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This study investigates the effects of regular exercise on inflammation and mitochondrial biogenesis in the eye
using a controlled experimental Alzheimer’s disease (AD) model. Twenty-four male Wistar rats were divided
into four groups: control, Alzheimer, exercise, and Alzheimer with exercise. Molecular markers, including
Nuclear Factor Kappa B (NF-kB), Fibronectin Type III Domain-Containing Protein 5 (FNDC5), Peroxisome
Proliferator-Activated Receptor Gamma Coactivator 1-Alpha (PGC-1a), Sirtuin 1 (SIRT1) were analyzed
through real-time quantitative reverse transcription-polymerase chain reaction (RT-PCR) Matrix Metallopro-
teinase 2 (MMP-2), and Interleukin-1 Beta (IL-1P) were analyzed enzyme-linked immunosorbent assay (ELI-
SA) to evaluate exercise-induced changes in inflammation and mitochondrial function. NF-«kB levels were
significantly elevated in the Alzheimer group, reflecting neuroinflammation, while exercise partially mitigated
these effects. Exercise increased FNDCS, PGC-1a, and SIRT1 levels, suggesting a role in promoting neuro-
protection and mitochondrial biogenesis. However, MMP-2 and IL-1p effects were primarily observed at the
gene expression level, without substantial changes in protein levels. The use of an Alzheimer-specific model
reduced confounding factors, such as age-related pathologies, providing a clearer perspective on Alzheimer-
associated ocular changes. These findings highlight the potential of exercise in modulating key molecular
pathways involved in AD.

Keywords: Alzheimer’s disease, Exercise, Mitochondrial biogenesis, Neuroinflammation, NF-kB, PGC-1a,
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1. Introduction

Alzheimer's disease (AD) is a progressive neurodegen-
erative condition that gradually impairs cognitive abili-
ties and functional capacity [1]. It is the primary cause of
dementia in middle-aged and elderly populations [2] The
prevalence of AD rises with age, affecting less than 1% of
individuals under 60 years old and more than 40% of those
over 85 [3]. Studies have categorized risk factors for cog-
nitive decline and dementia into two groups: modifiable
factors, such as diet, physical activity, cognitive stimula-
tion, hypertension, and obesity, and non-modifiable fac-
tors like age and genetics. Notably, up to 40% of dementia
cases related to modifiable risk factors could be prevented
[4]. Delaying the onset and progression of AD by one year
or achieving a 10% reduction per decade in modifiable
lifestyle risk factors could reduce the global burden of Al-
zheimer’s dementia by approximately 9 million cases by
2050 [5].

Ophthalmological assessments have revealed various
ocular changes in patients with central nervous system
(CNS) disorders [6]. The eye, as an extension of the brain,
shares a common embryological origin with it, making it
a promising model for studying AD [7]. The neural and

vascular similarities between the eye and brain encourage
the identification of ocular biomarkers for AD [8]. Sev-
eral ocular structures that exhibit pathological changes
could serve as potential biomarkers, referred to as "oculo-
mics," for detecting and monitoring AD [9]. Research has
established a link between AD and glaucoma, suggesting
both are age-related neurodegenerative conditions with
shared pathophysiological mechanisms [10]. Addition-
ally, increasing evidence indicates parallels between AD
and age-related macular degeneration (AMD), including
neuroinflammation, microvascular dysfunction, and meta-
bolic and oxidative stress [11].

Multiple studies highlight the importance of consistent,
long-term exercise and physical activity as modifiable in-
terventions for managing various medical conditions [12].
Exercise positively impacts brain structure and function,
particularly in aging populations, and benefits common
ocular diseases, including dry eye disease (DED), cata-
racts, myopia, glaucoma, diabetic retinopathy (DR), and
AMD [13]. However, the specific mechanisms underlying
these effects, especially in humans, remain incompletely
understood [14].

Neuroinflammation plays a pivotal role in AD progres-
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sion. Nuclear Factor Kappa B (NF-kB), a key inflamma-
tory transcription factor, promotes the expression of pro-
inflammatory genes, exacerbating neuronal degeneration.
Reactive astrocytes and microglial cells further contribute
to inflammation by releasing cytokines that drive AD pro-
gression [15,16]. Proteins like Peroxisome Proliferator-
Activated Receptor Gamma Coactivator 1-alpha (PGC-1a)
and Sirtuin-1 (SIRT1) are crucial in modulating inflamma-
tion and reducing amyloid-beta plaques [17-19]. SIRT1
also helps regulate the metabolism of amyloid-beta and
tau proteins, which are central to AD pathology, thereby
slowing neurodegeneration [19]. Additionally, exercise-
induced Fibronectin Type III Domain-Containing Protein
5 (FNDC5/irisin) offers neuroprotective benefits by miti-
gating brain inflammation [20]. Matrix metalloproteinases
(MMPs) are linked to mechanisms that prevent amyloid
plaque accumulation in both brain and ocular tissues [21].

