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Abstract  Aging is accompanied by an increased 
prevalence of degenerative conditions, including 
those affecting ocular health, which significantly 
impact quality of life and increase the burden on 
healthcare systems. Among these, retinal aging is 
of particular concern due to its direct link to vision 
impairment, a leading cause of disability in the 
elderly. Vision loss in the aging population is asso-
ciated with heightened risks of cognitive decline, 
social isolation, and morbidity. This study addresses 

the critical gap in our understanding of modifi-
able lifestyle factors, such as physical exercise, that 
may mitigate retinal aging and its related patholo-
gies. We investigated the effects of different exer-
cise regimens—voluntary (recreational-type) and 
forced (high-intensity)—on the retinal health of aging 
Wistar rats (18-month-old), serving as a model for 
studying the translational potential of exercise inter-
ventions in humans. Male Wistar rats were divided 
into four groups: a young control (3-month-old) for 
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baseline comparison, an aged sedentary control, an 
aged group engaging in voluntary exercise via a run-
ning wheel in their cage, and an aged group subjected 
to forced exercise on a treadmill for six sessions of 
20 min each per week. After a 6-month experimen-
tal period, we assessed retinal function via electro-
retinography (ERG), measured retinal thickness his-
tologically, and analyzed protein expression changes 
relevant to oxidative stress, inflammation, and anti-
aging mechanisms. Our findings reveal that voluntary 
exercise positively impacts retinal function and mor-
phology, reducing oxidative stress and inflammation 
markers while enhancing anti-aging protein expres-
sion. In contrast, forced exercise showed diminished 
benefits. These insights underscore the importance of 
exercise intensity and preference in preserving retinal 
health during aging. The study highlights the poten-
tial of recreational physical activity as a non-invasive 
strategy to counteract retinal aging, advocating for 
further research into exercise regimens as preventa-
tive therapies for age-related ocular degenerations.

Keywords  Physical exercise · Aging · Retinal 
function · Electroretinography · Wistar rat · MAO-B

Introduction

The aging of the global population represents one 
of the most significant demographic trends of the 
twenty-first century, with projections indicating that 
the number of individuals over 65 years will nearly 
triple by 2050 [1]. This shift is accompanied by an 
increase in average life expectancy, heralding remark-
able achievements in healthcare and living standards 
[1]. However, it also introduces substantial chal-
lenges, particularly in the form of age-related diseases 
that disproportionately affect the elderly. Among 
these, ocular conditions such as age-related macular 
degeneration (AMD), diabetic retinopathy (DR), and 
glaucoma stand out due to their profound impact on 
vision and quality of life [2–4]. Vision impairment, 
which affects more than 20% of those aged 80 and 
above, not only diminishes quality of life but also sig-
nificantly elevates the risk of developing dementia, 

underscoring the critical need for effective interven-
tions[4, 5].

The aging process is intrinsically linked to a myr-
iad of physiological and molecular alterations that 
predispose individuals to a spectrum of degenera-
tive conditions, including those compromising ocular 
health [3, 4, 6–8]. The retina, in particular, is suscep-
tible to age-related functional and structural dete-
rioration, which is central to vision loss among the 
elderly [3, 4, 7]. These changes are largely driven by 
the cumulative effects of oxidative stress and chronic 
inflammation, leading to the progressive decline in 
retinal health [3, 4, 7, 8]. Accumulation of reactive 
oxygen species (ROS) may occur due to defects in 
the electron transport chain and increased monoam-
ine oxidase (MAO) enzyme activity leading to insuf-
ficient antioxidant system function [9]. The resulting 
impairment in vision fundamentally alters the ability 
of an individual to interact with their environment, 
further exacerbating the challenges associated with 
aging.

Despite the acknowledged role of oxidative stress 
and inflammation in retinal aging, the exploration of 
lifestyle interventions capable of mitigating these det-
rimental effects remains limited. Physical exercise, a 
modifiable lifestyle factor with established benefits 
across various health domains, presents a promising 
avenue for research [10–14]. Its potential to counter-
act the functional, structural, and molecular hallmarks 
of aging [15–18] in the retina and, by extension, pre-
serve visual function, warrants a deeper investiga-
tion[14, 19]. The gap in understanding how different 
exercise regimens influence the health of the aging 
retina underscores a critical area for scientific inquiry, 
particularly in light of the growing prevalence of age-
related ocular diseases in an aging population.

Physical exercise is widely acknowledged for its 
broad health benefits, including improved cardiovas-
cular health, neuroprotection, and enhanced meta-
bolic function [13, 15–18, 20–23]. However, the spe-
cific impacts of exercise on the aging eye, particularly 
at the molecular level, are less well understood. More-
over, exercise can be categorized into voluntary (or 
recreational) and forced (or compulsory) forms, each 
potentially eliciting distinct physiological responses 
[24–31]. Voluntary exercise, characterized by self-
initiated activity, is thought to induce positive stress 
responses and adaptive mechanisms. In contrast, 
forced exercise, often involving externally imposed 
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regimens, might trigger different or even adverse 
stress responses due to the lack of control over the 
exercise intensity and duration. A significant gap in 
the current knowledge exists regarding how these two 
forms of exercise influence the aging retina. Specifi-
cally, it is unclear whether voluntary and forced exer-
cise differentially affect retinal structure and function 
in the context of aging.

The primary hypothesis of this study posits that 
physical exercise, both voluntary and forced, may 
mitigate age-related degenerative changes in the 
retina. To evaluate this hypothesis, we examined the 
effects of a 6-month voluntary and forced exercise 
regimen on the structure and function of the retina, 
focusing on retinal thickness and electroretinography 
(ERG) measurements as indicators of ocular health 
in aged Wistar rats. Additionally, we assessed the 
impact of these exercise regimens on the expression 
of the oxidative stress marker MAO-B, the inflamma-
tion marker GFAP, and the neuroprotective markers 
SIRT6 and BDNF, to elucidate the molecular mecha-
nisms by which physical activity may influence reti-
nal aging.

