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Abstract The increasing elderly population has
brought healthy aging into focus. Aging is a multi-
factorial process characterized by the progressive
decline of cellular and tissue functions, largely due
to cumulative oxidative stress. Antioxidant-based
strategies have therefore gained prominence as
potential interventions. This study investigated the
protective and therapeutic effects of Squalene (SQ)
and Saponin (SP), individually and in combination,
on aging-related biomarkers in brain tissue using a
D-Galactose (D-Gal)-induced rat model. Forty-eight
male Sprague—Dawley rats (200-250 g) were ran-
domly divided into eight groups (n=6). Aging was
induced in four groups via intraperitoneal adminis-
tration of D-Gal (300 mg/kg/day) for six weeks. One
group received no antioxidants, while others were
treated orally with SQ (2.66 mL/kg/day), SP (100 mg/
kg/day), or their combination. Non-aging groups
received the same antioxidant treatments without
D-Gal. At the end of the intervention, brain tissues
were collected for biochemical analysis. Spectro-
photometric assessments included Malondialdehyde
(MDA), Glutathione (GSH), Nitric oxide derivatives
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(NOx), Ascorbic acid (AA), and Protein carbonyls
(PC). Forkhead Box O3A (FOXO3A), Nuclear fac-
tor erythroid 2-related factor 2 (NRF2), Sirtuin 1
(SIRT1), Paraoxonase 1 (PONI1), and Klotho were
quantified by ELISA. Combined SQ and SP treat-
ment significantly decreased oxidative stress mark-
ers (MDA, NOx, PC) and increased antioxidant
defenses (GSH, AA) as well as aging-related mol-
ecules (FOXO3A, NRF2, SIRT1, PONI1, Klotho)
(p<0.05). Serum Alanine Aminotransferase (ALT)
and Aspartate Aminotransferase (AST) levels were
also reduced. These findings demonstrate, for the first
time, that combined SQ and SP administration can
mitigate aging-related oxidative stress and molecular
alterations in brain tissue.
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Introduction

Compared with previous decades, the global popula-
tion is currently aging at an unprecedented rate. Both
the number of older individuals and their propor-
tion within the total population are increasing across
all countries, and it is projected that by 2050 nearly
80% of the elderly population will reside in low and
middle-income countries (World Health Organization
2025). A similar demographic transition is evident
in Turkey, where the proportion of individuals aged
65 years and older reached 10.6% of the total popula-
tion as of 2024 (TUIK 2025). This rapid aging trend

@ Springer

has rendered the elucidation of the biological mecha-
nisms underlying age-related cognitive decline and
neurodegenerative disorders a global public health
priority.

Within molecular damage accumulation frame-
works, oxidative stress—based theories provide
a strong explanatory basis for the biochemical
mechanisms of aging (Gladyshev 2014; Yang et al.
2024). The free radical theory of aging, originally
proposed by Harman, suggested that the progres-
sive accumulation of irreversible damage to cel-
lular macromolecules caused by free radicals
accelerates the aging process (Harman 1981). Cur-
rently, oxidative stress is recognized not merely as
a damage-inducing mechanism but as a dynamic
biological process involved in the regulation of cel-
lular redox homeostasis through reactive oxygen
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species (ROS) and reactive nitrogen species (RNS).
Under physiological conditions, ROS and RNS are
natural byproducts of cellular metabolism and play
functional roles in cell signaling, adaptive stress
responses, and homeostatic regulatory mechanisms
(Hong et al. 2024). When the production of these
reactive species exceeds the capacity of endogenous
antioxidant defense systems, redox homeostasis is
disrupted, leading to oxidative stress. This imbal-
ance contributes to the molecular basis of aging
through the accumulation of damage in deoxyribo-
nucleic acid (DNA), proteins, and lipids and repre-
sents a key trigger of cellular senescence (Cui et al.
2012; Jomova et al. 2023). Increased oxidative
burden promotes permanent cell cycle arrest via
activation of major regulatory signaling pathways,
thereby limiting tissue regenerative capacity (Qin
et al. 2025). In this context, redox-sensitive regu-
lators involved in cellular antioxidant defense and
metabolic adaptation play critical roles. Nuclear
factor erythroid 2-related factor 2 (NRF2), Fork-
head box O (FOXO) transcription factors, and mem-
bers of the sirtuin (SIRT) family are recognized as
molecular sensors responsive to oxidative stress and
age-related redox imbalance. Age-associated altera-
tions in the expression levels of these regulators
have been linked to increased susceptibility to oxi-
dative damage and reduced cellular adaptive capac-
ity (Gupta et al. 2025; Hadinata et al. 2025).

