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Chronic administration of p-galactose (p-gal) in rodents reproduces the overproduc-

the first time distinct signatures on p-gal-induced aging (500 mg/kg, 6 weeks) and the
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mens (pre-induction and simultaneous, respectively) in two vital organs (heart and
Number: 97175

brain). p-gal-induced notorious alterations in working memory, a strong increase in
brain malondialdehyde (MDA) oxidative levels, and strong downregulation of sirtuin
1 (SIRT1) in the heart and hippocampus and of calstabin2 in the heart. Cardiac and
brain superoxide dismutase (SOD) and glutathione peroxidase (GPx) enzymatic anti-
oxidant capacities were damaged, brain calstabin2 was downregulated, and neuro-
pathology was observed. Heart damage also included a moderate increase in MDA
levels, serologic lactate dehydrogenase (LDH), total creatine kinase (CK) activities,

and histopathological alterations. The used dose of vitamin D was enough to prevent

cognitive impairment, avoid muscular damage, hamper cardiac and cerebral oxidative
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1 | INTRODUCTION

Aging, a natural process defined as the progressive structural and
functional decline in organisms with time, is a significant risk fac-
tor for vital organs such as the heart and brain (Peters, 2006; Yuan,
Cruzat, et al., 2016). Various theories explain the complex and di-
verse number of changes associated with this process, from the mo-
lecular to the organism level (da Costa et al., 2016). Harman's free
radical theory of aging proposed that the accumulation of oxidative
damage to cells and tissues was associated with aging and degener-
ative diseases (Li et al., 2022; Pomatto & Davies, 2018). Antioxidant
enzymes, including superoxide dismutase (SOD), catalase, and glu-
tathione peroxidase (GPx), are endogenous defensive lines against
oxidative damage that are useful to monitor the progress of these
processes and interventions' effects (Rodriguez et al., 2004).

At the experimental level, the study of natural aging in specimens
confronts several intrinsic limitations, such as individual heteroge-
neity, comorbidities, and survival, but also extrinsic research con-
straints related to costly and time-consuming approaches which can
be minimized using models for accelerated aging. A well-accepted
experimental model of oxidative stress-related physiological aging
is the long-term treatment of mice with p-galactose (p-gal) (Azman
& Zakaria, 2019; Hakimizadeh, Zamanian, Borisov, et al., 2022;
Hakimizadeh, Zamanian, Damankhorshid, et al., 2022). Chronic ex-
posure to this reducing sugar accelerates aging through increased
generation of reactive oxygen species (ROS) oxidative stress and
antioxidant enzyme downregulation (Anand et al., 2012). Besides, it
impacts cognition and behavior, has few side effects, and has a high
survival rate, being suitable to investigate pathways and diseases
related to aging and interventions. The dose of b-gal 500mg/kg re-
produces oxidative stress and cognitive impairment within 6 weeks
(Hakimizadeh et al., 2021), while more prolonged treatment is re-
quired with lower doses (100 mg/kg) (Hao et al., 2014). Baeta-Corral
et al. (2018) have demonstrated sexual dimorphism in the behavioral

stress, and SIRT1 and calstabin2 downregulation. Most importantly, the potencies
of the two preventive schedules depended on the tissue and level of study. The pre-
induction schedule prevented p-gal-induced aging by 1 order of magnitude higher
than simultaneous administration in all the variables studied except for SIRT1, whose
strong downregulation induced by p-gal was equally prevented by both schedules.
The benefits of vitamin D for oxidative stress were stronger in the brain than in the
heart. Brain MDA levels were more sensitive to damage, while SOD and GPx antioxi-
dant enzymatic activities were in the heart. In this order, the magnitude of SOD, MDA,
and GPx oxidative stress markers was sensitive to prevention. In summary, the results
unveiled distinct aging induction, preventive signatures, and sensitivity of markers
depending on different levels of study and tissues, which are relevant from a mecha-

nistic view and in the design of targeted interventions.

aging, calstabin2, oxidative stress, SIRT1, vitamin D

responses and immuno-endocrine status in p-gal-induced aging,
with the male sex being particularly sensitive to p-gal.

Conversely, studies of aging at the cellular level have also iden-
tified that the regulation of certain pathways and intracellular
mechanisms can delay the aging process. This is the case of sirtu-
ins, a family of nicotinamide adenine dinucleotide (NAD)-dependent
deacetylases (Lee et al., 2019). Among the seven mammalian mem-
bers (SIRT1 to SIRT7) (Chung et al., 2010), SIRT1 stands out for play-
ing a myriad of roles in multiple tissues and organs but mostly for its
relevance in aging-associated disorders, health span, and longevity.
Key cellular processes including gene silencing, mitochondrial func-
tion and biogenesis, longevity, cellular senescence, apoptosis, and
cell survival are regulated by SIRT1 (Yuan, Cruzat, et al., 2016). As
a result, SIRT1 is associated with a progressive reduction in chronic
diseases such as neurodegenerative disease and cardiovascular dis-
eases, and aging (Alcendor et al., 2007; Chen et al., 2020). In a mice
model of Alzheimer's disease (AD), we have previously shown that
prodromal cognitive impairment is concomitant to SIRT1 cortical
overexpression but hippocampal downregulation, suggesting im-
paired antioxidative protection to prevent or delay the underlying
neuronal damage in the transgenic animals (Torres-Lista et al., 2014).
Conversely, a lentivirus vector strategy to induce hippocampal over-
expression of SIRT1 prevented AD-cognitive impairment and ex-
erted nootropic effects in animals with normal aging, which in cell
cultures were shown to be done through neurotrophic and proteo-
static mechanisms (Corpas et al., 2017). Non-pharmacological strat-
egies such as physical exercise also restored SIRT1 downregulation
(Ferrara et al., 2008).

Calcium, a ubiquitous intracellular messenger, plays a key role
in a wide variety of biological functions such as cell growth, dif-
ferentiation, metabolism, exocytosis, and apoptosis (Balestrini
et al., 2021; Micallef et al., 2009; Zhang et al., 2021). Subcellular
biochemistry points at ryanodine receptors (RYRs), which is one
of the intracellular Ca?* release channels in the intercellular
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endoplasmic/sarcoplasmic reticulum (ER/SR), which is involved
in several functions in health and disease. All three mammalian
receptor subtypes (RyR1, RyR2, and RyR3) (Santulli et al., 2018;
Yuan, Deng, et al., 2016) are found in the brain, while the RyR2
isoform is the major in cardiac muscle (Doggrell, 2005). FK506-
binding protein 12.6 (FKBP12.6), also named calstabin2, is a sub-
unit of the RyR2 macromolecular complex. Its role in cardiac aging
makes it a therapeutic target, and its stabilization has been pro-
posed as a new approach to sudden cardiac death (Zissimopoulos
et al.,, 2012). Recently, calstabin2 was identified as an import-
ant regulator of spatial and emotional memory in mice (Yuan
et al., 2014).