Methods

Animals and experimental groups

Male Wistar rats, sourced from Janvier Labs (Rte 
du Genest, 53,940 Le Genest-Saint-Isle, France), 
were housed with free access to water and standard 
rodent chow (Ssniff, Ferdinand-Gabriel-Weg 16, 
59,494 Soest, Germany) at a consistent 24 °C, under a 
reversed 12-h light/dark cycle to align with their noc-
turnal activity patterns. Acquisition of laboratory ani-
mals was carried out in two steps: animals for the old 
experimental groups were purchased at the age of 10 
months, and they were kept in our animal house until 
they reached 18-month-old age. Young controls were 
procured at 10 weeks old, 2 weeks of acclimatization 
was provided, and the end of this period coincided 
with the end of the experiment. Young controls con-
stituted group I (12 weeks old, no exercise, n = 12). 
Old rats were randomly assigned to one of three 
groups (n = 12 in each group): an aged sedentary con-
trol group (group II, 18 months old, no exercise), an 
aged voluntary exercise group equipped with open 
running wheels in their cages (group III, 18 months 
old), and an aged forced exercise group subjected to 
a structured treadmill regimen in a closed, motor-
ized treadmill (group IV, 18 months old). The study 
was conducted over 6 months for the old animals. 
Timeline is shown in Fig.  1. Ethical approval was 
granted by the Institutional Animal Care Committee 

Fig. 1   Timeline of the experiment
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of the University of Debrecen (authorization number 
3/2022/DEMÁB), ensuring adherence to the ARVO 
Statement for the Use of Animals in Ophthalmic and 
Vision Research and NIH guidelines.

Forced running protocol

The forced running group underwent a progressive 
training program starting with a 5-min acclimatiza-
tion to the stationary treadmill. The regimen gradu-
ally increased from a speed of 5 m/min for 1 min, 
with daily increments of 0.5 m/min, until reaching 
13 m/min. Subsequently, the duration was increased 
by 1 min daily until achieving 20 min of continuous 
running. This routine was maintained 6 days a week, 
with a rest day on Sundays.

Electroretinography assessment

Following a 6-month period of specified physical 
exercise regimens, electroretinographic evaluations 
were conducted on each animal within the study 
groups (n = 12 per group) to assess retinal function 
[32]. To facilitate these measurements, general anes-
thesia was induced using an intramuscular injec-
tion of a ketamine/xylazine mixture (100/10 mg/kg) 
(Calypsol, Gedeon Richter Plc., Budapest, Hungary; 
CP-Xylazin, Produlab Pharma BV, Raamsdonksveer, 
The Netherlands), ensuring the animals were fully 
unconscious to prevent distress and movement. Pupil 
dilation was achieved through the administration of 
cyclopentolate-containing eyedrops (Humapent, Teva 
Ltd., Debrecen, Hungary), essential for accurate ERG 
recordings.

The ERG procedure was executed using the 
OcuScience (2764 N. Green Valley Parkway Suite 
262 Henderson, NV 89014, USA) HMsERG system 
(model 2000), a veterinary-specific electroretino-
graph designed for comprehensive ocular assess-
ments. To capture retinal electrical activity accu-
rately, needle reference electrodes were strategically 
placed under the skin along the jawline. Concurrently, 
lens measuring electrodes coated with conductive 
gel were carefully positioned on the cornea to ensure 
optimal contact, while a grounding electrode was 
inserted subdermally at the base of the tail to stabilize 
the measurement system.

Measurements commenced with scotopic test-
ing following 20 minu of dark adaptation, allowing 

for the evaluation of retinal response under low-light 
conditions. Retinal responses were recorded across 
a range of light intensities (100, 300, 1000, 3000, 
10,000, and 25,000 mcds/m2) to comprehensively 
assess function. Subsequently, photopic testing was 
conducted after a 10-min light adaptation period 
at 30,000 mcds/m2, with data captured at 3000 and 
10,000 mcd·s/m2 to evaluate retinal performance 
under brighter conditions.

Data analysis, including the evaluation of wave 
amplitudes and implicit times, was performed using 
ERGView version 4.380RV, the proprietary software 
of the OcuScience HMsERG system. This software 
facilitated a detailed interpretation of the electrical 
signals generated by the retina in response to light 
stimuli.

Upon the completion of the ERG measurements, 
the animals were humanely euthanized, enabling 
further post-mortem analyses of their ocular tissues 
using various methodologies.

Western Blot analysis

Following the humane euthanization of the animals, 
eyes were promptly excised and immediately sub-
merged in liquid nitrogen, preserving them for sub-
sequent molecular analyses (n = 6 per group). The 
frozen ocular tissues were pulverized into a fine pow-
der and then homogenized in a buffer solution con-
taining an array of compounds aimed at preserving 
protein integrity (25 mM Tris, 25 mM NaCl, 1 mM 
Na-Orthovanadate, 10 mM NaF, 10 mM Na-Pyroph-
osphate, 10 mM Okadaic acid, 0.5 mM EDTA, 1 mM 
PMSF protease inhibitor cocktail, and distilled water, 
all sourced from Sigma-Aldrich-Merck KGaA, Darm-
stadt, Germany). This mixture was further processed 
using a T10 Ultra-Turrax disperser (IKA-WERKE, 
Staufen, Germany) to ensure thorough homogeniza-
tion. Centrifugation of the homogenate at 2000 rpm 
for 10 min at 4°C separated the cytosolic and mito-
chondrial proteins in the supernatant from the nuclear 
fraction in the pellet. The pellet was then resolved in 
a homogenization buffer enhanced with Triton X-100 
tenside and subjected to a second centrifugation at 
14,000 rpm for 10 min at 4°C to extract the nuclear 
proteins from the supernatant. Further centrifugation 
of the mixed supernatant at 10,000 rpm for 20 min 
at 4°C yielded the cytosolic fraction aspirated with 
the supernatant. Protein concentrations of the nuclear 
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and cytosolic fractions were quantified using a FLU-
Ostar Optima spectrophotometer (BMG Labtech, 
Ortenberg, Germany) and a BCA assay (QuantiPro 
BCA Assay Kit, Sigma-Aldrich-Merk KGaA, Darm-
stadt, Germany). Proteins were prepared with Lae-
mmli sample buffer (Sigma-Aldrich-Merck KGaA, 
Darmstadt, Germany) and subjected to SDS–Poly-
acrylamide gel electrophoresis (SDS-PAGE, 12% 
gel, 25 mA for approximately 220 min). Following 
electrophoresis, proteins were transferred (with 25 V 
for 90 min) to a nitrocellulose membrane (GE Health-
care, Darmstadt, Germany), which was subsequently 
blocked with a 3% BSA solution (Sigma-Aldrich-
Merck KGaA, Darmstadt, Germany) and incubated 
overnight in TBST with primary antibodies target-
ing specific markers (histone 3, beta-actin, BDNF, 
MAOB, GFAP, and SIRT6, all procured from Abcam, 
Cambridge, UK: anti-HistoneH3 recombinant rabbit 
monoclonal antibody, detecting histone 3 (~ 17 kDa), 
Cat#ab1791; anti-beta-actin mouse monoclonal anti-
body, detecting beta-actin (~ 42 kDa), Cat#ab8226; 
anti-BDNF rabbit monoclonal anti-body (~ 15 kDa), 
Cat# ab108319; anti-MAOB monoclonal anti-
body (~ 59 kDa), Cat# ab259928; anti-GFAP rabbit 
polyclonal antibody (~ 48 kDa), Cat#ab7260; anti-
SIRT6 rabbit monoclonal anti-body (~ 39 kDa) Cat# 
ab191385). The membranes were then washed with 
TBST (3 times for 10 min) and treated with HRP-
conjugated secondary antibodies (anti-mouse anti-
body Cat#A4416; anti-rabbit anti-body Cat#A0545; 
both procured from Sigma-Aldrich-Merck KGaA, 
Darmstadt, Germany) to facilitate detection. Visu-
alization of the protein bands was achieved using 
ECL™ Prime Western Blotting Detection Reagent 
(Cytiva, Amersham, UK) and captured with a LiCor 
C-Digit® blot scanner. Image analysis, including nor-
malization to the background and standardization to a 
housekeeping protein (histone 3 for nuclear or beta-
actin for cytosolic proteins), was conducted using 
ImageJ software (version 1.51, National Institutes of 
Health, Bethesda, MD, USA). This comprehensive 
analysis was performed on samples from each experi-
mental group to investigate changes in protein expres-
sion linked to the different exercise regimens.