The brain is particularly vulnerable to aging-
related oxidative processes due to its high oxy-
gen consumption and relatively limited antioxidant
defense capacity. Age-associated mitochondrial
dysfunction increased oxidative load, and chronic
microglial activation lead to overlapping intermit-
tent inflammatory responses, ultimately resulting in a
state of persistent low-grade inflammation known as
inflammaging (Ionescu-Tucker and Cotman 2021).

Experimental investigation of aging-related oxi-
dative and inflammatory processes commonly
employs the D-galactose (D-Gal)-induced aging
model. Chronic D-Gal administration increases ROS
and RNS production, promotes the accumulation of
advanced glycation end products, and induces aging-
like alterations, particularly in brain tissue, charac-
terized by redox imbalance, mitochondrial damage,
and neuronal apoptosis (Yanar et al. 2011; Azman
and Zakaria 2019). These features render the D-Gal
model a reliable and reproducible experimental

system for evaluating mechanisms associated with
oxidative stress, inflammation, and cellular senes-
cence during aging.

The central role of oxidative stress in aging has
intensified interest in antioxidant-based interventions.
Squalene (SQ) is a natural terpenoid capable of effi-
ciently scavenging lipid peroxidation—derived ROS
and supporting cellular antioxidant defense path-
ways. In contrast, saponin (SP) enhances antioxidant
enzyme systems and suppress inflammatory signal-
ing pathways, thereby limiting the secondary conse-
quences of oxidative damage (Li et al. 2014; Wang
et al. 2016). Considering that a single antioxidant
may be insufficient to effectively neutralize the full
range of oxidant species, the combined use of SQ and
SP may offer a complementary strategy that simulta-
neously targets ROS elimination and the regulation of
inflammatory processes. From this perspective, this
combination may have the potential to attenuate the
temporal summation of intermittent inflammatory
responses that occurs during the aging process.

In the present study, the effects of combined
SQ and SP administration on molecular alterations
related to oxidative stress and inflammation in brain
tissue were investigated for the first time using a
D-Gal-induced experimental aging model. The find-
ings are expected to contribute to the development of
holistic and mechanism based antioxidant strategies
aimed at simultaneously modulating redox imbalance
and inflammation during aging.

Materials and methods
Experimental animals and groups

Permission was obtained from the Gazi Univer-
sity Experimental Animals Ethics Committee (G.U.
ET-23.028) for the studies, and all stages until the
collection of tissue samples were carried out in the
laboratory of Gazi University Laboratory Animal
Breeding and Experimental Research Center. 48
male Sprague-Dawley rats (200-250 g) obtained
from Gazi University Laboratory Animal Breed-
ing and Experimental Research Center were used in
this study. All animals received a standard laboratory
chow ad libitum throughout the experimental period,
and no dietary antioxidant or ascorbic acid (AA) sup-
plementation was applied. During the experiment, the

@ Springer



50 Page 4 of 15

Biogerontology (2026) 27:50

animals were housed in individual cages under a 12 h
light/dark cycle and were randomly assigned to eight
groups, as shown in Table 1.

Experimental aging model and antioxidant regimen

Administrations were made to non-fasted rats in the
morning (between 09.00 and 11.00) throughout the
experimental period. This approach was chosen to
minimize potential confounding effects of fasting-
induced metabolic alterations, oxidative stress, and
hormonal fluctuations on the evaluated biochemical
parameters. All treatments were administered at the
same time of day to ensure experimental standardiza-
tion and reduce circadian variability. The first day on
which the chemicals were administered was consid-
ered as day O of the experiment.

D-Gal used to create the aging model was adjusted
to 300 mg/kg/day according to animal weight and was
freshly prepared daily in 0.9% NaCl solution (Aydin
et al. 2016; Saleh et al. 2019). Saponin (SAE0073,
Sigma Aldrich, USA) to be used in the experiment
was purchased commercially. It was freshly prepared
in 0.9% NaCl solution and administered at a dose of
100 mg/kg/day (Abdel-Reheim et al. 2017). Squalene
(583626, Sigma Aldrich, USA) was purchased com-
mercially in liquid form and administered at 2.66 ml/
kg/day based on animal weight (Senthilkumar et al.
2006).

After the animals were weighed on a standard
scale, D-Gal was administered IP at doses appropri-
ate to their weight. SQ and SP were administered

Table 1 Experimental groups

via oral gavage. D-Gal was administered at 300 mg/
kg/day for 6 weeks, 5 days a week. To investigate
the antioxidative effects, SQ, SP, and SQ + SP were
administered to the 3rd, 4th, and 5th groups simul-
taneously with D-Gal administration. To present
and compare the results accurately, SQ, SP, and
SQ+ SP were administered to the 6th, 7th, and 8th
groups without D-Gal.