Healthy nutrition is considered one first-choice intervention
among the different lifestyle strategies to decrease or hamper
the risk of age-related diseases (Cheng et al., 2010). Antioxidants
from fruits, fungi, vitamins, and herbal extracts provide resistance
against oxidative stress and ROS by increasing endogenous anti-
oxidant defense enzymes. Also, these substances decreased the
risk of heart and neurological disease (Ding et al., 2016; Milisav
et al., 2018; Rusu et al., 2020). Essential micronutrients such
as vitamin D are known to play an important role at different
life cycle stages, especially in those with specific needs such as
aging (Latimer et al., 2014; Wimalawansa, 2019). Vitamin D is a
fat-soluble vitamin naturally present in a few foods and dietary
supplements under two main forms, D2 (ergocalciferol) and D3
(cholecalciferol) (Sahota, 2014). Endogenous vitamin D is syn-
thesized in the skin triggered by sunlight's ultraviolet (UV) rays
and modulated by multiple factors, including diet, dietary sup-
plements, and skin color (Latic & Erben, 2020). Besides its well-
known promotion of calcium absorption in the gut, bone growth,
mineralization and remodeling, and the prevention of hypocalce-
mic tetany and osteoporosis, vitamin D has many other roles at the
cellular level (Morris et al., 2012). It uptakes intracellular calcium
and its re-uptake into the sarcoplasmic reticulum and modulates
the transcription of hundreds of genes encoding proteins that
regulate cell proliferation, differentiation, and apoptosis (Bivona
et al., 2019; Filgueiras et al., 2020). Many tissues have vitamin
D receptors, and the deficiency of vitamin D is associated with
a broad range of chronic conditions including increased oxidative
stress (Filgueiras et al., 2020), cardiovascular diseases, hyper-
tension (Latic & Erben, 2020), cancer, and neurological diseases
(Morello et al., 2018). Conversely, these diseases can be improved
with vitamin D supplementation through its antioxidant activity.

This study aimed to perform, for the first time, a comparative
analysis of the effects of vitamin D to prevent and counteract p-
gal-induced aging in mice. To this end, the effects of simultaneous
chronic administration of vitamin D and p-gal and those when vi-
tamin D was administered starting 4 weeks pre-induction of aging
were compared at different levels of study, from behavioral effects
on cognitive function, histopathological effects on heart tissue,
peripheral (serologic) markers of muscle damage, oxidative stress-
related indicators, as well as SIRT1 and calstabin2 expression in the
brain and heart.

2 | MATERIALS AND METHODS
2.1 | Animals and treatments

Forty-two 2- to 3-month-old male NMRI (Naval Medical Research
Institute) mice (30-35g) were housed in Plexiglas cages (7 mice per
cage) at the Animal House of the Rafsanjan University of Medical
Sciences. They were kept at constant temperature (23 +2°C) and hu-
midity (60%), and on a 12-h light/dark cycle (lights on at 8:00 a.m.),
with free access to food (standard pellet chow; Pars Dam, Tehran,
Iran) and water.

Seven days after arrival, the animals were randomly divided into
six experimental groups (7 animals/group). The control group re-
ceived standard drinking water (10 mL/kg) (Hakimizadeh et al., 2023),
while all the other groups received p-gal (Sigma-Aldrich, Darmstadt,
Germany) freshly dissolved in drinking water (10 mL/kg) for oral ad-
ministration at a dose of 500mg/kg/day, for 6 weeks (Hakimizadeh
et al., 2021). Vitamin D (Vit D, Sigma Aldrich, USA) was dissolved in
propylene glycol as a vehicle (Sigma Aldrich, USA). The treatment
groups received subcutaneous injections of vehicle or vitamin D at
a dose of 50 IU starting 4 weeks before the induction of aging with
p-gal (pre-p-gal) or simultaneously (Mehrabadi & Sadr, 2020).

The Guide for the Care and Use of Laboratory Animals (Institute
for Laboratory Animal Research, National Research Council,
Washington, DC, National Academy Press, no. 85-23, revised
1996) was followed. The Animal Ethics Committee of the Rafsanjan
University of Medical Sciences approved this study protocol
(Approval ID: IR.RUMS.REC.1399.171).

2.2 | Cognitive function

Y-maze was performed at the end of the treatments. Animals were
acclimated 1h before the behavioral test, which was performed in
the morning between 9.00 and 12.00 a.m. by a blinded observer.
The maze was cleaned with diluted ethanol (5%) between each run.

The Y-maze was used to evaluate working memory. This maze
consisted of three arms (15x30x40cm with equal angles between
arms). Briefly, the animals were put in the maze center and observed
for 8min with a digital camera. Correct spontaneous alternation of
arms, defined as not revisiting the same arm twice before visiting
another, was measured (Hughes, 2004). The percentage of correct
alternations was calculated as the index: the number of alternations/

total arm visits (minus 2)x 100.

2.3 | Harvesting and sample preparation

Twenty-four hours after behavioral tests (between 12.00 a.m. and
3.00 p.m.) mice of each group were euthanized. Immediately after,
a blood sample was collected from the corner of the eye in glass
assay tubes without anticoagulant. The serum was centrifuged at
2213 xg for 10min and stored at -80°C until a biochemical assay

85UB01 SUOWIWOD SARERID 3|0 [dde U Aq peuLeA0b a/e Se e YO (88N JO S3|n Joj A%IgIT BUIIUO A3]IM UO (SUORIPUCD-PUR-SLLRYWOY AB| 1M AReIq1feuljuO//SAIY) SUORIPUOD PUE SWB | 8U) 89S [5Z02/0T/20] Uo AriqITauluo AB]IM ‘(PepILeS 8p OLBISIUIA) LOSIAOLY [UONEN BURILO0D SIS AQ 2z EUS)/Z00T OT/10p/Lu00" A3 ARe)q 1 U |UO//SdY WO} PoPeojuMOq ‘6 ‘€202 ‘LLT.8Y0T



SALEMI ET AL.

—Wl LEYJE

was prepared for blood assay. Fresh brain and heart biopsy speci-
mens were immediately removed and longitudinally divided into two
parts. One was fixed in 4% paraformaldehyde (pH7.4) and embed-
ded with paraffin for histological assessment, and the other was
immediately frozen with liquid nitrogen and stored at -80°C for
biochemical analysis. In the case of the brain, the hippocampus was

previously dissected.

2.4 | Cardiac and brain histopathological study

Heart and brain biopsy specimens were sectioned (5um). Then, the
sections were deparaffinized with 100% xylene and rehydrated with
gradient (100%-70%) ethanol, before staining with hematoxylin and
eosin (H&E). The image was captured with Olympus dp25.

2.5 | Muscle damage—serologic assay

The creatine kinase (total CK) and lactate dehydrogenase (LDH),
used as indicators of muscular tissue damage (Withee et al., 2017),
were evaluated by an automatic biochemical analyzer, and the re-
sults were expressed as mg/dL.