Histology

Following euthanasia, the eyes of the subjects (n = 6 
per group) were promptly removed to preserve tissue 

integrity. Upper section of each eye bulb was marked 
for consistent orientation during later analysis. The 
bulbs were then injected with and immersed in a 4% 
paraformaldehyde (PFA) solution (pH 7.4, comprised 
of 10 g paraformaldehyde, 50 μL 10 N NaOH, 25 mL 
10 × PBS, and 200 ml distilled water) for 24 h, ensur-
ing thorough fixation of the ocular tissues.

Subsequent to fixation, the corneas were excised 
allowing elimination of paraformaldehyde, followed 
by an extensive wash in water for one hour. The tis-
sue samples were then preserved in 70% ethanol, 
preparing them for the next stages of histological pro-
cessing. This included a series of dehydration steps 
through increasing concentrations of ethanol (70%, 
90%, and finally 100%), after which the samples 
underwent clearing in xylene and were infiltrated and 
embedded in paraffin wax using Histowax (Histolab 
Products AB, Gothenburg, Sweden). The prepared 
eye tissue blocks were sectioned into 4-μm-thick 
slices using a microtome, focusing on areas proximal 
to the optic disk for detailed analysis.

The tissue sections were then rehydrated and sub-
jected to hematoxylin and eosin staining. This process 
began with a 10-min hematoxylin application (Gill-
type, GHS2128, Sigma-Aldrich-Merck KGaA, Darm-
stadt, Germany), followed by a thorough rinse under 
tap water until the sections achieved a blue hue. Eosin 
staining was applied for 5 min to contrast the hema-
toxylin, highlighting cellular and tissue structures.

For microscopic examination, images of the 
stained sections were captured focusing on the infe-
rior retina near the optic disk, utilizing a Nikon 
Eclipse 80i microscope equipped with a DS-Fi3 cam-
era through a 40 × objective lens (Nikon Plan Fluor 
40/0.75 DIC M/N2 ¥/0.17 WD 0.66). Image analysis 
and measurements were conducted using the Nikon 
NIS-Elements BR software (Version 5.41.00), allow-
ing for precise quantification and morphological 
assessment of the retinal tissue.

Statistical analysis

For data analysis, GraphPad Prism software (version 
9.0, GraphPad Software Inc., La Jolla, CA, USA) was 
used. Initially, the Shapiro–Wilk normality test was 
applied to each dataset to assess the distribution of 
the data, a crucial step for selecting the appropriate 
statistical tests. Based on this assessment, datasets 
conforming to a Gaussian distribution were analyzed 
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using a one-way analysis of variance (ANOVA), a 
method suited for comparing means across multiple 
groups. Conversely, for data not adhering to normal 
distribution, the non-parametric Kruskal–Wallis test 
was employed. Significance was determined based 
on p-values, with thresholds set to identify vary-
ing levels of statistical significance. A p-value less 
than 0.05 was considered indicative of a statistically 
significant difference between groups. To facilitate 
understanding and interpretation, significance levels 
were denoted as follows: * indicates p < 0.05, ** for 
p < 0.01, *** for p < 0.001, and **** for p < 0.0001, 
marking increasingly strong evidence against the null 
hypothesis. All data are presented as mean + standard 
error of the mean (SEM).

Results

Electroretinography findings

The Young Sedentary Control group exhibited signif-
icantly higher scotopic a-wave amplitudes compared 
to the older groups. At a high light intensity of 25,000 
mcd·s/m2, the Aged + Forced Exercise group showed 
a significant reduction in a-wave amplitudes (Fig. 2). 
Furthermore, a-wave implicit times were notably pro-
longed in the Aged + Forced Exercise group, espe-
cially at higher light intensities (Fig. 3).

Under low-intensity scotopic conditions, b-wave 
amplitudes of the Young Sedentary Control group 
were significantly lower than those of the aged 
groups. This difference lessened and eventually 

inverted under high-intensity photopic settings. 
Among the aged groups, the Aged + Voluntary Exer-
cise group consistently demonstrated higher b-wave 
amplitudes compared to both the Aged Sedentary 
Control and Aged + Forced Exercise groups in sco-
topic measurements (Fig.  4). The Young Seden-
tary Control group had significantly shorter b-wave 
implicit times than the older groups (Fig. 5).

Histological analysis of retinal thickness

In assessing retinal thickness—specifically, the dis-
tance between the inner limiting membrane (mem-
brana limitans interna) and the outer limiting mem-
brane (membrana limitans externa)—our analysis 
revealed pronounced differences in retinal structural 
integrity across the studied groups (Fig.  6). The 
Aged Sedentary Control group exhibited a signifi-
cantly reduced retinal thickness (44.25 ± 1.813 µm) 
compared to all other experimental groups, indi-
cating a marked effect of aging on retinal structure 
(p < 0.0001).

However, when comparing the groups engaged 
in different exercise regimens, no significant differ-
ences were observed in retinal thickness. The Young 
Sedentary Control group showed a retinal thickness 
of 68.32 ± 3.282 µm, while the Aged + Voluntary 
Exercise group had a thickness of 62.95 ± 3.056 µm, 
and the Aged + Forced Exercise group exhibited a 
thickness of 65.77 ± 3.013 µm. These measurements 
suggest that both forms of exercise—voluntary and 
forced—may contribute to mitigating the impact of 
aging on the retinal structure among the aged popu-
lations, maintaining retinal thickness closer to that of 
younger counterparts (Fig. 6).