Recognizing the critical role of inflammation regula-
tion in AD progression, this study investigates the impact
of regular exercise on inflammation and mitochondrial
biogenesis in ocular tissues within an experimental Al-
zheimer's model. Specifically, biomarkers associated with
neuroinflammation and cellular stress responses, including
PGC-1a, FNDCS, SIRT1, and NF-«kB, were analyzed. Ad-
ditionally, levels of Matrix Metalloproteinase-2 (MMP-2)
and Interleukin-1 beta (IL-1p), indicators of inflammation
and tissue remodeling, were examined.

2. Materials and methods
2.1. Study approval and sample size determination

The study protocol was approved by the Experimental
Animals Ethics Committee of Selcuk University Experi-
mental Medicine Application and Research Center (Proto-
col number: 2024/66).

All experiments comply with ARRIVE (Animal Re-
search: Reporting of In Vivo Experiments) guidelines.
Studies were carried out in accordance with Guidance on
the operation of the Animals (Scientific Procedures) Act
1986 and associated guidelines, EU Directive 2010/63 for
the protection of animals used for scientific purposes or the
NIH (National Research Council) Guide for the Care and
Use of Laboratory Animals (PDF) or those of an equiva-
lent internationally recognized body.

In this study, sample size was determined using G-
power software (version 3.1.9.2) with 80% power, 0.05
alpha level, and 0.25 effect size, focusing on AB, , and tau
protein levels, which are biological markers of AD. Pow-
er analysis determined that a minimum of 6 animals per
group was required, a number consistent with that found
in similar studies on experimental animals in the literature.

2.2 Experimental Alzheimer model and study design
The flow of the experiment is demonstrated in Fig
1.The study included 24 male Wistar rats aged 3-4 months,
divided into four groups: control (n=6), Alzheimer (n=6),
exercise (n=0), and Alzheimer plus exercise (n=6). The
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Fig. 1. Study design.

rats were housed in polycarbonate cages under a 12-hour
light-dark cycle with controlled environmental conditions
(temperature: 22 + 2 °C, humidity: 50%). Food and water
were provided ad libitum.

- Control Group (n=6): No treatment was administered;
only physiological saline was given as a vehicle, and tis-
sue samples were collected at the end of the study.

- Alzheimer Group (n=6): Administered daily doses
of 60 mg/kg D-galactose intraperitoneally and 200 mg/kg
AICI, orally for 10 weeks, followed by tissue collection
[22].

- Exercise Group (n=6): Subjected to a treadmill exer-
cise protocol at 25 m/min for 45 minutes per day, 5 days
per week for 10 weeks, and tissue samples were collected
[23,24].

- Alzheimer plus Exercise Group (n=6): Administered
daily doses of 60 mg/kg D-galactose intraperitoneally and
200 mg/kg AIC, orally and underwent the same exercise
protocol as the exercise group for 10 weeks, followed by
tissue collection.

The exercise protocol included a 1-week adaptation pe-
riod as follows:

Ist day: 10 m/min, 10 min
2nd day: 20 m/min, 10 min
3rd day: 25 m/min, 10 min
4th day: 25 m/min, 20 min
5th day: 25 m/min, 30 min

To mitigate treadmill stress, control group rats un-
derwent mild exercise at 10 m/min for 5 minutes twice
weekly. The effectiveness of this exercise protocol on the
experimental Alzheimer's model has been shown in our
previous studies [24]. After the 10-week intervention, all
rats were euthanized by cervical dislocation, and eye tis-
sues were harvested for analysis.

2.3. Biochemical and molecular analyses
2.3.1. Real-time quantitative reverse transcription-poly-
merase chain reaction (RT-PCR) analysis

Measurement of gene expression was performed for
SIRT, FNDCS5, PGC-1a, and NF-«B using specific prim-
ers, and housekeeping gene GAPDH. Total RNAs were
isolated from the eye tissue using the RiboZol RNA ex-
traction reagent (Cat No: N580, VWR International, USA)
and reverse transcribed into cDNA using iScript cDNA
Synthesis Kit (Cat No: 1708891, Bio-Rad Laboratories,
CA, USA). Real-time quantitative PCR was performed
with SYBR Green qPCR Master Mix (Cat No: 1708880,
iQ SYBR Green Supermix, Bio-Rad Laboratories, CA,
USA) on a real-time PCR system (CFX-96, Bio-Rad Lab-
oratories, CA, USA). The Ct values were used to calculate
the relative expression by the 2724t method [25], setting
the control as 1.0. Primary designs used for analysis are
shown in Table 1.