The animals were sacrificed 24 h after the last
administration by taking blood from their hearts
under anesthesia (xylazine-ketamine). Following
sacrifice, whole brain tissues were rapidly excised.
No specific brain region was isolated, and homoge-
nates were prepared from the entire brain tissue for
all biochemical and molecular analyses. Biochemi-
cal parameters: MDA, glutathione (GSH), nitric
oxide derivatives (NOx), AA, and protein carbon-
yls (PC) levels were measured using spectropho-
tometry. FOXO3A, NRF2, SIRTI1, paraoxonase 1
(PON1), and Klotho levels in the brain tissues were
determined by ELISA. Serum aspartate aminotrans-
ferase (AST) and alanine aminotransferase (ALT)
levels were measured using the colorimetric method
(Fig. 1).

Analyses of redox biomarkers

Biochemical parameters were determined using
routine methods at the Physiology Biochemistry
Research Laboratory of the Department of Biology,
Faculty of Science, Gazi University.

Groups Procedure

Control group

D-Galactose group
week) (n=06)

D-Gal+ SQ group

Saline was administered via oral gavage for 6 weeks (5 days per week) (n=06)
D-Gal (300 mg/kg/day) was administered by intraperitoneal injection (IP) for 6 weeks (5 days per

D-Gal (300 mg/kg/day) was administered by IP, and SQ (2.66 ml/kg/day) was administered via oral

gavage for 6 weeks (5 days per week) (n=06)

D-Gal + SP group

D-Gal (300 mg/kg/day) was administered by IP, and SP (100 mg/kg/day) was administered via oral gav-

age for 6 weeks (5 days per week) (n=06)

D-Gal 4 combination group

D-Gal (300 mg/kg/day) was administered by IP, and SQ (2.66 ml/kg/day)

and SP (100 mg/kg/day) were administered via oral gavage for 6 weeks (5 days per week) (n=06)

Squalene group
Saponin group

Combination group
week) (n=06)

SQ (2.66 ml/kg/day) was administered via oral gavage for 6 weeks (5 days per week) (n=6)
SP (100 mg/kg/day) was administered via oral gavage for 6 weeks (5 days per week) (n=6)
SQ (2.66 ml/kg/day) and SP (100 mg/kg/day) were administered via oral gavage for 6 weeks (5 days per
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Fig. 1 The experimental timeline schematic representation

Malondialdehyde (MDA)

The content of lipid peroxidation products, thiobar-
bituric acid-reactive substances, in homogenates
was measured. Tissue samples were weighed and
homogenized in cold trichloroacetic acid (TCA) with
a homogenizer. Thiobarbituric acid and butylated
hydroxytoluene were then added to the supernatant.
The optical densities of the samples were measured
at 535 nm using a spectrophotometer. MDA levels
in tissues were calculated as nmol/g of tissue (Casini
et al. 1986).

Nitric oxide derivatives (NOx)

The NOx concentration in the tissues was deter-
mined using the Griess method. After the tissues
were homogenized with sodium phosphate buffer,
they were centrifuged at 3500 g for 15 min. An
equal amount of vanadium(IIl) chloride was added
to 200 pL of supernatant to reduce the nitrate in the
medium to nitrite and incubated at 37 °C for 30 min.
Sodium phosphate buffer and Griess I[+1I reagents
were added, and after incubation for 10 min at 37 °C,
the optical density of the samples was measured on a
spectrophotometer at 540 nm (Miranda et al. 2001).

Glutathione (GSH)

The modified Ellman method was used to determine
GSH levels in tissues. Tissue samples were homog-
enized in 0.15 M cold potassium chloride, and a
mixture of meta- phosphoric acid/ethylenediamine-
tetraacetic acid/sodium chloride was added to 0.5 mL
homogenate for deproteinization. After centrifuga-
tion at 4000 rpm for 20 min, 2 mL of 0.3 M disodium

hydrogen phosphate and 0.2 mL of solution dithio-
bisnitrobenzoate (0.4 mg/ml 1% sodium citrate) were
added to 0.5 mL of supernatant. The optical density
of all samples was measured at 412 nm in a spectro-
photometer. Tissue GSH levels were calculated in
pmol per g of tissue (Aykac et al. 1985; Giirsoy et al.
2024).