Western blot analysis of protein expression

Monoamine oxidase B (MAO-B) is a key enzyme 
involved in oxidative stress, particularly in the aging 
brain and eye, where its increased expression can 
indicate elevated oxidative damage [33–37]. In this 
context, MAO-B levels were measured to assess 
the impact of different exercise regimens on oxida-
tive stress within the retinal tissue, a crucial aspect 
of aging-related ocular health deterioration. We 
found significantly elevated MAO-B levels in the 
Aged Sedentary Control and Aged + Forced Exercise 
groups compared to the Young Sedentary Control 

Fig. 2   Comparative electroretinography analysis of a-wave 
amplitudes by light intensity among experimental groups. 
This figure presents a-wave amplitudes derived from electro-
retinography (ERG) across a spectrum of light intensities, 
evaluating the retinal photoreceptor responses of four distinct 
experimental groups: Young Sedentary Control, Aged Seden-
tary Control, Aged + Voluntary Exercise, and Aged + Forced 
Exercise (n = 12 in each). The a-wave amplitudes, quantified 
in microvolts (μV), serve as indicators of electrical reaction 
of the photoreceptors to visual stimuli. Mean a-wave ampli-
tudes for each group are depicted, with standard error of the 
mean (SEM) represented by error bars. Statistical analysis 
outcomes are annotated to reflect significance levels between 
groups: a p-value greater than 0.05 is noted as not significant 
(ns); * indicates p < 0.05; ** denotes p < 0.01; *** designates 
p < 0.001; and **** marks p < 0.0001. These annotations 
underscore the comparative photoreceptor activities across dif-
ferent aging and activity conditions at varying light intensities

◂
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and Aged + Voluntary Exercise groups (69.17 ± 5.032 
and 60.08 ± 7.314 vs. 23.39 ± 4.938 and 35.98 ± 6.74, 
respectively; p < 0.05). This suggests that forced exer-
cise may not mitigate oxidative stress to the same 
extent as voluntary exercise or youth (Fig. 7A).

As an indicator of astrocytic activation and neuro-
inflammation [38–42], GFAP levels were evaluated 
to explore the effect of exercise on retinal inflamma-
tion. GFAP protein levels were notably higher in the 
Aged Sedentary Control and Aged + Forced Exercise 
groups compared to the Young Sedentary Control, 
with the Aged + Voluntary Exercise group show-
ing significantly lower levels than the Aged + Forced 
Exercise group (107.9 ± 7.929, 119.8 ± 8.034 vs. 
62.7 ± 6.644 and 89.05 ± 6.185, respectively), high-
lighting the potential anti-inflammatory benefits of 
voluntary exercise (Fig. 7B).

SIRT6 is measured for its association with longev-
ity and resistance to oxidative damage [43, 44]. We 
observed a significant decrease in SIRT6 levels in the 
Aged Sedentary Control and Aged + Forced Exer-
cise groups when compared to the Young Sedentary 
Control, underscoring the challenges of maintaining 
cellular health in the aging retina. SIRT6 levels of 
the Aged + Voluntary Exercise group were closer to 
those of young animals, suggesting a protective effect 
of voluntary exercise against age-related decline 
(103.8 ± 6.455, 89.51 ± 5.9 vs. 134.6 ± 10.88 and 
122.2 ± 8.278, respectively) (Fig. 7C).

Brain-derived neurotrophic factor (BDNF) is criti-
cal for neuronal survival, development, and plasticity 
[45, 46]. Changes in BDNF expression within the eye 
could reflect neuroprotective effects of physical activ-
ity, making it a relevant marker for studying how exer-
cise influences neurotrophic support in aging ocular 

tissues. BDNF levels were significantly reduced in 
the Aged + Forced Exercise group compared to the 
Young Sedentary Control, indicating potential neu-
rotrophic deficiencies associated with forced exercise 
in aging. The Aged + Voluntary Exercise group, how-
ever, did not show significant differences from the 
younger or other aged groups, suggesting a nuanced 
impact of exercise type on neurotrophic support 
(27.01 ± 4.476 vs. 49.73 ± 6.539 and 38.54 ± 4.392, 
respectively) (Fig. 7D).

Discussion

This study sought to investigate the potential protec-
tive effects of physical exercise on the aging retina, 
focusing on both structural and functional aspects, 
as well as molecular markers related to oxidative 
stress, inflammation, and neuroprotection. Our find-
ings reveal that both voluntary and forced exercise 
regimens have distinct impacts on the retinal health 
of aged Wistar rats, offering insights into the complex 
interplay between physical activity and ocular aging.

The integrity and functionality of the retina, con-
stantly exposed to environmental stressors such as 
light, play a crucial role in maintaining visual acuity 
throughout life. Aging of the retina inevitably leads 
to a functional decline, characterized by diminished 
capacity to process visual signals, which is a signifi-
cant concern for maintaining quality of life in older 
adults. Light exposure exacerbates this decline, 
causing cumulative retinal damage that acceler-
ates aging effects and adversely affects neural 
excitability and synaptic transmission [47]. These 
age-related alterations in retinal function can be 
effectively tracked using ERG [48], a non-invasive 
diagnostic technique that yields detailed insights 
into the functional status of various retinal cells. In 
examining the relationship between retinal aging 
and ERG responses, our findings align with existing 
literature that documents a decline in ERG perfor-
mance with age. This decline reflects the functional 
deterioration inherent to the aging retina, support-
ing the concept that age-related changes impact the 
electrical responses of retinal cells to light stimuli. 
Our study revealed that both voluntary and forced 
exercise regimens exert distinct influences on ERG 
measures, with voluntary exercise showing a more 
pronounced benefit in mitigating the age-related 

Fig. 3   Analysis of a-wave implicit times across light intensi-
ties in different experimental groups. This figure displays the 
implicit times of a-waves recorded through electroretinogra-
phy (ERG) at varying light intensities, for four experimen-
tal groups: Young Sedentary Control, Aged Sedentary Con-
trol, Aged + Voluntary Exercise, and Aged + Forced Exercise 
(n = 12 in each). Implicit times, indicating the speed of photo-
receptor response to light, are measured in milliseconds (ms) 
and reflect the temporal dynamics of the retinal response. The 
graph shows the average implicit times for each group, with 
error bars representing the standard error of the mean (SEM). 
Statistical distinctions between the groups are marked as fol-
lows: a p-value greater than 0.05 is labeled as not significant 
(ns); * signifies p < 0.05; ** denotes p < 0.01; *** designates 
p < 0.001; and **** indicates p < 0.0001
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decline in retinal functionality. This suggests that 
engaging in physical activity, especially when 
self-selected, may offer protective effects against 
the functional deterioration observed in the aging 
retina.