2.6 | Oxidative stress evaluation

Samples were homogenized (1/10w/v) in ice-cold PBS buffer
(100mM, pH 7.4), centrifuged at 4427x g for 20 min, and the super-
natant was collected and stored at -80°C for biochemical analysis.
The lipid peroxidation was measured with malondialdehyde (MDA)
levels by a commercially available kit (ZellBio, Lonsee, Germany;
Catalog Number: ZB-MDA-96A) according to the manufacturer's
protocol (the detection limit: 0.1pM and the detection range:
0.78-50puM). SOD activity was measured with a commercially
available kit (ZellBio, Germany; Catalog Number: ZB-SOD-96A),
according to the manufacturer's protocol (the detection limit: 1 U/
mL and the detection range: 5-100 U/mL). GPx activity was evalu-
ated by a commercially available kit (ZellBio, Germany; Catalog
Number: ZB-GPX-96A), according to the manufacturer's protocol
(the detection limit: 5U/mL and the detection range: 20-500U/
mL). The light absorption was read by the ELISA Microplate Reader
(Rayto, Shenzhen Guangdong, China). All samples were analyzed
in duplicate, and the results were presented as a percentage of

the control.
2.7 | Real-time polymerase chain reaction
(quantitative polymerase chain reaction (qPCR))

The transcription level of SIRT1 and calstabin2 was assessed by real-

time gPCR technique. Briefly, heart and hippocampus frozen tissues

TABLE 1 Primer sequences used in this study

Gene

description Primer Sequence (5’ — 3’)

Calstabin2 Forward: TCAGAATTGGCAAACAGGAAGTC
Reverse: TGAGCAGCTCCACGTCAAAG

SIRT1 Forward: TCTGAAAGTGAGACCAGTAGC
Reverse: ATGAAGAGGTGTTGGTGGCA

B-Actin Forward: GCGAGACCCCACTAACATCA
Reverse: ATGAGCCCTTCCACAATGCC

were retrieved and homogenized. Total RNA was extracted and the
complementary DNA (cDNA) was synthesized using the parstous kit
according to the manufacturer's instructions. Both concentration
and purity were analyzed by a nanodrop DeNovix (absorbance ratio
at 260/280nm).

Quantitative gene expression analysis was conducted by ap-
plication of SYBR Green | Master Mix PCR (Gene Bio, Korea) in a
gPCR technique with ABI Step One plus TM gPCR system (Applied
Biosystem, USA) in the presence of specific primer and was analyzed

2—AACt

according to the method. B-actin was used as a housekeeping

gene (Table 1).

2.8 | Statistical analysis

Statistical analysis was done by GraphPad Prism software version
9.3.1 for Windows (San Diego, California, USA). Data were pre-
sented as meanz+standard error of the mean (SEM). The differ-
ences between the experimental groups were analyzed by one-way
analysis of variance (ANOVA), followed by the Tukey post hoc test.

Differences were considered statistically significant when p <.05.

3 | RESULTS

3.1 | Impaired working memory induced by p-gal
was prevented by vitamin D more efficiently when
animals were pre-treated

The Y-maze test was used to assess working memory in the differ-
ent experimental groups (Figure 1). The percentage of correct alter-
nations was significantly decreased in the p-gal-treated group and
those pre-treated or treated with a vehicle. In the two groups re-
ceiving vitamin D, either when the treatment started 4 weeks before
the p-gal treatment or simultaneously, the effects of b-gal on mem-
ory were reversed (p<.0001 and p<.01, respectively). Statistically
significant differences were also observed in the working memory
between both vitamin D groups. Thus, when the administration of
vitamin D started before p-gal treatment, the working memory of
the animals was improved in comparison to those starting the vita-

min D treatment concomitantly to D-gal (p <.001).
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3.2 | b-galincreased LDH and CK levels in the
serum and Vit D was more effective in CK than LDH

The serum levels of LDH and CK are considered a marker of mus-
cle damage. p-gal-treated mice that received a vehicle significantly
showed increased LDH and CK (Figure 2) concentration in compari-
son with the control group. Vitamin D, either started to be adminis-
tered before or concomitantly to p-gal, was able to restore the levels
of CK (p<.001 and p<.05, respectively), whereas LDH levels were
only restored in animals for which vitamin D was started before the
induction of aging (p<.01 vs. p-gal group).

WORKING MEMORY
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pre-inductionD-gal simultaneous D-gal

Control D-gal

FIGURE 1 Cognitive effects—b-gal impaired working memory
in the Y maze but was prevented in groups treated with vitamin D,
mainly when the animals were pre-treated. Values are mean +SEM
(n=7 in each group). ****p <.0001, ***p<.001, and ** p<.01 versus
the group indicated.

MUSCULAR DAMAGE
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3.3 | b-gal-induced histopathological changes
in the brain but they were prevented and slightly
counteracted by vitamin D

H&E staining in brain tissue sections of p-gal-treated mice and both
vehicle groups showed altered and larger vascular space in compari-
son with the control group. In contrast, the administration of vitamin
D prevented these pathological changes in comparison with the b-
gal group. No difference was observed between the two vitamin D
recipient groups (p-gal pre-treated and p-gal simultaneous-treated)
(Figure 3).

3.4 | Histopathological changes in the heart
No difference was observed between H&E staining in the heart tis-
sue of the study groups (Figure 4).

3.5 | D-galincreased markers of oxidative stress
but its effects were prevented and counteracted by
VitD

Oxidative stress was measured by MDA levels (Figure 5a,b) as well as
SOD (Figure 5c,d) and GPx (Figure 5e,f) enzymatic activities in heart
and brain homogenates.

The MDA levels in p-gal-treated mice and p-gal-treated mice re-
ceiving vehicle were found to increase in both organs, with increases
being higher in the brain (p <.0001) than in the heart (p<.01). In both
cases, these increases were prevented in the groups receiving vitamin
D, with higher efficiency in the pre-treatment group (p <.0001) than

when vitamin D was simultaneously administered with p-gal (p <.01).

300 i *%
* %
o ==

200
-
=
4
(8]

100

0= T T
Control D-gal Vehicle VitD _Vehicle VitD

pre-inductionD-gal simultaneous D-gal

FIGURE 2 Muscular damage—b-gal increased LDH and CK levels in the serum. The elevated levels of LDH were prevented by pre-
treatment with vitamin D; the elevated levels of CK were prevented with both treatments, but pre-treatment was more effective. Values are
mean+SEM (n=7 in each group). ***p<.001, **p<.01, and *p <.05 versus the indicated group.
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FIGURE 3 Representative illustrations of the effect of b-gal on brain tissue and the effect of vitamin D. Control (a), p-gal (b), vehicle pre-
induction (c), vitamin D pre-induction (d), vehicle simultaneous with p-gal treatment (e), and vitamin D simultaneous with p-gal treatment (f).

Arrows indicate altered and large vascular space in brain tissue.

The SOD and GPx activities in the heart and brain of p-gal-
treated mice and p-gal-treated mice receiving a vehicle were found
significantly decreased compared to the control group (p<.001).
Vitamin D prevented the decrease in both organs, with higher effi-

ciency when vitamin D was administered before the p-gal treatment.

3.6 | Db-gal downregulated SIRT1 and calstabin2
expression but the effects were prevented and
counteracted by vitamin D

SIRT1 mRNA expression (Figure 6) in the p-gal-treated group that
received propylene glycol significantly decreased in the heart and
hippocampus tissues compared to the control group (p<.0001). In
contrast, the vitamin D-receiving groups increased SIRT1 mRNA
expression in the heart and hippocampus tissues compared to the
p-gal group (p<0.0001). Additionally, we observed a significant dif-
ference between SIRT1 mRNA expression in vitamin D-receiving
groups D-gal pre-treated and b-gal simultaneous-treated (heart,
p<.05; hippocampus, p<.0001). Calstabin2 mRNA expression in
the p-gal-treated group receiving propylene glycol significantly

decreased in the heart and hippocampus tissues compared to the
control group (p<.0001). In contrast, vitamin D-receiving groups in-
creased calstabin2 mRNA expression in the heart and hippocampus
tissues compared to the p-gal group (p<.0001). Also, we observed
a significant difference between calstabin2 mRNA expression in vi-
tamin D-receiving groups p-gal pre-treated and p-gal simultaneously

treated (heart, p <.05; hippocampus, p <.05) (Figure 7).