Protein carbonyls (PC)

The PC levels were determined according to the
method described by Reznick and Packer. Tissues
were homogenized in 0.1 M phosphate buffer (pH
7.4) containing 1.17% KCI at a ratio of 1/10. To
determine PC levels, two test tubes were taken, with
and without 2,4-dinitrophenylhydrazine (DNPH), and
homogenate (0.5 mL) was added to both tubes; 2 mL
of DNPH was added to the tube with DNPH and
2 mL of HCI was added to the tube without DNPH.
The tubes were vortexed every 15 min and incubated
at room temperature for 1 h. 2.5 mL of 20% TCA
was added to both tubes and the tubes were centri-
fuged at 12,000 rpm for 5 min, then the supernatant
was discarded, and work continued with the pellet.
After 2 mL of 10% TCA was added, the tubes were
centrifuged at 12,000 rpm for 5 min and the superna-
tant was discarded. Ethanol/ethyl acetate (2 mL) was
added to the tubes, then the tubes were centrifuged at
12,000 rpm for 5 min, and the supernatant was dis-
carded. This process was repeated three times. 1 mL
of guanidine HC] was added to the two tubes, and
after vortexing for 10 min, the samples were incu-
bated for a while to dissolve, and the absorbance val-
ues of the samples against guanidine HCI at 370 nm
and 280 nm were recorded (Reznick and Packer
1994).
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Ascorbic acid (AA)

Roe and Kuether’s method, modified by Berger, was
used. Tissues were homogenized in an ice-cold per-
chloric acid / ethylenediaminetetraacetic acid mix-
ture. The homogenate was centrifuged at 15,000 g
(RCF) for 3 min at 4 °C. A standard AA solution
was placed in one tube, the perchloric acid solu-
tion was placed in another tube for the blank, and
the supernatant was placed in the tubes where the
samples were prepared. Color reagent was added to
each tube, vortexed, and incubated for 3 h at 37 °C.
The temperature of the samples were brought to
0 °C and H2S04 was added to each tube and mixed.
The mixture was then incubated at room tempera-
ture for 30 min. The absorbance of the samples was
measured in a spectrophotometer at 515 nm (Berger
et al. 1989).

FOXO3A, NRF2, PONI, SIRTI, and Klotho

FOXO3A, NRF2, PON1, SIRTI1, and Klotho lev-
els in the tissues were determined using the ELISA
method. The relevant tissues were weighed and
homogenized with lysis buffer (1:50). The homoge-
nates were then centrifuged at 3000 g for 5 min.
Subsequently, the supernatants were analyzed using
commercial ELISA kits (Cloud-Clone (Uscn), Rat
ELISA Kits) through a service procurement pro-
cess. Tissue levels of FOXO3A, NRF2, PONI,
SIRT1, and Klotho were calculated and expressed
as ng/mL.

Serum transaminase activities

AST and ALT levels in the serum were determined
using a colorimetric method. Blood samples collected
from the animals were centrifuged at 3500 rpm for
15 min, and the obtained serum samples were trans-
ferred into Eppendorf tubes, frozen in liquid nitrogen,
and stored until analysis.

Serum AST and ALT analyses were performed
through service procurement using commercial
colorimetric assay kits (AST: OttoBC127; ALT:
OttoBC128; Otto Scientific, Turkey) on a MINDRAY
BS-400 automated biochemical analyzer. AST and
ALT levels were calculated and expressed as U/L.
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Statistical analysis

All statistical analyses and graphical presentations
were performed using GraphPad Prism version 8.4.2
(GraphPad Software, San Diego, CA, USA). Data are
expressed as mean +standard deviation (SD). Prior
to inferential statistical analyses, the assumption of
normality was evaluated by examining the distribu-
tion of residuals using the Shapiro—Wilk normality
test. To further support the normality assumption,
D’Agostino—Pearson omnibus and Anderson—Darling
tests were also applied.

Differences among experimental groups were
analyzed using one-way analysis of variance (one-
way ANOVA). When a significant overall effect was
observed, post hoc pairwise comparisons were con-
ducted using Tukey’s multiple comparisons test. Dif-
ferences were considered to be statistically significant
at p<0.05.

Results
MDA, NOx and PC levels

In brain tissue, MDA levels, an indicator of lipid
peroxidation, were significantly increased in the
D-Galactose group compared to the control group
(»<0.05). In D-Gal-treated rats, administration of
SQ, SP, or their combination significantly reduced
MDA levels compared to the D-Galactose group
(»<0.05). Notably, MDA levels in the D-Gal + Com-
bination group were significantly lower than those
in the D-Gal+SQ group (p<0.05). In antioxidant-
treated groups without D-Gal exposure, a statisti-
cally significant difference was observed between the
Combination group and the control group (p <0.05).
(Fig. 2A).

A statistically significant increase in NOx levels
was observed in the D-Galactose group compared
with the Control group (p<0.05). In D-Gal-treated
animals, administration of SQ, SP, or their combina-
tion significantly reduced NOx levels compared with
the D-Galactose group (p <0.05). (Fig. 2B).