The first negative component on the ERG, the 
a-wave represents the activity of photoreceptors, 
which are responsible for the transformation of light 
to electrical stimuli. Our ERG analysis revealed sig-
nificant disparities in a-wave amplitudes between 
young and aged rats, indicating a decrease in either 
the electrical activity or the number of photoreceptors 
in the aged groups. This was particularly evident at 
lower light intensities, predominantly engaging rod 
photoreceptors, responsible for scotopic vision. The 
diminishing difference in a-wave responses at higher 
light intensities, where cone photoreceptors predomi-
nate [49, 50], suggests that aging may selectively 
affect rods more than cones. This presumption aligns 
with our observation that cone activity in the group 
of aged rats subjected to forced exercise declined 
with increasing light intensity, hinting at a possible 
adverse effect of forced exercise on cone functionality 
at an old age.

The elongation of a-wave implicit times in the 
group of aged rats subjected to forced exercise under 
strong light impulses further points to a decreased 
sensitivity or delayed response of cones, a condition 
potentially exacerbated by forced exercise. In retinal 
physiology, shorter implicit times are indicative of 
healthier, more efficient photoreceptor function [51], 
and their prolongation in our study underscores the 
risk of exercise-induced strain on cone photoreceptors 
in aging retinas.

The second deflection on the ERG, the positive 
b-wave, is predominantly the result of currents gen-
erated by ON-bipolar cells and other cells localized 
postsynaptically to the photoreceptors [49, 50]. The 
b-wave analysis provided additional insights into the 
retinal impact of aging and exercise. In line with lit-
erature amplitudes of scotopic, rod-mediated b-waves 
of young animals were decreased as these reach 
maturity slower than mixed rod-cone reactions [52]. 
Notably, the group of aged rats subjected to voluntary 
exercise demonstrated superior performance under 
scotopic conditions compared to other aged groups. 
This suggests a potential preservation or enhance-
ment of functionality of rod-pathway secondary 
retinal cells with voluntary exercise. In contrast, the 
reduced b-wave amplitudes and altered implicit times 
in the group of aged rats subjected to forced exercise 
across various light intensities may reflect a detrimen-
tal effect on these cells, possibly due to a reduction 
in their numbers or efficiency in signal transduction. 
Furthermore, the elongation of b-wave implicit times 
across all aged groups, when compared to young rats, 
signifies a latency in signal transduction, becom-
ing more pronounced under lower light intensities. 
This latency, which diminishes with increased light 
intensity, suggests its association with secondary reti-
nal cells of the rod-pathway, corroborating with the 
findings related to a-waves. Specifically, the longer 
b-wave latencies observed in old groups under low 
light intensities, where rod-derived stimuli predomi-
nate, align with the hypothesis that these latencies 
may result from diminished rod activity.

Upon comparing b-wave implicit times among 
the aged groups, distinct patterns emerged. Under 
scotopic conditions, the implicit times for the group 
engaged in voluntary exercise were notably longer, 
yet this difference lessened with increased light inten-
sity and disappeared under photopic conditions. This 
pattern implies a significant involvement of the rod-
pathway and suggests that forced exercise might lead 
to a reduction in secondary cell numbers within this 
pathway. The relatively faster b-wave implicit times 
in the forced exercise group could be interpreted as a 
result of a streamlined signal processing pathway due 
to fewer intermediary cells, which might also explain 
the observed reduction in b-wave amplitudes. These 
intricate findings highlight the complex relationship 
between exercise type and retinal cell functionality 
in aging eyes. The differences observed in b-wave 

Fig. 4   Comparative analysis of b-wave amplitudes by light 
intensity among experimental groups. This figure showcases 
the b-wave amplitudes from electroretinography (ERG) meas-
urements conducted at various light intensities for the follow-
ing groups: Young Sedentary Control, Aged Sedentary Con-
trol, Aged + Voluntary Exercise, and Aged + Forced Exercise 
(n = 12 in each). B-wave amplitudes, representing the second-
ary response of the retina to light, are indicated in microvolts 
(μV) and serve as a measure of inner retinal activity, particu-
larly from bipolar and Müller cells. The depicted data points 
illustrate the average b-wave amplitudes for each experimental 
group, accompanied by error bars denoting the standard error 
of the mean (SEM). Statistical analysis outcomes between 
the groups are annotated as follows: not significant (ns) for a 
p-value greater than 0.05; * for p < 0.05; ** for p < 0.01; *** 
for p < 0.001; and **** for p < 0.0001
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implicit times and amplitudes suggest that while vol-
untary exercise seems to bolster retinal health, forced 
exercise may introduce additional stress, particularly 
affecting the secondary retinal cells of the rod-path-
way. This complex interplay underscores the critical 
need for a nuanced understanding of how distinct 
exercise regimens influence retinal aging, at both the 
cellular and functional levels.

A hallmark of aging within the ocular domain is 
the progressive thinning of the retina, a phenomenon 
consistently documented in the literature [53–58]. 
This age-related retinal thinning was also observed 
in our study, particularly pronounced within the old 
sedentary control group of Wistar rats. Remarkably, 
our findings reveal that regular physical activity, 
whether through voluntary or forced exercise, appears 
to mitigate this age-associated decline in retinal thick-
ness. The physically active old groups maintained 
retinal thickness at levels comparable to those of 
young control rats, suggesting a protective effect of 
exercise against the structural deteriorations typically 
observed with aging.

The preservation of retinal thickness and improved 
electroretinographic responses observed in the exer-
cise groups, notably more pronounced in the vol-
untary exercise group, support our hypothesis that 
physical activity can mitigate various facets of age-
related retinal degeneration. These outcomes resonate 
with existing literature that underscores the beneficial 
impact of regular physical activity on retinal health 
through mechanisms such as increased production of 

trophic factors [13], reduced oxidative damage and 
inflammation [10, 59], improved metabolic function, 
capillarization, and enhanced blood flow [11, 60–64] 
within retinal tissues. Notably, the advantages of a 
voluntary exercise regimen over a forced one may 
stem from the stress-reducing benefits of self-selected 
activity levels, potentially counteracting the adverse 
effects of chronic stress on the retina.