4 | DISCUSSION

This study shows, for the first time, distinct signatures of the ef-
fects of p-gal-induced aging and the preventive/protective potential
of two vitamin D supplementation regimens at five levels of study
and two vital organs, the brain and the heart. The effects of vitamin
D preventing and protecting the increase in serum levels of LDH and
CK, indicators of muscle damage, in p-gal-treated mice are also re-
ported for the first time.

Compared to control animals, notorious alterations induced by
D-gal were shown as severe cognitive impairment, a strong increase
in brain MDA oxidative levels, strong downregulation of SIRT1 in the
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Cardiac Histopathological

| Control Vehicle (pre-induction with D-gal)

Vehicle (simultaneous with D-gal) I

D-gal Vit D (pre-induction with D-gal)

Vit D (simultaneous with D-gal)

FIGURE 4 Representative illustrations of the effect of p-gal on heart tissue and the effect of vitamin D. Control (a), p-gal (b), vehicle pre-
induction (c), vitamin D pre-induction (d), vehicle simultaneous with p-gal treatment (e), and vitamin D simultaneous with p-gal treatment (f).

Arrows indicate histopathological alterations.

heart and hippocampus, and of calstabin2 in the heart. In a second
order of magnitude, the antioxidant capacity measured by SOD and
GPX in the heart and the brain was also damaged, calstabin2 down-
regulated in the hippocampus, and brain histopathological alter-
ations. At a third level, damage in the heart was shown as a moderate
increase in MDA levels, LDH, and CK activities in serum. On the
other hand, the beneficial effects of two vitamin D supplementation
schedules, pre-induction and simultaneous to p-gal-induced aging,
showed that vitamin D prevented and protected the deterioration
of working memory, avoided muscular damage as measured by LDH
and CK, and hampered the cardiac and cerebral oxidative stress as
measured by MDA levels, SOD and GPX activities, as well as SIRT1
and calstabin2 downregulation.

As expected, the pre-induction schedule notoriously prevented
the effects of pb-gal, while the statistical differences of the protective
effect elicited with the simultaneous administration were 1 order of
magnitude lower than those achieved with the pre-induction. This
was observed in all the variables studied, except for SIRT1, whose
strong downregulation induced by p-gal was equally effective with
both schedules, indicating that SIRT1 was more sensitive/respon-
sive to the mechanistic effects of vitamin D. Similarly, the benefits

of b-gal on oxidative stress were stronger in the brain than the heart.
In the brain, MDA levels were more sensitive/responsive to dam-
age than antioxidant enzymatic activities, while in the heart, it was
the opposite, with higher magnitudes of reduction of SOD and GPx.
The benefits of vitamin D also showed distinct sensitivity to stress
markers, with the magnitude of SOD, MDA, and GPx showing pre-
vention/protection in this order.

Chronic p-gal administration reproduces the increase in brain
oxidative stress underlying age-related decline in cognitive func-
tion and the effects of aging on functional and structural brain
connectivity. This model has been extensively used to study this
critical cellular phenomenon and the effects of different kinds of
interventions. As shown in the current study, working memory was
severely affected in the groups of animals treated with p-gal with/
without a vehicle, as measured by the spontaneous alternation in the
Y maze. The results confirm previous work showing that oxidative
injury caused by p-gal induces cognitive impairment, which is prom-
inent after short chronic treatment with the high dose of 500mg/
kg (Hakimizadeh et al., 2021; Rehman et al., 2017) as compared to
other doses. The increase in the antioxidant system's capacity using
antioxidant agents and compounds is known to improve impaired
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cognition in aging humans and animals (Kaviani et al., 2017). Critical
reviews in food science and nutrition in groups of interest such as
children and adolescents also refer to the vitamin D status and its
impact on their cognitive function through antioxidant signaling and

the inhibition of the inflammatory process (Constantin et al., 2017).
A recent report by Ali et al. showed for the first time the potential
antioxidant effects of a higher dose of vitamin D (100pg/kg, three
times a week for 4weeks), preventing the oxidative effect of a low
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dose (120mg/kg, 8 weeks) of d-gal on memory investigated through
Morris water maze and Y maze in adult albino male mice. Their work
also demonstrated that vitamin D exerted neuroprotection via
SIRT1/nrf-2/ NF-kB signaling pathways (Ali et al., 2021).

In the current study, we provide the first evidence that a low dose
of 50 IU vitamin D is enough to not only prevent but also protect
the severe memory impairment caused by a high dose (500mg/kg,
oral administration, 6 weeks) of b-gal-induced aging, despite stronger
effects were obtained when the treatment started 4weeks before
the administration of p-gal. On the other hand, p-gal-induced brain
aging in rodents has been previously reported to result in not only

increased irregular brain tissue interstitial space (Chen et al., 2019)
but also a lifestyle intervention such as nutrition with antioxidants
augmented attenuated brain tissue damage (Chen et al., 2018). In
agreement, using the histological level of study, the present work
showed that p-gal-induced aging resulted in increased large vascu-
lar space in brain tissue. More importantly, the study showed the
prevention of brain damage caused by p-gal by vitamin D. Since an-
tioxidants maintain the structure of the heart in p-gal-treated mice
through decreased ROS and oxidative stress (Ma et al., 2021), the se-
quent analysis investigated the oxidative stress status and the levels
of SIRT1 and calstabin2 expression in the different treatment groups.
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D-gal-induced muscle injury is a model for aging research.
The increase in ROS induced by bp-gal results in increased LDH
and CK levels in serum that reflect the oxidant damage in tissues
and at the myocardial level (Chen et al., 2017; He et al., 2019; Ma
et al.,, 2021). In agreement, here we report that p-gal increased
LDH and CK levels in serum. Several works have shown that vi-
tamin D has a direct regulatory role in skeletal muscle function,
and its deficiency is associated with oxidative stress, mitochon-
drial function, and the development of skeletal muscle atrophy
(Dzik & Kaczor, 2019). Vitamin D treatment protects against and
reverses oxidative stress-induced muscle proteolysis. Vitamin D
was accompanied by lower LDH and CK levels (Qian et al., 2019).
Our results provide further evidence that vitamin D prevented the
increase in LDH and CK concentration induced by p-gal. Besides,
when vitamin D was administered in the pre-induction schedule,
the preventive effect on CK concentration was stronger than the
protective effect achieved with the simultaneous administration.
It could be concluded that vitamin D exerts a preventive and pro-
tective role in ROS damage to muscular tissue.