PC levels, a marker of age-related protein oxida-
tion in brain tissue, were significantly increased
in the D-Galactose group compared with the con-
trol group (p <0.05). Administration of SQ, SP, or
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Fig. 2 Graphs showing changes in brain tissue MDA (A),
NOx (B), and PC (C) level in all groups. Values are expressed
as mean=+ SD..*: compared with the control group (p <0.05),
a: compared with the D-Galactose group (p<0.05), b: com-
pared with the D-Gal+SQ group (p<0.05), c: compared

their combination significantly reduced PC levels
compared with the D-Galactose group (p<0.05)
(Fig. 2C).

GSH and AA levels

Regarding GSH levels, an increase was observed in
the D-Gal+SQ, D-Gal+SP, and D-Gal + Combina-
tion groups compared to the D-Galactose group; how-
ever, this difference was not statistically significant. In
the SQ, SP, and Combination groups without D-Gal
administration, GSH levels were numerically higher
than those of the control group; however, no statisti-
cally significant differences were detected (Fig. 3A).

Brain tissue AA levels were significantly
decreased in the D-Galactose group compared to
the control group (p<0.05). In D-Gal-treated ani-
mals, administration of SQ, SP, or their combination
significantly increased AA levels compared to the
D-Galactose group (p <0.05). Notably, AA levels in
the D-Gal+ Combination group were significantly
higher than those in the D-Gal +SQ group (p <0.05).
Among the groups not subjected to the aging model,
AA levels were significantly higher in the Saponin
and Combination groups compared to the control
group (p <0.05). In addition, a statistically significant
difference was observed between the Combination
and Squalene groups (p <0.05) (Fig. 3B).

with the D-Gal+SP group (p<0.05), d: compared with the
D-Gal 4 Combination group (p<0.05), e: compared with the
Squalene group (p <0.05), f: compared with the Saponin group
(p<0.05)

SIRT1, FOXO3A, and NRF?2 levels

Brain SIRT1 levels were significantly reduced in the
D-Galactose group compared to the control group
(»<0.05). In D-Gal-treated animals, administra-
tion of SQ, SP, or their combination significantly
increased SIRT1 levels compared to the D-Galactose
group (p<0.05). Notably, SIRT1 levels were signifi-
cantly higher in the D-Gal + Combination group com-
pared with the D-Gal + SQ group (p <0.05) (Fig. 4A).

When NRF2 levels were evaluated, a statistically
significant difference was observed between the con-
trol and D-Galactose groups (p <0.05). NRF2 levels
were significantly increased in all antioxidant-treated
groups compared to the D-Galactose group (p <0.05)
(Fig. 4B).

When FOXO3A levels in brain tissue were evalu-
ated, a statistically significant difference was observed
between the Control group and the D-Galactose
group (p <0.05). In D-Gal-treated animals, FOXO3A
levels were significantly increased in all antioxidant-
treated groups compared to the D-Galactose group
(p<0.05). Among these groups, the highest increase
in FOXO3A levels was observed in the D-Gal + Com-
bination group. FOXO3A levels in the D-Gal + Com-
bination group were significantly higher than those
in the D-Gal +SQ and D-Gal + SP groups (p <0.05).
In addition, a statistically significant difference was
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Fig. 3 Graphs showing changes in brain tissue GSH (A)
and AA (B) level in all groups. Values are expressed as
mean=+SD..*: compared with the control group (p<0.05),
a: compared with the D-Galactose group (p<0.05), b: com-
pared with the D-Gal+SQ group (p<0.05), ¢: compared

with the D-Gal+SP group (p<0.05), d: compared with the
D-Gal + Combination group (p <0.05), e: compared with the
Squalene group (p <0.05), f: compared with the Saponin group
(p<0.05)
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Fig. 4 Graphs showing changes in brain tissue SIRT1 (A),
NRF2 (B), and FOXO3A (C) level in all groups. Values are
expressed as mean+SD..*: compared with the control group
(p<0.05), a: compared with the D-Galactose group (p <0.05),
b: compared with the D-Gal+SQ group (p<0.05), c: com-
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pared with the D-Gal+ SP group (p <0.05), d: compared with
the D-Gal+ Combination group (p <0.05), e: compared with
the Squalene group (p<0.05), f: compared with the Saponin
group (p <0.05)
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observed between the D-Gal+SP group and the
D-Gal+SQ group (p <0.05) (Fig. 4C).

PONI1 and Klotho levels

When PONI levels in brain tissue were evaluated,
a statistically significant difference was observed
between the D-Galactose group and the Control
group (p<0.05). PON1 levels were significantly
increased in all antioxidant-treated groups compared
to the D-Galactose group (p<0.05). In addition, a
statistically significant difference was found between
the D-Gal+ Combination group and the D-Gal+SQ
group (p<0.05) (Fig. 5A).