Age-related changes in the retina are governed 
by several key mechanisms of cellular aging, which 
collectively contribute to the structural and func-
tional deteriorations observed in ocular diseases [4, 
7, 8, 65]. Central to the discussion of how exercise 
confers these protective benefits is the role of mito-
chondria in the aging process and specifically in reti-
nal health [59]. Aging is associated with a decline 
in mitochondrial function across various tissues [8, 
66–75], contributing to decreased cellular energy 
production, increased oxidative stress, and impaired 
metabolic balance. In the retina, particularly vulner-
able to metabolic and oxidative stress due to its high 
energy demands and exposure to light, mitochondrial 
dysfunction plays a significant role in degenerative 
conditions, including AMD [3, 76–78]. Mitochon-
drial damage and the resulting energy deficit can 
exacerbate the vulnerability of retinal cells, leading 
to progressive loss of vision. Evidence suggests that 
exercise can profoundly impact mitochondrial health, 
promoting mitochondrial biogenesis, enhancing effi-
ciency in energy production, and reducing oxida-
tive damage through the upregulation of antioxidant 
defenses [16, 73, 79–84]. These exercise-induced 
mitochondrial adaptations are thought to improve the 
metabolic resilience of cells, including those in the 
retina, thereby offering protection against age-related 
structural and functional decline. By stimulating 
these conserved cellular and molecular mechanisms 
of aging, regular physical activity, especially when 
self-regulated, may provide a significant protective 
buffer against retinal degeneration and other age-
associated pathologies. Future investigations into the 
direct effects of exercise on mitochondrial function 
within the retina could further elucidate the pathways 
through which physical activity exerts its protec-
tive effects, potentially informing therapeutic strate-
gies aimed at preserving ocular health in the aging 
population.

Oxidative stress, characterized by an imbalance 
between the production of reactive oxygen species 

Fig. 5   Electroretinography analysis of B-wave implicit times 
across light intensities for experimental groups. This figure 
delineates the implicit times of b-waves, as determined through 
electroretinography (ERG), across a range of light intensities 
for four distinct groups: Young Sedentary Control, Aged Sed-
entary Control, Aged + Voluntary Exercise, and Aged + Forced 
Exercise (n = 12 in each). The implicit times, measured in mil-
liseconds (ms), reflect the delay from light stimulus to the peak 
of the b-wave response, providing insights into the timing of 
inner retinal signal processing. Displayed data points repre-
sent the group mean of b-wave implicit times, with error bars 
indicating the standard error of the mean (SEM). The statisti-
cal significance between the different groups at various light 
intensities is indicated as follows: not significant (ns) for p-val-
ues greater than 0.05; * for p < 0.05; ** for p < 0.01; *** for 
p < 0.001; and **** for p < 0.0001. This figure underscores the 
variations in the speed of retinal processing among the groups 
under different lighting conditions, shedding light on how age 
and physical exercise regimes influence retinal signal transmis-
sion dynamics
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(ROS) and the capacity of the cellular antioxi-
dant defense systems, plays a crucial role in aging 
[65, 85–87]. It is a significant factor contributing 
to retinal aging and AMD [65]. Over time, oxida-
tive stress can induce DNA damage, compromising 
genomic integrity and cellular function, and lead-
ing to cellular senescence [65, 87]. This process 

of aging-induced cellular senescence further exac-
erbates inflammation through the senescence-asso-
ciated secretory phenotype (SASP) [87]. There is 
emerging evidence demonstrating an important role 
of senescent cells in retinal aging and the pathogen-
esis of AMD [6, 65]. Additionally, with aging, the 
efficiency of autophagy, which is vital for removing 
damaged cellular components, declines [87]. This 
reduction contributes to the accumulation of cellu-
lar debris and dysfunctional organelles [87].

Physical exercise exerts multifaceted effects on 
these mechanisms of cellular aging [15, 17, 18], 
offering potential protective benefits for the retina. 
Exercise has been shown to enhance the cellular 
antioxidant capacity, reducing oxidative stress and 
its detrimental effects on cellular components [15, 
18, 81, 83, 88–91]. This is particularly relevant for 
the retina, where photoreceptor cells are highly sus-
ceptible to oxidative damage due to their high meta-
bolic activity and exposure to light. The differential 
expression of MAO-B, GFAP, SIRT6, and BDNF 
across the groups underscores the molecular basis 
of exercise-induced retinal protection. The reduc-
tion in MAO-B and GFAP levels in the voluntary 
exercise groups suggests a decrease in oxidative 
stress [35–37] and inflammation, key contribu-
tors to aging-associated retinal damage. This is in 
line with literature demonstrating the antioxidant 
and anti-inflammatory effects of exercise [92–95]. 
Moreover, the elevation of SIRT6 and BDNF lev-
els in the voluntary exercise group could indicate 
enhanced DNA repair mechanisms and neurotrophic 
support, contributing to the maintenance of reti-
nal structure and function [96, 97]. These molecu-
lar alterations underscore the capacity of physical 
exercise to mitigate the adverse effects of retinal 
aging, paralleling the protective benefits it confers 
across various organ systems [98–101]. Moreover, 
exercise promotes DNA repair mechanisms, reduc-
ing the accumulation of DNA damage and mitigat-
ing senescence [15, 17, 18]. This is crucial for reti-
nal health, considering the continuous exposure of 
retina to environmental stressors capable of induc-
ing oxidative DNA damage. Physical activity also 
stimulates autophagy, enhancing the clearance of 
damaged proteins and organelles [15, 17, 18]. By 
improving autophagy, exercise helps maintain cel-
lular homeostasis in the retina, offering protection 
against age-related changes and degeneration.