2.3.2. Engyme-linked immunosorbent assay (ELISA)
analyses

Eye tissue samples f were homogenized using ice-cold
phosphate-buffered saline (pH: 7.4) To extract superna-
tants, the samples were centrifuged at 12,000 g for 10 min
at 4 °C. Commercially available ELISA kits were used to
determine the serum levels of IL-1B (Cat No: E2206Ra;
BT LAB, Shanghai, China) and MMP2 (Cat No: E0315Ra;
BT LAB, Shanghai, China). The intra-assay coefficient of
variance (CV) was 4—6%, whereas the inter-assay CV was
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Table 1. Forward and reverse primers of genes used for qRT-PCR

experiments.

Gene Primer sequence

NF-«<B Forward GGTTACGGGAGATGTGAAGATG
Reverse: GTGGATGATGGCTAAGTGTAGG

SIRTI Forward: TCCTGTGGGATACCTGACTT
Reverse: AGGCGAGCATAAATACCATCTC

PGC-1 Forward: CAGCAAGTCCTCCACTTACTAC

a Reverse: CAGCAAGTCCTCCACTTACTAC

FNDC5 Forward: GGGACAAGAACCTGGCTAAA
Reverse: GGAAGCCAGGAGGGAAATAAA

GAPDH Forward: ACTCCCATTCTTCCACCTTTG

Reverse: CCCTGTTGCTGTAGCCATATT

5-7%. Every assay was conducted strictly in accordance
with the manufacturer's instructions.

2.4. Statistical analysis

Data analysis was conducted using SPSS software
version 25.0. All data are presented as mean + standard
deviation. Normality and homogeneity of variances were
assessed, and two-way analysis of variance (ANOVA)
was employed to evaluate the effects of Alzheimer’s dis-
ease and exercise on the measured variables. Where sig-
nificance was observed, Bonferroni-adjusted post hoc tests
were performed. A p-value of less than 0.05 was consid-
ered statistically significant.

3. Results
3.1. RT-PCR results

Figure 2 summarizes the PCR results for each group:
Control (C), Alzheimer (A), Exercise (E), and Alzheimer
with Exercise (A+E). NF-kB expression levels in group
A were significantly higher than the groups C and E. In
group A+E, NF-xB expression was significantly higher
than in group E (p<0.05). SIRT1 expression was measured
to be significantly higher in group E than in group A, C
and A+E (p<0.05). PGC-1a expressions were also signifi-
cantly higher in groups A, C and A+E (p<0.05). In group A
PGC-1a expressions were significantly lower than group
C and A+E. FNDCS expressions were observed to be sig-
nificantly higher in group AE compared to groups C and
A (p<0.05). In group A, FNDCS5 expression levels were
significantly lower than in group E.

3.2 ELISA results

Figure 3 summarizes the ELISA results for each group.
MMP2 levels were found to be significantly higher in
group E compared to group A+E (p<0.05). There were
no statistically significant differences between groups in
terms of IL-1fB levels.

4. Discussion

In this study, we examined the molecular markers NF-
kB, FNDCS5, PGC-1a, SIRT1, MMP-2, and IL-1p across
four groups: Alzheimer’s, exercise, control, and Alzheimer
with exercise. The aim was to explore how exercise modu-
lates these pathways in the context of AD. According to
the findings obtained from this study, in the experimental
AD model, inflammation increases, while mitochondrial
biogenesis is impaired especially at the level of gene ex-

pression in the eye tissue. Ten weeks of exercise training
can reverse this condition by partially alleviating inflam-
mation and increasing mitochondrial biogenesis. Although
previous studies have shown that mitochondrial biogen-
esis in the retina is impaired in AD [26], to our knowl-
edge there is no study investigating the expression levels
of FNDC5/irisin.