When Klotho levels in brain tissue were evaluated,
a statistically significant decrease was observed in the
D-Galactose group compared to the Control group
(p<0.05). Klotho levels were significantly increased
in all treatment groups compared to the D-Galac-
tose group (p<0.05). Notably, Klotho levels in the
D-Gal + Combination group were significantly higher
than those in the Control group (p <0.05) (Fig. 5B).

Serum ALT-AST levels

When serum ALT levels were evaluated, a sta-
tistically significant increase was observed in the
D-Galactose group compared to the Control group
(p<0.05). ALT levels in the D-Galactose group
were significantly higher than those in all antioxi-
dant-treated groups (p <0.05). Administration of
SQ, SP, or their combination significantly reduced
ALT levels compared to the D-Galactose group
(p <0.05). In groups without the aging model, ALT
levels differed significantly from the control group
(p <0.05) (Fig. 6A).

‘When serum AST levels were evaluated, a statisti-
cally significant difference was observed between the
Control group and the D-Galactose group (p <0.05).
In contrast, antioxidant-treated groups exhibited
lower AST levels compared to the D-Galactose group
(»<0.05). Among these, the Squalene group showed
the lowest AST levels, which were significantly lower
than those observed in the Saponin and Combination
groups (p <0.05) (Fig. 6B).

PON-1 Levels in Brain Tissue

ng/ml

Groups

Klotho Levels in Brain Tissue

Groups

Fig. 5 Graphs showing changes in brain tissue PON1 (A)
and Klotho (B) level in all groups. Values are expressed as
mean+SD..*: compared with the control group (p<0.05),
a: compared with the D-Galactose group (p<0.05), b: com-
pared with the D-Gal+SQ group (p<0.05), ¢: compared

with the D-Gal+SP group (p<0.05), d: compared with the
D-Gal + Combination group (p<0.05), e: compared with the
Squalene group (p <0.05), f: compared with the Saponin group
(»p<0.05)
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Fig. 6 Graphs showing changes in serum ALT (a) and AST
(b) level in all groups. Values are expressed as mean+SD..*:
compared with the control group (p<0.05), a: compared
with the D-Galactose group (p <0.05), b: compared with the

Discussion

Aging-related oxidative damage is particularly promi-
nent in the brain due to its high lipid content, elevated
oxygen consumption, and relatively limited antioxi-
dant defense capacity (Cobley et al. 2018). Neuronal
membranes are enriched in polyunsaturated fatty
acids, making brain tissue especially vulnerable to
lipid peroxidation—driven oxidative injury (Gai et al.
2025). In this context, the selection of lipid-associ-
ated antioxidant strategies represents a rational and
tissue-specific approach for mitigating aging-related
oxidative damage in the central nervous system.
Unlike hydrophilic antioxidants, lipid-soluble
compounds may exert distinct advantages in lipid-
rich tissues by directly interacting with membrane-
associated oxidative processes and interrupting lipid
peroxidation chain reactions (Niki 2014; Halliwell
and Gutteridge 2015). However, studies that simul-
taneously evaluating multiple lipid-associated anti-
oxidants with complementary biological properties in
brain tissue remain limited. Therefore, investigating
the combined effects of structurally and functionally

@ Springer

D-Gal +SQ group (p <0.05), ¢: compared with the D-Gal + SP
group (p<0.05), d: compared with the D-Gal+Combina-
tion group (p<0.05), e: compared with the Squalene group
(p<0.05), f: compared with the Saponin group (p <0.05)

distinct lipid-associated antioxidants in an experimen-
tal aging model provides an important contribution
to the current understanding of antioxidant strategies
targeting brain aging.

SQ exhibits high oral bioavailability owing to its
lipophilic structure and is readily incorporated into
lipid membranes, facilitating its effective distribution
to peripheral tissues, including the brain (Reddy and
Couvreur 2009; Kumar et al. 2023). In contrast, SP
constitutes a structurally diverse class of glycosidic
compounds whose oral bioavailability is generally
limited; however, accumulating evidence indicates
that SP can be metabolized by the intestinal micro-
biota into more lipophilic and biologically active
derivatives, thereby enabling systemic and central
effects. Notably, several SP-derived metabolites have
been reported to exert neuroprotective, antioxidant,
and anti-inflammatory effects either by crossing the
blood-brain barrier or by preserving its integrity
through indirect mechanisms (Sun et al. 2015).

Based on these complementary pharmacokinetic
and biological properties, the selection of SQ and
SP in the present study was motivated not by their
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isolated effects alone, but by the hypothesis that their
combined administration may produce a cooperative
or complementary protective effect, simultaneously
targeting oxidative stress and inflammation associated
with aging-related brain alterations.