Fig. 6   Comparison of retinal thickness across treatment 
groups. A Representative micrographs of the retina for 
each treatment group, providing visual evidence of struc-
tural differences in retinal thickness across the experimental 
groups: Young Sedentary Control, Aged Sedentary Control, 
Aged + Voluntary Exercise, and Aged + Forced Exercise (n = 6 
in each). B Bar graphs showing the summary data of retinal 
thickness among the different treatment groups measured 
between the inner and outer limiting membrane (ILM, OLM), 
with error bars representing the standard error of the mean 
(SEM). Statistical significance between the groups is denoted 
by: not significant (ns) for p-values greater than 0.05 and **** 
representing p < 0.0001. This visualization aims to elucidate 
the effects of aging and physical activity regimens on retinal 
structural integrity, highlighting protective benefits of exercise 
in maintaining retinal thickness in the context of aging
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The impact of exercise on oxidative stress, par-
ticularly regarding voluntary versus forced exercise, 
presents a nuanced relationship with intensity play-
ing a pivotal role. While numerous studies advocate 
for the beneficial effects of physical activity being 
proportional to its intensity [93–95], recent evidence 
suggests a more complex picture, especially in elderly 
populations [102–104]. Specifically, high-intensity, 
or forced, exercise regimes do not necessarily confer 
additional benefits over low-intensity, or voluntary, 
activities and may, in fact, exacerbate oxidative stress 
[105, 106]. This is due to the enhanced generation of 
ROS beyond a manageable threshold during intense 
physical exertion, potentially leading to cellular and 
molecular damage [105, 106]. In contrast, volun-
tary exercise, typically self-paced and hence more 
likely to be moderate in intensity, aligns better with 
the capacity of the body to manage ROS production, 
maintaining a balance that supports cellular health 
and longevity. This distinction underscores the impor-
tance of tailoring exercise programs to individual 
capabilities and preferences, especially in aging pop-
ulations, to maximize the health benefits of physical 
activity while minimizing the risk of oxidative stress-
induced damage.

The health benefits of exercise are mediated 
through a complex interplay of systemic and local 
factors, among which humoral mediators play a cru-
cial role [107]. These include a variety of hormones, 
growth factors, and cytokines, often referred to as 
“exercise factors” or “exerkines,” that are released 
into the circulation in response to physical activity 
[108–113]. Myokines, a subset of these factors, are 
produced and released by muscle fibers during physi-
cal activity [110, 114]. They play a pivotal role in 
mediating the beneficial effects of exercise on health, 
functioning as crucial communication links between 
muscles and various organs and tissues through-
out the body. These exercise-induced proteins have 
been shown to have systemic effects that extend well 
beyond the muscles themselves, influencing processes 
such as inflammation, metabolic regulation, and even 
brain function [110, 114]. For example, the myokine 
irisin has been shown to play a crucial role in pro-
tecting endothelial cells, thereby enhancing vascu-
lar barrier integrity [115]. Similarly, muscle-derived 
BDNF not only supports neuronal health [116] but is 
also believed to extend protective effects to the retina. 
Regarding the retina, the systemic anti-inflammatory 

and neuroprotective effects of myokines could poten-
tially offer protection against degenerative changes. 
The exact mechanisms through which myokines and 
other exerkines might influence retinal health remain 
an area of active research. However, it is conceivable 
that they could help mitigate inflammatory processes 
within the retina, support neuronal survival, and 
enhance retinal vascular health. Another important 
mediator is insulin-like growth factor 1 (IGF-1) [107, 
117], which is known to support neurogenesis, syn-
aptic plasticity, and vascular health [118–121], poten-
tially contributing to the cognitive and cardiovascu-
lar benefits associated with regular exercise. Given 
the similarities in vascular and neuronal structures 
between the brain and retina, the benefits of myokines 
and IGF-1 observed in promoting brain health, 
including enhancing neurogenesis and cognitive func-
tion, suggest promising avenues for exploring their 
effects on the retina. The investigation into the role 
of exerkines and IGF-1 in retinal health represents an 
exciting frontier that could further unravel how physi-
cal exercise exerts its widespread benefits, potentially 
leading to novel therapeutic strategies for retinal dis-
eases based on enhancing the systemic production of 
beneficial myokines through targeted physical activity 
regimens.

The potential benefits of exercise-induced mol-
ecules, or exerkines, could be further amplified 
through the use of exercise mimetics [122, 123]. 
These pharmacological agents, when designed with 
precise molecular targets and effective formulations, 
could offer substantial benefits, particularly for indi-
viduals who are unable to engage in physical activ-
ity due to disabilities. While it is unrealistic to expect 
that any drug could fully replicate the complex effects 
of physical exercise, the use of exercise mimetics or 
polypills may be most advantageous when used in 
conjunction with whatever physical activity is fea-
sible, thereby enhancing the health benefits derived 
from exerkines.

Microvascular pathologies play a significant role 
in the aging of the retina, contributing to the devel-
opment of AMD and diabetic retinopathy, two of 
the leading causes of vision impairment and blind-
ness in the elderly population [2]. Optical coherence 
tomography angiography (OCTA) has provided val-
uable insights into these changes, revealing altera-
tions in the density and integrity of the aging retinal 
microvasculature that are associated with disease 
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progression [2, 124, 125]. The retinal microvascu-
lature, like that of the brain, is crucial for maintain-
ing tissue health by supplying necessary nutrients 
and oxygen while removing metabolic waste. Dis-
ruptions in this delicate network can lead to tissue 
ischemia, inflammation, and subsequent neuronal 
and photoreceptor cell death, underscoring the 
importance of microvascular health in retinal func-
tion. Furthermore, the intact barrier function of 
retinal microvascular endothelial cells plays a piv-
otal role in ocular health, acting as a critical line of 
defense against the leakage of plasma proteins into 
neuronal tissue, which can trigger inflammation and 
contribute to various pathologies within the retina. 
This barrier is essential for maintaining the homeo-
stasis of the retinal environment and its disruption 
can exacerbate the pathological processes under-
lying AMD. There is a growing body of evidence 
suggesting that exercise exerts a protective effect 
on microvascular health, paralleling observations 
made regarding brain health [107, 126–128]. In the 
brain, physical activity promotes capillarization and 
improves cerebral blood flow [126–128], which in 
turn supports neurogenesis, cognitive function, 
and resilience against neurodegenerative changes. 
Similar mechanisms are likely at play within the 
retina, where enhanced microvascular health could 
support the metabolic demands of the retinal cells 
and counteract the microvascular deterioration seen 
in AMD and diabetic reinopathy. The potential for 
increased capillarization through regular exercise 
to contribute to the preservation or even increase 
of retinal thickness is an intriguing hypothesis that 
merits further investigation. Such changes in the 
microvascular architecture, potentially detectable by 
OCTA, could provide a mechanistic explanation for 
the protective effects of exercise on retinal structure 
and function observed in our study and others. Reg-
ular physical exercise may also enhance the barrier 
function of retinal microvascular endothelial cells, 
potentially mitigating the microvascular contribu-
tions to retinal aging and disease. Understanding the 
impact of exercise on retinal microvascular health 
could open new avenues for preventing or slowing 
the progression of retinal aging and related diseases. 
Future research, incorporating detailed assessments 
of retinal microvascular changes and their relation-
ship to overall retinal health and function, will be 
crucial in elucidating the full scope of benefits of 

exercise on the ocular system. This research could 
also explore whether the protective effects of exer-
cise on the microvasculature of retina can directly 
contribute to increased retinal thickness.

