rats and human.

with significant decreases in Bcl2 expression. Atef et al’’
reported an elevation in brain caspase-3 immunostaining
expression in rat hippocampus. Also, in bp-gal-treated rats,
brain and heart levels of caspase-3, Bcl2, Bax, and CASP3.%® In
the same context, p-gal induced significant increases in the

This journal is © The Royal Society of Chemistry 2023
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Bax/Bcl-2 ratio and caspase-3 in mice’s®* and rats’® brains. In
the same context, rutin could inhibit caspase-8, caspase-9, and
caspase-3 as stated in molecular docking study.
Experimentally induced aging led to significantly elevated
IBA1 and GFAP and decreased synaptophysin expression. IBA1
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Fig. 13 (Contd).

expression was significantly expressed in the brain
heart®® of p-gal-treated rats. IBA1 is a specific marker of acti-
vated microglia, the major factor in the development of

5746 | Food Funct., 2023, 14, 5728-5751

%% and neuroinflammation.®” Also, IBA1 was increased in hepatic
aging and inflammation with hepatic macrophage
abundance.®®
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GFAP is a protein that is encoded by the GFAP gene in
humans that is expressed by astrocytes in the central nervous
system® and stellate cells of the pancreas and liver in rats.”
GFAP levels were increased in neurodegenerative and hepatic
oxidative damage and aging.”"”*

Synaptophysin regulates the kinetics of synaptic vesicle
endocytosis in central neurons.”® p-gal decreased synaptophy-

This journal is © The Royal Society of Chemistry 2023

sin in the rat brain, reflecting the efficiency of transmission of
neurological signals between different neurons and the
general weakness of animals.®>’*7® Also, Budni et al”’
observed reductions in synaptophysin and TAU protein levels
in the prefrontal cortex in the p-gal-treated rats.

mTOR is known to regulate some aging hallmarks.”® In the
present study, we stated significant upregulation of mTOR.

Food Funct, 2023, 14, 5728-5751 | 5747
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Similarly, mTOR expression was increased compared with that
in the control group in the p-gal-treated mice’® and rat®>®’
models. Besides, rutin possess high affinity to bind and inter-
act with PI3K/AKT/mTOR as indicated by molecular docking
assessment.

Senescent cell killing and/or amelioration of their senes-
cence-associated secretory phenotype-related negative effects
are currently considered to be effective gerotherapeutic
approaches for the treatment of age-related disorders.®?
Natural products have been extensively used for their anti-
aging potential in p-gal-inducing models.>'3>731:34:44:45,63 11y
the present study, rutin supplementation to the p-gal-treated
rats significantly improved the antioxidant status of the rat
brain. Yang et al.®® reported that the activities of SOD and GPx
in p-gal-treated mice were significantly decreased compared
with those in the control group, and administering rutin sig-
nificantly attenuated these decreases. These results indicated
that rutin prevented p-gal-induced short-term memory retrieval
impairment in a passive avoidance paradigm. Rutin has
demonstrated the neuroprotective effect on brain ischemia.

5748 | Food Funct,, 2023, 14, 5728-575]

Administration of rutin caused attenuation of ischemic neural
apoptosis due to the embarrassment of p53 expression and
lipid peroxidation and increment in endogenous antioxidant
enzymes.”” Treatment of rutin to trunk neural crest cells
increased their viability without altering cell differentiation
and proliferation due to the modulation of ERK2 and PI3K
pathways.®* Rutin also possesses anticonvulsant activity and
seems safe for patients with epilepsy as it does not alter any of
the administered antiepileptic drugs nor demonstrates any
adverse effects.®® Rutin suppressed the activity of proinflam-
matory cytokines by diminishing TNF-a and IL-1/ production
in microglia. Such an effect seems helpful in the treatment of
Alzheimer’s disease, as evidenced by the prevention of p-
amyloid oligomeric cytotoxicity.®®

5. Conclusion

Oxidative stress and inflammation are now widely accepted as
the main mechanisms involved in the aging process. Our

This journal is © The Royal Society of Chemistry 2023


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2fo03301a

Open Access Article. Published on 31 March 2023. Downloaded on 6/18/2026 7:32:08 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Food & Function

results suggested that rutin could improve the biochemical
indicators of ageing rats by exerting antioxidant effects, regu-
lating apoptosis-related proteins (Bax and CASP3) to inhibit
cell apoptosis, and exerting downregulation of aging markers
(p53, p21, and p-galactosidase) signalling pathways. In
addition, we discovered that rutin played an important role in
improving the histopathological features of the brain and liver
in rats with p-gal-induced ageing. Nonetheless, because the
causes of ageing are complex and assorted, the anti-aging
effects of rutin must be investigated further.
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