The D-Gal-induced aging model is widely used
to mimic accelerated aging and is characterized by
increased lipid peroxidation, depletion of endogenous
antioxidants, neuronal damage, and cognitive decline.
Previous studies have demonstrated that natural anti-
oxidants, including polyphenols, flavonoids, and
terpenoids, attenuate D-Gal-induced oxidative and
neuronal alterations (Al-babily and Tawfeeq 2020;
Farajdokht et al. 2021; Zhong et al. 2024). Alpha-
lipoic acid, for example, has been shown to improve
mitochondrial function, reduce oxidative stress mark-
ers, enhance antioxidant defenses, and mitigate neu-
ronal damage in experimental aging models (Erdogan
et al. 2017).

D-Gal has been reported to promote oxidative
stress and apoptosis through suppression of NRF2
and heme oxygenase-1 signaling, elevation of MDA
levels, and reduction of glutathione peroxidase activ-
ity (GSH-Px) in the hippocampus (Rajendran 2024).
The findings of the present study are consistent with
these reports and confirm the successful induction
of an aging-like phenotype characterized by redox
imbalance.

Studies on Panax japonicus—derived SP have
demonstrated increases in superoxide dismutase and
GSH-Px activities and reductions in MDA levels
(Wan et al. 2019). Similarly, SP administration in
D-Gal-induced aging models attenuated brain MDA
elevation and restored depleted GSH levels (Li et al.
2021). SQ has also been reported to reduce lipid
hydroperoxide accumulation and enhance antioxidant
enzyme activities, including superoxide dismutase,
catalase, and GSH-Px, as well as to restore GSH lev-
els in experimental models (Dhandapani et al. 2007;
Ravi Kumar et al. 2016).

Consistent with these observations, the present
study demonstrated that D-Gal administration sig-
nificantly increased MDA levels in brain tissue,
reflecting enhanced lipid peroxidation. Treatment
with SQ, SP, or their combination significantly
reduced MDA levels compared with the D-Galac-
tose group. Within the D-Gal-treated groups, the
combined SQ and SP regimen was associated
with lower MDA levels than those observed in the

single-compound treatment groups. These findings
indicate a more pronounced protective outcome
of the combined treatment under the experimental
conditions applied.

Regulation of NOx levels plays an important role
in protection against aging-related neuronal dam-
age. The neuroprotective effects of SP have been
partly attributed to suppression of NOx production
and neuroinflammatory signaling (Kabir et al. 2023).
SP administration normalized MDA and NOx lev-
els in ischemia-reperfusion models (Zhang et al.
2014), while SQ was shown to suppress inducible
nitric oxide synthase expression and limit NOx gen-
eration (Cardeno et al. 2015). In the present study,
D-Gal markedly increased NOx levels, whereas SQ,
SP, and their combination significantly reduced NOx,
supporting their effectiveness in modulating redox
imbalance.

Increasing evidence indicates that ROS function
not only as byproducts of metabolism but also as
mediators of redox signaling. Both free radical and
non-radical ROS regulate cellular signaling through
reversible redox modifications of redox-sensitive pro-
teins (Kumar et al. 2018; Atayik and Cakatay 2023).
Dysregulation of ROS-mediated signaling disrupts
physiological redox homeostasis and contributes to
neurodegenerative processes.

Redox-sensitive transcriptional regulators, includ-
ing NRF2, FOXO family members, and SIRT1, play
critical roles in neuronal adaptation to oxidative
stress. Excessive ROS disrupt these pathways and
accelerate neurodegeneration (Holubiec et al. 2023).
In this study, D-Gal-induced senescence was asso-
ciated with elevated oxidative stress markers and
altered levels of NRF2, FOXO3A, and SIRT1, indi-
cating disruption of redox-sensitive signaling net-
works. SQ and SP treatments partially normalized
these alterations, suggesting modulation of redox-
responsive regulatory pathways rather than direct evi-
dence of transcriptional activation.

Previous studies have shown that SP restores
FOXO3A and SIRT1 expression in aging models
(Wan et al. 2019), and dysregulation of FOXO3A
has been implicated in neurodegenerative diseases
(Desplats et al. 2012; Wang et al. 2020). In line with
these findings, FOXO3A levels were reduced in the
D-Gal group and increased following antioxidant
treatments, with higher levels observed in the com-
bined treatment group.
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NRF2 is a central regulator of antioxidant
defense and functionally interacts with FOXO3A.
Although NRF2 transcriptional activity was not
directly assessed in the present study, changes in
total NRF2 protein levels were evaluated as indica-
tors of redox-responsive molecular alterations. D-Gal
reduced NRF2 levels, whereas antioxidant treatments
increased its expression, with SQ contributing nota-
bly to this effect.