NF-kB levels were significantly elevated in the Al-
zheimer’s group, reflecting heightened neuroinflammatory
activity. This aligns with prior research identifying NF-xB
as a key driver of inflammation in AD, where its activa-
tion in microglia and astrocytes perpetuates a cycle of pro-
inflammatory cytokine release, neuronal damage, and A
plaque accumulation [16, 27]. While NF-xB levels were
reduced in the Alzheimer with exercise group compared
to the Alzheimer group, they remained higher than in the
exercise-only group. This suggests that exercise partially
mitigates inflammatory signaling but does not fully coun-
teract the chronic neuroinflammation inherent to AD pa-
thology. Exercise is known to suppress NF-kB activation
and reduce inflammatory gene expression [28]; however,
the persistent cellular stress and inflammation in AD likely
sustain elevated NF-kB activity. In the These findings em-
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SIRT-1 EXPRESSION
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Fig. 2. Gene expression results of FNDCS (A), NF-xB (B), PGC-1a
(C) and SIRT-1 (D). “C” Control group, “E” Exercise group, “A” Al-
zheimer group, “A+C” Alzheimer with exercise group. A: ®p<0.05
compared with group E. acp<0.05 compared with group C and A.
B: abp<0.05 compared with group C and E. *p<0.05 compared with
group E. C: a p<0.05 compared with group C. ab p<0.05 compared
with group C and E. bep<0.05 compared with group E and A. D: a
p<0.05 compared with group C. ®p<0.05 compared with group E.
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Fig. 3. ELISA results of MMP-2 (A) and IL-1B (B). “C” Control
group, “E” Exercise group, “A” Alzheimer group, “A+C” Alzheimer
with exercise group. A: *p<0.05 compared with group E.
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phasize the importance of directly targeting NF-kB as part
of therapeutic strategies for AD.

Irisin, derived from FNDCS5 and induced by exercise,
plays a critical role in promoting cognitive health and neu-
roprotection. The Alzheimer group displayed lower irisin
levels than the exercise group, consistent with evidence
that neurodegenerative conditions reduce irisin levels and
that physical activity can restore them [29]. Notably, the
Alzheimer with exercise group had higher irisin levels
than the exercise-only group, suggesting potential com-
pensatory or adaptive responses to exercise in the presence
of AD pathology. This may reflect enhanced sensitivity to
exercise-induced irisin production under neurodegenera-
tive conditions. The elevated irisin levels in the Alzheimer
with exercise group, compared to both the control and
Alzheimer groups, suggest that exercise stimulates irisin
production even in pathological states. Irisin’s known role
in enhancing hippocampal neurogenesis, synaptic plas-
ticity, and inflammation reduction underscores its thera-
peutic potential in addressing AD-related processes [30,
31]. Clinical studies have shown increased inflammation
and impaired mitochondrial biogenesis and irisin levels in
blood samples and post-mortem brain tissues from AD pa-
tients. Regular exercise reversed this by reducing inflam-
mation and improving mitochondrial biogenesis in blood
samples from AD patients [32-34].

PGC-1a levels were significantly higher in the exer-
cise group than in the control group, consistent with its es-
tablished role in enhancing mitochondrial biogenesis and
oxidative stress resistance [35]. This coactivator is crucial
for mitochondrial biogenesis and energy metabolism, en-
hancing resistance to oxidative stress, which is essential
for maintaining neuronal health and plasticity [36, 37].
However, the Alzheimer group showed significantly lower
PGC-1a levels compared to both the control and exercise
groups, reflecting mitochondrial dysfunction commonly
associated with AD. In the Alzheimer with exercise group,
PGC-1a levels were partially restored compared to the
Alzheimer group, although they remained lower than in
the exercise-only group. This suggests that while exercise
may counteract some mitochondrial impairments caused
by AD, it cannot fully reverse them. Mechanisms involv-
ing amyloid precursor protein and presenilin in AD may
suppress PGC-1a expression, exacerbating mitochondrial
deficits [38].

Exercise significantly increased SIRT1 levels in the ex-
ercise group compared to both the control and Alzheimer
groups, consistent with findings that physical activity up-
regulates SIRTI, a critical mediator of neuroprotection
and inflammation regulation [39, 40]. Increased SIRT1 can
enhance mitochondrial biogenesis, counteract oxidative
stress, and mitigate neuroinflammation, all of which are
critical for maintaining neuronal health [41]. SIRT1 levels
were also higher in the Alzheimer with exercise group than
in the Alzheimer group, indicating a partial recovery effect
from exercise. However, this increase was not statistically
significant, suggesting that AD pathology may suppress
the full benefits of exercise-induced SIRT1 upregulation.
Downregulation of SIRT1 in AD exacerbates neuroin-
flammation and mitochondrial dysfunction, impairing the
brain’s resistance to oxidative stress. SIRT1’s role in mod-
ulating the NF-kB pathway underscores its importance in
controlling AD-related inflammation [42].