Many studies have reported decreased endogenous antiox-
idant defense, such as SOD, CAT, GSH, and GPx, as well as in-
creased MDA levels in the heart, brain, and serum in p-gal-treated
mice reflecting the cell damage arising from ROS (Li et al., 2016;
Liu et al., 2020). As well, here, our results showed that p-gal in-
creased MDA levels and decreased SOD and GPx activity in the
heart and brain. Concerning vitamin D, Jeremy et al. (2019) showed
that it can delay testicular aging through the decrease in oxida-
tive stress and the improvement of cellular antioxidant defense. In
agreement, the present work shows that the two regimens of a low
dose of vitamin D could decrease MDA levels and increase SOD
and GPx activity, thus preventing and counteracting p-gal-induced
effects. More importantly, our results demonstrate distinct signa-
tures for vitamin D's preventive and protective effects in delaying
heart and brain p-gal-induced aging. In agreement with our prece-
dent work assessing different preventive/protective drugs (Fatemi
et al., 2018; Kaviani et al., 2017), the prevention/protection of cog-
nitive performance in mice treated by p-gal exerted by vitamin D
was concurrent with the storage of SOD and GPx enzymatic activ-
ity and decreasing the level of MDA.

Several studies showed that SIRT1 is low in aging (Kwon
et al., 2017). SIRT1 is a redox-sensitive protein that regulates
various biological processes such as oxidative stress, apoptosis,
and aging (Hsu et al., 2008). Generally, sustaining SIRT1 levels
protects endothelial cells, the heart (Hsu et al., 2008), and the
brain (Khan et al., 2019), and also against age-related diseases.
In agreement with previous results on chronic administration of
D-gal or increased oxidative stress decreases the expression of
SIRT1 (Chen et al.,, 2020), our results showed downregulation
of SIRT1 expression in p-gal-treated animals without a vitamin
D supplementation regimen. Previous studies showed that vi-
tamin D increased SIRT1 expression against H202 production
(Polidoro et al., 2013). In this study, vitamin D prevented and

protected the animals against the effect of b-gal on SIRT1 expres-
sion. Interestingly, the upregulation of SIRT1 was elicited by a low
dose of vitamin D in an equal manner using pre-induction (pre-
ventive) and simultaneous (protective) administration regimens.
This equipotency is important to note since various studies have
shown that preservation of SIRT1 expression is important for
neuroprotective, synaptic plasticity in the hippocampus, mem-
ory (Abu-Omar et al., 2018), and heart function during aging (Hsu
et al., 2008).

Our study describes, for the first time, the decrease in calsta-
bin2 expression induced by p-gal, and that this effect is stronger in
the heart than in the brain. Also, vitamin D can increase calstabin2
expression against the administration of p-gal, with higher potency
in its preventive than protective effects. In agreement with the
sensitivity shown in the two vital organs to the deleterious effects
of p-gal, the prevention of vitamin D was more potent in the heart
than in the brain, while the statistical significance of the magnitude
of the protective effects was equal in both organs. These distinct
patterns are important since various studies showed that, due to
its role in releasing Ca2*, RYR2 is associated with cardiovascular
and nervous disease. On the other hand, ROS seen as signaling
molecules are involved in RYR2 modification. Calstabin2, through
the stabilization of the closed form of RYR2, prevents calcium
leakage into the cytoplasm. As a result, different studies showed
that calstabin2 has a role in heart and brain function (Abu-Omar
et al,, 2018). It has also been reported that deletion of the calsta-
bin2 gene in mice causes activation of Ca2*-dependent potassium
pathways through the increase in intracellular Ca2*. This deletion
results in hippocampal nerve apoptosis and memory impairment
(Yuan, Deng, et al., 2016). Also, previous studies have shown de-
creased RyR2 expression during aging.

In this study, we studied male mice because p-gal induces higher
oxidative stress in this sex, as we have previously demonstrated.
Brains of female mice have been demonstrated to exert lower ox-
idant and higher antioxidant capacity, but further studies should in-
vestigate sex-dependent differences.

AUTHOR CONTRIBUTIONS

Sahar Salemi: Methodology (equal). Mohammad Yasin Zamanian:
Conceptualization (equal). Lydia Giménez-Llort: Writing - original
draft (equal). Zahra Jalali: Methodology (equal). Mehdi Mahmoodi:
Writing - review and editing (equal). Maryam Golmohammadi:
Writing - review and editing (equal). Ayat Kaeidi: Writing - review
and editing (equal). Zahra Taghipour: Methodology (equal). Morteza
Khademalhosseini: Data curation (equal); software (equal). Mona
Modanloo: Writing - review and editing (equal). Mohammad Reza
Hajizadeh: Conceptualization (equal); data curation (equal); inves-
tigation (equal); project administration (equal); supervision (equal);

visualization (equal).

ACKNOWLEDGMENTS
Not applicable.

85UB01 SUOWIWOD SARERID 3|0 [dde U Aq peuLeA0b a/e Se e YO (88N JO S3|n Joj A%IgIT BUIIUO A3]IM UO (SUORIPUCD-PUR-SLLRYWOY AB| 1M AReIq1feuljuO//SAIY) SUORIPUOD PUE SWB | 8U) 89S [5Z02/0T/20] Uo AriqITauluo AB]IM ‘(PepILeS 8p OLBISIUIA) LOSIAOLY [UONEN BURILO0D SIS AQ 2z EUS)/Z00T OT/10p/Lu00" A3 ARe)q 1 U |UO//SdY WO} PoPeojuMOq ‘6 ‘€202 ‘LLT.8Y0T



SALEMI ET AL.

5060
—I—Wl LEY-

FUNDING INFORMATION
This work was supported by grant no. 97175 from the Vice
Chancellor for Research and Technology, Rafsanjan University of

Medical Sciences, Rafsanjan, Iran.

CONFLICT OF INTEREST STATEMENT

The authors declare no conflict of interest.

DATA AVAILABILITY STATEMENT
The data that support the findings of this study are available on re-
quest from the corresponding author.

ORCID
Mohammad Yasin Zamanian
org/0000-0003-0944-0320

https://orcid.

REFERENCES

Abu-Omar, N., Das, J., Szeto, V., & Feng, Z. P. (2018). Neuronal ryanodine
receptors in development and aging. Molecular Neurobiology, 55(2),
1183-1192.

Alcendor, R. R., Gao, S., Zhai, P., Zablocki, D., Holle, E., Yu, X., Tian, B.,
Wagner, T., Vatner, S. F., & Sadoshima, J. (2007). Sirtl regulates
aging and resistance to oxidative stress in the heart. Circulation
Research, 100(10), 1512-1521.

Ali, A., Shah, S. A., Zaman, N., Uddin, M. N., Khan, W., Ali, A, Riaz, M., &
Kamil, A. (2021). Vitamin D exerts neuroprotection via SIRT1/nrf-
2/ NF-kB signaling pathways against D-galactose-induced mem-
ory impairment in adult mice. Neurochemistry International, 142,
104893.

Anand, K. V., Mohamed Jaabir, M. S., Thomas, P. A., & Geraldine, P.
(2012). Protective role of chrysin against oxidative stress in D-
galactose-induced aging in an experimental rat model. Geriatrics &
Gerontology International, 12(4), 741-750.

Azman, K. F., & Zakaria, R. (2019). D-galactose-induced accelerated
aging model: An overview. Biogerontology, 20(6), 763-782.

Baeta-Corral, R., Castro-Fuentes, R., & Giménez-Llort, L. (2018).
Sexual dimorphism in the behavioral responses and the immu-
noendocrine status in D-galactose-induced aging. The Journals
of Gerontology Series A, Biological Sciences and Medical Sciences.,
73(9), 1147-1157.