SIRT1 plays a central role in aging and neuronal
survival and is known to decline with age (Li et al.
2014; Wang et al. 2015). In the present study, D-Gal
reduced SIRT1 levels, while antioxidant treatments
restored its expression, accompanied by improve-
ments in FOXO3A and NRF2-associated responses.

PONI activity declines with aging and is associ-
ated with increased oxidative stress (Loued et al.
2013). Expression of PON1 and PON3 in brain tis-
sue suggests a role in cerebral redox regulation (Sala-
zar et al. 2021). In this study, D-Gal reduced PON1
levels, whereas antioxidant treatments—particu-
larly combined SQ and SP—were associated with
increased PON1 expression. SQ has been reported
to enhance high density lipoprotein (HDL)-PON1
interactions (Gabas-Rivera et al. 2014), and reduced
PONT activity has been linked to neurodegenerative
diseases (Mota et al. 2019; Arslan et al. 2016).

Klotho regulates aging-related pathways and
oxidative stress responses, and reduced expres-
sion is associated with neurodegeneration (Shaker
et al. 2021; Kanbay et al. 2024). D-Gal significantly
reduced Klotho levels, whereas antioxidant treat-
ments increased its expression, with higher levels
observed in the combined treatment group. Klotho
is known to interact with SIRT1 and redox-sensitive
transcription factors, including NRF2 and FOXO3A
(de Freitas Silva et al. 2018; Brunet et al. 2004).

Overall, the findings of this study are con-
sistent with previous reports implicating the
Klotho—SIRT1-FOXO3A-NRF2 signaling network
in the regulation of oxidative stress and aging-related
processes. SQ and SP appear to support endogenous
defense mechanisms in the aging brain primarily
through modulation of redox-sensitive regulatory
systems.

AST and ALT are widely used indicators of liver
function. AST is present in multiple tissues, whereas
ALT is predominantly localized in hepatocytes and
is considered more specific for hepatocellular injury

@ Springer

(Li et al. 2022). Oxidative stress is a key mechanism
underlying age-related liver dysfunction, and eleva-
tions in serum ALT and AST are closely associated
with ROS-induced lipid peroxidation and mitochon-
drial impairment. Accordingly, the increased transam-
inase levels observed following D-Gal administration
likely reflect ROS-mediated hepatocellular damage,
while their reduction by antioxidant treatments sug-
gests attenuation of oxidative liver injury.

Recent studies have demonstrated hepatoprotective
effects of SP supplementation in models of oxidative
liver damage, including reductions in serum AST and
ALT via antioxidant and anti-inflammatory mecha-
nisms (Abdel-Reheim et al. 2022; Qiu et al. 2023).

This study demonstrated that D-Gal administration
disrupted redox balance in brain tissue, evidenced by
changes in the levels of age-related key regulators
such as FOXO3A, NRF2, SIRT1, PON1, and Klotho,
increased oxidative damage markers, and decreased
endogenous antioxidants. Antioxidant treatments par-
tially reversed these changes, and co-administration
of SQ and SP led to improvements in various param-
eters compared to individual treatments. However,
given the limited number of studies directly linking
these compounds to age-related neurodegenerative
conditions, further research is needed to clarify their
potential roles in age-related brain dysfunction.

Conclusion

As the global elderly population continues to
increase, the identification of tissue-specific strategies
that support healthy aging has become an important
research priority. The present study demonstrates that
D-Gal administration induces aging-like alterations
in brain tissue, characterized by increased oxidative
stress, disruption of redox balance, and alterations in
key molecular regulators associated with aging.

Given the lipid-rich composition of brain tissue
and its vulnerability to lipid peroxidation, the use of
lipid-associated antioxidant compounds represents
a rational and biologically relevant approach. In this
context, administration of SQ and SP was associated
with attenuation of oxidative damage markers, partial
restoration of endogenous antioxidant components,
and modulation of redox-sensitive regulators, includ-
ing FOXO3A, NRF2, SIRT1, PON1, and Klotho.
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Aging is accompanied by recurrent and overlap-
ping inflammatory responses that contribute to per-
sistent low-grade inflammation. Within the applied
experimental framework, the combined adminis-
tration of SQ and SP was associated with favora-
ble modulation of multiple oxidative and molecu-
lar parameters, suggesting a potential influence on
redox—inflammation dynamics under aging-related
conditions.

Overall, the findings indicate that SQ and SP exert
protective effects against D-Gal-induced oxidative
and molecular alterations in this experimental aging
model. The combined administration of these com-
pounds was associated with favorable modulation
of multiple oxidative and aging-related parameters
within the applied experimental framework. Further
studies employing factorial experimental designs and
in-depth molecular analyses are warranted to clarify
the pathways involved, evaluate dose-dependent
effects, and assess the relevance of these findings to
age-associated disorders and other tissues in the con-
text of healthy aging.
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