MMP-2 levels were highest in the exercise group,

followed by the control, Alzheimer, and Alzheimer with
exercise groups. Exercise-induced mechanical stress and
tissue remodeling likely explain the increase in MMP-2
levels in the exercise group [43]. The MMP pathway has
been shown to be present in brain tissue with the poten-
tial to modulate the free levels of MMPs that can degrade
B-amyloid [44]. In contrast, the lower MMP-2 levels in the
Alzheimer group compared to the control suggest dysreg-
ulation or consumption due to chronic inflammation and
excessive AP accumulation. While MMP-2 plays a protec-
tive role in degrading AP, its overactivation in AD may
contribute to tissue damage and blood-brain barrier break-
down, leading to depletion. In the Alzheimer with exercise
group, MMP-2 levels remained lower than in the exercise-
only group, indicating that AD pathology may limit the ex-
ercise-induced increase in MMP-2. Additionally, the find-
ings suggest that the observed effects may have remained
at the gene expression level and were not fully reflected in
protein measurements, possibly due to post-transcriptional
regulation or protein turnover mechanisms. This dual role
of MMP-2 as both a protective enzyme and a contributor
to pathological processes highlights the complexity of its
regulation in AD [21, 45].

IL-1P levels followed a gradient across groups, with
the lowest levels in the exercise group, followed by the
control, Alzheimer, and Alzheimer with exercise groups.
However, these differences were not statistically signifi-
cant, suggesting that IL-1 variations did not substantially
affect inflammatory responses across the groups. IL-1B
is a key pro-inflammatory cytokine involved in neuro-
inflammatory processes in AD [46]. Although elevated
IL-1pB levels are known to exacerbate neurodegenerative
pathways, the lack of significant differences in this study
indicates that AD pathology does not dramatically ampli-
fy IL-1pB beyond control levels. Similar to MMP-2, it is
possible that the effects of exercise and AD pathology on
IL-1p were restricted to the gene expression level and did
not translate into significant changes at the protein level. A
larger sample size and the combined analysis of multiple
cytokines are needed to gain a more comprehensive under-
standing of the inflammatory landscape in AD [47].

This study highlights the complex interplay between ex-
ercise and molecular markers of inflammation, mitochon-
drial function, and neuroprotection in Alzheimer’s disease.
While exercise provides partial benefits, the pathological
mechanisms of AD may restrict these effects, particularly
at the protein level, emphasizing the need for therapeutic
strategies targeting both gene expression and protein trans-
lation to achieve more substantial outcomes. Alzheimer’s
disease and its ocular manifestations highlighted that
certain risk factors, pathophysiological mechanisms, and
age-related histopathological changes are common across
various conditions. This makes it essential to carefully se-
lect subjects to minimize the potential influence of oth-
er diseases on the ocular findings. In our study, using a
controlled experimental Alzheimer’s model allowed us to
focus specifically on Alzheimer’s-related changes in the
eye, reducing the likelihood that the observed findings are
influenced by age-related or other pathological conditions.
This approach may provide a clearer perspective on the
ocular effects of Alzheimer’s disease.

Possible limitations of this study based on the AD
model should also be considered. While animal models
provide valuable information about the pathophysiology
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of AD, they may not fully reflect the complexity or clini-
cal progression of the disease in humans. Ocular changes
observed in experimental models may differ significantly
from those in humans, limiting the generalizability of the
findings. These limitations highlight the need for further
research to confirm and extend the results and provide a
more comprehensive understanding of AD and its ocular
manifestations. Future studies should specifically examine
the role of mitochondrial biogenesis in AD pathology in
specific areas such as the retina and further elucidate pos-
sible changes not only at the gene expression level but also
at the protein level.

In the experimental AD model, inflammation is in-
creased, while mitochondrial biogenesis is impaired, par-
ticularly at the gene expression level in the eye tissue. Ten
weeks of exercise training can reverse this situation by
partially attenuating inflammation and increasing mito-
chondrial biogenesis. This study highlights the potential
of regular exercise to reduce inflammation in the eye and
enhance mitochondrial biogenesis in the eye, providing a
promising non-pharmacological approach to manage AD-
associated ocular changes.

Significance statement

This study highlights the potential of regular exercise to
reduce inflammation and enhance mitochondrial biogene-
sis in the eye, offering a promising non-pharmacological
approach for managing Alzheimer’s disease-related ocular
changes.
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