Balestrini, P. A., Sanchez-Cardenas, C., Luque, G. M., Baro Graf, C.,
Sierra, J. M., Hernandez-Cruz, A., Visconti, P. E., Krapf, D., Darszon,
A., & Buffone, M. G. (2021). Membrane hyperpolarization abolishes
calcium oscillations that prevent induced acrosomal exocytosis in
human sperm. FASEB Journal, 35(6), e21478.

Bivona, G., Gambino, C. M., lacolino, G., & Ciaccio, M. (2019).
Vitamin D and the nervous system. Neurological Research, 41(9),
827-835.

Chen, C., Zhou, M., Ge, Y., & Wang, X. (2020). SIRT1 and aging related
signaling pathways. Mechanisms of Ageing and Development, 187,
111215.

Chen, L., Liu, P, Feng, X., & Ma, C. (2017). Salidroside suppressing LPS-
induced myocardial injury by inhibiting ROS-mediated PI3K/Akt/
mTOR pathway in vitro and in vivo. Journal of Cellular and Molecular
Medicine, 21(12), 3178-3189.

Chen,P.,Chen,F,, Lei,J.,Li,Q.,&Zhou, B.(2019). Activation of the miR-34a-
mediated SIRT1/mTOR signaling pathway by urolithin A attenuates
D-galactose-induced brain aging in mice. Neurotherapeutics: The
Journal of the American Society for Experimental NeuroTherapeutics,
16(4), 1269-1282.

Chen, W. K., Tsai, Y. L., Shibu, M. A, Shen, C. Y., Chang-Lee, S. N., Chen,
R.J.,Yao, C. H.,Ban, B., Kuo, W. W., & Huang, C. Y. (2018). Exercise
training augments Sirt1-signaling and attenuates cardiac inflamma-
tion in D-galactose induced-aging rats. Aging, 10(12), 4166-4174.

Cheng, W. H., Bohr, V. A., & de Cabo, R. (2010). Nutrition and aging.
Mechanisms of Ageing and Development, 131(4), 223-224.

Chung, S., Yao, H., Caito, S., Hwang, J. W., Arunachalam, G., & Rahman,
1. (2010). Regulation of SIRT1 in cellular functions: Role of polyphe-
nols. Archives of Biochemistry and Biophysics, 501(1), 79-90.

Constantin, G., Della Bianca, V., Pietronigro, E. C., Zenaro, E., Piacentino,
G., Nagarajan, R., Toffali, L., Mirenda, M., & Bauer, J. (2017).
Treatment with calcium dobesilate reduces neuroinflammation
and improves cognition in a mouse model of Alzheimer's disease.
Alzheimer's & Dementia: The Journal of the Alzheimer's Association.,
13(7), P321.

Corpas, R, Revilla, S., Ursulet, S., Castro-Freire, M., Kaliman, P., Petegnief,
V., Giménez-Llort, L., Sarkis, C., Pallas, M., & Sanfeliu, C. (2017).
SIRT1 overexpression in mouse hippocampus induces cognitive
enhancement through Proteostatic and neurotrophic mechanisms.
Molecular Neurobiology, 54(7), 5604-5619.

da Costa, J. P, Vitorino, R., Silva, G. M., Vogel, C., Duarte, A. C., & Rocha-
Santos, T. (2016). A synopsis on aging-theories, mechanisms and
future prospects. Ageing Research Reviews, 29, 90-112.

Ding, Q., Yang, D., Zhang, W., Lu, Y., Zhang, M., Wang, L., Li, X., Zhou,
L., Wu, Q., Pan, W., & Chen, Y. (2016). Antioxidant and anti-aging
activities of the polysaccharide TLH-3 from Tricholoma lobayense.
International Journal of Biological Macromolecules, 85, 133-140.

Doggrell, S. A. (2005). Stabilisation of calstabin2-a new approach in
sudden cardiac death. Expert Opinion on Therapeutic Targets, 9(5),
955-962.

Dzik, K. P., & Kaczor, J. J. (2019). Mechanisms of vitamin D on skeletal
muscle function: Oxidative stress, energy metabolism and anabolic
state. European Journal of Applied Physiology, 119(4), 825-839.

Fatemi, 1., Khaluoi, A., Kaeidi, A., Shamsizadeh, A., Heydari, S., &
Allahtavakoli, M. A. (2018). Protective effect of metformin on D-
galactose-induced aging model in mice. Iranian Journal of Basic
Medical Sciences, 21(1), 19-25.

Ferrara, N., Rinaldi, B., Corbi, G., Conti, V., Stiuso, P., Boccuti, S., Rengo,
G., Rossi, F., & Filippelli, A. (2008). Exercise training promotes SIRT1
activity in aged rats. Rejuvenation Research, 11(1), 139-150.

Filgueiras, M. S., Rocha, N. P., Novaes, J. F., & Bressan, J. (2020). Vitamin
D status, oxidative stress, and inflammation in children and ado-
lescents: A systematic review. Critical Reviews in Food Science and
Nutrition, 60(4), 660-669.

Hakimizadeh, E., Tadayon, S., Zamanian, M. Y., Soltani, A., Giménez-
Llort, L., Hassanipour, M., & Fatemi, . (2023). Gemfibrozil, a lipid-
lowering drug, improves hepatorenal damages in a mouse model of
aging. Fundamental & Clinical Pharmacology, 35, 180-186.

Hakimizadeh, E., Zamanian, M., Giménez-Llort, L., Sciorati, C.,
Nikbakhtzadeh, M., Kujawska, M., Kaeidi, A., Hassanshahi, J., &
Fatemi, I. (2021). Calcium dobesilate reverses cognitive deficits
and anxiety-like behaviors in the D-galactose-induced aging mouse
model through modulation of oxidative stress. Antioxidants (Basel,
Switzerland), 10(5), 649-655.

Hakimizadeh, E.,Zamanian, M. Y., Borisov, V. V., Giménez-Llort, L., Ehsani,
V., Kaeidi, A., Hassanshahi, J., Khajehasani, F., Movahedinia, S., &
Fatemi, |. (2022). Gemfibrozil, a lipid-lowering drug, reduces anx-
iety, enhances memory, and improves brain oxidative stress in D-
galactose-induced aging mice. Fundamental & Clinical Pharmacology,
36(3), 501-508.

Hakimizadeh, E., Zamanian, M. Y., Damankhorshid, M., Giménez-Llort,
L., Sciorati, C., Nikbakhtzadeh, M., Moradbeygi, K., Kujawska, M.,
Kaeidi, A., Taghipour, Z., & Fatemi, . (2022). Calcium dobesilate pro-
tects against D-galactose-induced hepatic and renal dysfunction,

85UB01 SUOWIWOD SARERID 3|0 [dde U Aq peuLeA0b a/e Se e YO (88N JO S3|n Joj A%IgIT BUIIUO A3]IM UO (SUORIPUCD-PUR-SLLRYWOY AB| 1M AReIq1feuljuO//SAIY) SUORIPUOD PUE SWB | 8U) 89S [5Z02/0T/20] Uo AriqITauluo AB]IM ‘(PepILeS 8p OLBISIUIA) LOSIAOLY [UONEN BURILO0D SIS AQ 2z EUS)/Z00T OT/10p/Lu00" A3 ARe)q 1 U |UO//SdY WO} PoPeojuMOq ‘6 ‘€202 ‘LLT.8Y0T


https://orcid.org/0000-0003-0944-0320
https://orcid.org/0000-0003-0944-0320
https://orcid.org/0000-0003-0944-0320

SALEMI ET AL.

oxidative stress, and pathological damage. Fundamental & Clinical
Pharmacology, 36(4), 721-730.

Hao, L., Huang, H., Gao, J., Marshall, C., Chen, Y., & Xiao, M. (2014). The
influence of gender, age and treatment time on brain oxidative
stress and memory impairment induced by D-galactose in mice.
Neuroscience Letters, 571, 45-49.

He, H., Wang, L., Qiao, Y., Zhou, Q. Li, H., Chen, S., Yin, D., Huang, Q.,
& He, M. (2019). Doxorubicin induces endotheliotoxicity and mi-
tochondrial dysfunction via ROS/eNOS/NO pathway. Frontiers in
Pharmacology, 10, 1531.

Hsu, C. P., Odewale, I., Alcendor, R. R., & Sadoshima, J. (2008). Sirt1 pro-
tects the heart from aging and stress. Biological Chemistry, 389(3),
221-231.

Hughes, R. N. (2004). The value of spontaneous alternation behavior
(SAB) as a test of retention in pharmacological investigations of
memory. Neuroscience and Biobehavioral Reviews, 28(5), 497-505.

Jeremy, M., Gurusubramanian, G., & Roy, V. K. (2019). Vitamin D3 treat-
ment regulates apoptosis, antioxidant defense system, and DNA
integrity in the epididymal sperm of an aged rat model. Molecular
Reproduction and Development, 86(12), 1951-1962.

Kaviani, E., Rahmani, M., Kaeidi, A., Shamsizadeh, A., Allahtavakoli, M.,
Mozafari, N., & Fatemi, |. (2017). Protective effect of atorvastatin
on D-galactose-induced aging model in mice. Behavioural Brain
Research, 334, 55-60.

Khan, M., Ullah, R., Rehman, S. U., Shah, S. A., Saeed, K., Muhammad,
T., Park, H. Y., Jo, M. H., Choe, K., Rutten, B. P. F., & Ok Kim, M.
(2019). 17p-estradiol modulates SIRT1 and halts oxidative stress-
mediated cognitive impairment in a male aging mouse model. Cell,
8(8), 928-936.

Kwon, S., Seok, S., Yau, P, Li, X., Kemper, B., & Kemper, J. K. (2017).
Obesity and aging diminish sirtuin 1 (SIRT1)-mediated deacetyla-
tion of SIRT3, leading to hyperacetylation and decreased activity
and stability of SIRT3. The Journal of Biological Chemistry., 292(42),
17312-17323.

Latic, N., & Erben, R. G. (2020). Vitamin D and cardiovascular disease,
with emphasis on hypertension, atherosclerosis, and heart failure.
International Journal of Molecular Sciences, 21(18), 64-70.

Latimer, C. S., Brewer, L. D., Searcy, J. L., Chen, K. C., Popovi¢, J., Kraner,
S. D., Thibault, O., Blalock, E. M., Landfield, P. W., & Porter, N. M.
(2014). Vitamin D prevents cognitive decline and enhances hippo-
campal synaptic function in aging rats. Proceedings of the National
Academy of Sciences of the United States of America, 111(41),
E4359-E4366.

Lee, S. H., Lee, J. H, Lee, H. Y., & Min, K. J. (2019). Sirtuin signaling in
cellular senescence and aging. BMB Reports, 52(1), 24-34.

Li, X., Zhang, Y., Yuan, Y., Sun, Y., Qin, Y., Deng, Z., & Li, H. (2016).
Protective effects of selenium, vitamin E, and purple carrot antho-
cyanins on D-galactose-induced oxidative damage in blood, liver,
heart and kidney rats. Biological Trace Element Research, 173(2),
433-442.

Li,Y., Peng,Y., Shen, Y., Zhang, Y., Liu, L., & Yang, X. (2022). Dietary polyphe-
nols: Regulate the advanced glycation end products-RAGE axis and
the microbiota-gut-brain axis to prevent neurodegenerative diseases.
Critical Reviews in Food Science and Nutrition, 1-27.

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 regu-
lating metabolic markers. Food & Function, 11(5), 4103-4113.

Ma, W., Wei, S., Peng, W., Sun, T,, Huang, J., Yu, R., Zhang, B., & Li, W.
(2021). Antioxidant effect of Polygonatum sibiricum polysaccha-
rides in D-galactose-induced heart aging mice. BioMed Research
International, 2021, 6688855.

Mehrabadi, S., & Sadr, S. S. (2020). Administration of Vitamin D(3) and E
supplements reduces neuronal loss and oxidative stress in a model of
rats with Alzheimer's disease. Neurological Research, 42(10), 862-868.

—Wl LEYJﬂ

Micallef, L., Belaubre, F., Pinon, A., Jayat-Vignoles, C., Delage, C.,
Charveron, M., & Simon, A. (2009). Effects of extracellular cal-
cium on the growth-differentiation switch in immortalized kerat-
inocyte HaCaT cells compared with normal human keratinocytes.
Experimental Dermatology, 18(2), 143-151.

Milisav, 1., Ribari¢, S., & Poljsak, B. (2018). Antioxidant vitamins and age-
ing. Sub-Cellular Biochemistry, 90, 1-23.

Morello, M., Landel, V., Lacassagne, E., Baranger, K., Annweiler, C.,
Féron, F., & Millet, P. (2018). Vitamin D improves neurogenesis
and cognition in a mouse model of Alzheimer's disease. Molecular
Neurobiology, 55(8), 6463-6479.

Morris, H. A., Turner, A. G., & Anderson, P. H. (2012). Vitamin-D reg-
ulation of bone mineralization and remodelling during growth.
Frontiers in Bioscience (Elite Edition), 4(2), 677-689.

Peters, R. (2006). Ageing and the brain. Postgraduate Medical Journal,
82(964), 84-88.

Polidoro, L., Properzi, G., Marampon, F., Gravina, G. L., Festuccia, C.,
Di Cesare, E., Scarsella, L., Ciccarelli, C., Zani, B. M., & Ferri, C.
L. A. U. D. I. O. (2013). Vitamin D protects human endothelial
cells from H,0, oxidant injury through the Mek/Erk-Sirtl axis
activation. Journal of Cardiovascular Translational Research, 6(2),
221-231.

Pomatto, L. C., & Davies, K. J. (2018). Adaptive homeostasis and the
free radical theory of ageing. Free Radical Biology & Medicine, 124,
420-430.

Qian, X., Zhu, M., Qian, W., & Song, J. (2019). Vitamin D attenuates myo-
cardial ischemia-reperfusion injury by inhibiting inflammation via
suppressing the RhoA/ROCK/NF-kB pathway. Biotechnology and
Applied Biochemistry, 66(5), 850-857.

Rehman, S. U., Shah, S. A., Ali, T, Chung, J. I, & Kim, M. O. (2017).
Anthocyanins reversed D-galactose-induced oxidative stress and
neuroinflammation mediated cognitive impairment in adult rats.
Molecular Neurobiology, 54(1), 255-271.

Rodriguez, C., Mayo, J. C., Sainz, R. M., Antolin, I., Herrera, F., Martin, V.,
et al. (2004). Regulation of antioxidant enzymes: A significant role
for melatonin. Journal of Pineal Research, 36(1), 1-9.

Rusu, M. E., Georgiu, C., Pop, A., Mocan, A,, Kiss, B., Vostinaru, O.,
Fizesan, |, Stefan, M. G., Gheldiu, A. M., Mates, L., & Moldovan,
R. (2020). Antioxidant effects of walnut (Juglans regia L.) kernel
and walnut septum extract in a D-galactose-induced aging model
and in naturally aged rats. Antioxidants (Basel, Switzerland), 9(5),
424-430.

Sahota, O. (2014). Understanding vitamin D deficiency. Age and Ageing,
43(5), 589-591.

Santulli, G., Lewis, D., Des Georges, A., Marks, A. R., & Frank, J. (2018).
Ryanodine receptor structure and function in health and disease.
Sub-Cellular Biochemistry, 87, 329-352.

Torres-Lista, V., Parrado-Fernandez, C., Alvarez-Montoén, |., Frontinan-
Rubio, J., Durdn-Prado, M., Peinado, J. R., Johansson, B., Alcain,
F. J., & Giménez-Llort, L. (2014). Neophobia, NQO1 and SIRT1
as premorbid and prodromal indicators of AD in 3xTg-AD mice.
Behavioural Brain Research, 271, 140-146.

Wimalawansa, S. J. (2019). Vitamin D deficiency: Effects on oxida-
tive stress, epigenetics, gene regulation, and aging. Biology, 8(2),
30-37.

Withee, E. D., Tippens, K. M., Dehen, R., Tibbitts, D., Hanes, D., &
Zwickey, H. (2017). Effects of Methylsulfonylmethane (MSM)
on exercise-induced oxidative stress, muscle damage, and pain
following a half-marathon: A double-blind, randomized, placebo-
controlled trial. Journal of the International Society of Sports
Nutrition, 14, 24.

Yuan, Q., Chen, Z., Santulli, G., Gu, L., Yang, Z. G., Yuan, Z. Q,, Zhao, Y. T.,
Xin, H. B., Deng, K. Y., Wang, S. Q., & Ji, G. (2014). Functional role
of Calstabin2 in age-related cardiac alterations. Scientific Reports,
4,7425.

85UB01 SUOWIWOD SARERID 3|0 [dde U Aq peuLeA0b a/e Se e YO (88N JO S3|n Joj A%IgIT BUIIUO A3]IM UO (SUORIPUCD-PUR-SLLRYWOY AB| 1M AReIq1feuljuO//SAIY) SUORIPUOD PUE SWB | 8U) 89S [5Z02/0T/20] Uo AriqITauluo AB]IM ‘(PepILeS 8p OLBISIUIA) LOSIAOLY [UONEN BURILO0D SIS AQ 2z EUS)/Z00T OT/10p/Lu00" A3 ARe)q 1 U |UO//SdY WO} PoPeojuMOq ‘6 ‘€202 ‘LLT.8Y0T



SALEMI ET AL.

5062
—I—WI LEY-

Yuan, Q., Deng, K.Y,, Sun, L., Chi, S., Yang, Z., Wang, J., Xin, H. B., Wang,
X., & Ji, G. (2016). Calstabin 2: An important regulator for learning
and memory in mice. Scientific Reports, 6, 21087.

Yuan, Y., Cruzat, V. F., Newsholme, P., Cheng, J., Chen, Y., & Lu, Y.
(2016). Regulation of SIRT1 in aging: Roles in mitochondrial
function and biogenesis. Mechanisms of Ageing and Development,
155,10-21.

Zhang, X., Wang, Y., Chen, M., & Zeng, M. (2021). Hexavalent chromium-
induced apoptosis in Hep3B cells is accompanied by calcium over-
load, mitochondrial damage, and AIF translocation. Ecotoxicology
and Environmental Safety, 208, 111391.

Zissimopoulos, S., Seifan, S., Maxwell, C., Williams, A. J., & Lai, F. A.
(2012). Disparities in the association of the ryanodine receptor
and the FK506-binding proteins in mammalian heart. Journal of Cell
Science, 125(Pt 7), 1759-1769.

How to cite this article: Salemi, S., Zamanian, M. Y., Giménez-
Llort, L., Jalali, Z., Mahmoodi, M., Golmohammadi, M., Kaeidi,
A., Taghipour, Z., Khademalhosseini, M., Modanloo, M., &
Hajizadehi, M. R. (2023). Distinct signatures on p-galactose-
induced aging and preventive/protective potency of two
low-dose vitamin D supplementation regimens on working
memory, muscular damage, cardiac and cerebral oxidative
stress, and SIRT1 and calstabin2 downregulation. Food Science
& Nutrition, 11, 5050-5062. https://doi.org/10.1002/
fsn3.3422

85UB01 SUOWIWOD SARERID 3|0 [dde U Aq peuLeA0b a/e Se e YO (88N JO S3|n Joj A%IgIT BUIIUO A3]IM UO (SUORIPUCD-PUR-SLLRYWOY AB| 1M AReIq1feuljuO//SAIY) SUORIPUOD PUE SWB | 8U) 89S [5Z02/0T/20] Uo AriqITauluo AB]IM ‘(PepILeS 8p OLBISIUIA) LOSIAOLY [UONEN BURILO0D SIS AQ 2z EUS)/Z00T OT/10p/Lu00" A3 ARe)q 1 U |UO//SdY WO} PoPeojuMOq ‘6 ‘€202 ‘LLT.8Y0T


https://doi.org/10.1002/fsn3.3422
https://doi.org/10.1002/fsn3.3422

	Distinct signatures on d-­galactose-­induced aging and preventive/protective potency of two low-­dose vitamin D supplementation regimens on working memory, muscular damage, cardiac and cerebral oxidative stress, and SIRT1 and calstabin2 downregulation
	Abstract
	1|INTRODUCTION
	2|MATERIALS AND METHODS
	2.1|Animals and treatments
	2.2|Cognitive function
	2.3|Harvesting and sample preparation
	2.4|Cardiac and brain histopathological study
	2.5|Muscle damage—­serologic assay
	2.6|Oxidative stress evaluation
	2.7|Real-­time polymerase chain reaction (quantitative polymerase chain reaction (qPCR))
	2.8|Statistical analysis

	3|RESULTS
	3.1|Impaired working memory induced by d-­gal was prevented by vitamin D more efficiently when animals were pre-­treated
	3.2|d-­gal increased LDH and CK levels in the serum and Vit D was more effective in CK than LDH
	3.3|d-­gal-­induced histopathological changes in the brain but they were prevented and slightly counteracted by vitamin D
	3.4|Histopathological changes in the heart
	3.5|D-­gal increased markers of oxidative stress but its effects were prevented and counteracted by Vit D
	3.6|d-­gal downregulated SIRT1 and calstabin2 expression but the effects were prevented and counteracted by vitamin D

	4|DISCUSSION
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGMENTS
	FUNDING INFORMATION
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT

	REFERENCES