In conclusion, this study underscores the sig-
nificant potential of physical exercise as a key life-
style intervention for promoting healthy aging, 
particularly in relation to preserving retinal health. 
By demonstrating that exercise regimens can miti-
gate age-related changes in the retina, such as reti-
nal thinning and alterations in electroretinographic 
responses, our findings advocate for the integration 
of regular physical activity into strategies aimed 
at maintaining ocular health in the elderly. Impor-
tantly, the observation that voluntary exercise may 
offer more pronounced benefits highlights the value 
of incorporating self-selected, enjoyable physical 
activities into daily routines to maximize adherence 
and health outcomes.

Author contribution  Conceptualization: A.S., B.V.; meth-
odology: A.S., B.V.; data curation: B.T.; validation: V.T., R.G., 
D.P.; investigation: A.S., D.N., R.S., B.V.; resources: Z.S., 
B.J.; writing—original draft preparation: A.S., B.T., R.S., V.T., 
D.N., D.P., M.B., R.K.; writing—review and editing: R.G., 
B.J., Z.S., B.V., A.M.S., A.L.; visualization: B.V., R.S., A.S.; 
project administration: R.K., M.B.; funding acquisition: B.J., 
Z.S. All authors have read and agreed the final version of the 
manuscript.

Funding  Open access funding provided by University of 
Debrecen. The work was supported by GINOP-2.3.4–15-2016–
00002 project. The research was financed by the Thematic 
Excellence Programme of the Ministry for Innovation and 
Technology and was also supported by the National Research, 
Development and Innovation Fund of Hungary within the 
frameworks of the preclinical thematic programme of the 
University of Debrecen (TKP2020-NKA-04) and within the 
frameworks of the Therapeutic Purpose Development thematic 
programme of the University of Debrecen (TKP2020-IKA-04). 
The research was implemented with the support provided by 
the National Research, Development and Innovation Fund of 
Hungary (TKP2021-EGA-18). The work was also supported 
by ÚNKP-22–3-II-DE-363; Project no. TKP2021-NKTA-47, 
implemented with the support provided by the Ministry of 
Innovation and Technology of Hungary from the National 
Research, Development and Innovation Fund, financed under 
the TKP2021-NKTA funding scheme; by funding through the 
National Cardiovascular Laboratory Program (RRF-2.3.1–21-
2022–00003) provided by the Ministry of Innovation and Tech-
nology of Hungary from the National Research, Development 
and Innovation Fund; Project no. 135784 implemented with 
the support provided from the National Research, Development 
and Innovation Fund of Hungary, financed under the K_20 
funding scheme and the European University for Well-Being 



	 GeroScience

1 3
Vol:. (1234567890)

(EUniWell) program (grant agreement number: 101004093/ 
EUniWell/EAC-A02-2019 / EAC-A02-2019–1).

Data Availability  Datasets are available on request from 
the authors; however, restrictions may apply,  as the datasets 
presented in this article are the property of the University of 
Debrecen. Requests to access the  datasets should be directed 
to the authors.

Declarations 

Competing interests  The authors declare no competing inter-
ests.

Disclaimer  The funding sources had no role in the writing 
of the manuscript; and in the decision to submit the article for 
publication.

Open Access  This article is licensed under a Creative Com-
mons Attribution 4.0 International License, which permits 
use, sharing, adaptation, distribution and reproduction in any 
medium or format, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to the Crea-
tive Commons licence, and indicate if changes were made. The 
images or other third party material in this article are included 
in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not 
included in the article’s Creative Commons licence and your 
intended use is not permitted by statutory regulation or exceeds 
the permitted use, you will need to obtain permission directly 
from the copyright holder. To view a copy of this licence, visit 
http://creativecommons.org/licenses/by/4.0/.

References

	 1.	 United Nations. Department of Economic and Social 
Affairs: World Population Aging. 2019. https://​www.​
un.​org/​en/​devel​opment/​desa/​popul​ation/​publi​catio​ns/​
pdf/​ageing/​World​Popul​ation​Agein​g2019-​Report.​pdf. 
Accessed 04/10/2024.

	 2.	 Lipecz A, Miller L, Kovacs I, Czako C, Csipo T, Baffi 
J, et al. Microvascular contributions to age-related mac-
ular degeneration (AMD): from mechanisms of cho-
riocapillaris aging to novel interventions. Geroscience. 
2019;41(6):813–45.

	 3.	 Buonfiglio F, Korb CA, Stoffelns B, Pfeiffer N, Gericke 
A. Recent advances in our understanding of age-related 
macular degeneration: mitochondrial dysfunction, redox 
signaling, and the complement system. Aging Dis. 2024. 
https://​doi.​org/​10.​14336/​AD.​2024.​0124.

	 4.	 Fleckenstein M, Schmitz-Valckenberg S, Chakravarthy 
U. Age-related macular degeneration: a review. JAMA. 
2024;331(2):147–57.

	 5.	 Varadaraj V, Ehrlich JR, Swenor BK. Vision impairment 
has implications for aging and health outcomes, beyond 
ophthalmology. JAMA Netw Open. 2022;5(5):e2214610.

	 6.	 Lee KS, Lin S, Copland DA, Dick AD, Liu J. Cellular 
senescence in the aging retina and developments of seno-
therapies for age-related macular degeneration. J Neuro-
inflammation. 2021;18(1):32.

	 7.	 Campello L, Singh N, Advani J, Mondal AK, Corso-Diaz 
X, Swaroop A. Aging of the retina: molecular and meta-
bolic turbulences and potential interventions. Annu Rev 
Vis Sci. 2021;7:633–64.

	 8.	 Eells JT. Mitochondrial dysfunction in the aging retina. 
Biology (Basel). 2019;8(2):31. https://​doi.​org/​10.​3390/​
biolo​gy802​0031.

	 9.	 Santin Y, Resta J, Parini A, Mialet-Perez J. Monoamine 
oxidases in age-associated diseases: new perspectives for 
old enzymes. Ageing Res Rev. 2021;66:101256.

	 10.	 Sadeghian R, Shahidi S, Komaki A, Habibi P, Ahmadiasl 
N, Yousefi H, Daghigh F. Synergism effect of swimming 
exercise and genistein on the inflammation, oxidative 
stress, and VEGF expression in the retina of diabetic-
ovariectomized rats. Life Sci. 2021;284:119931.

	 11.	 Hua D, Xu Y, Heiduschka P, Zhang W, Zhang X, Zeng 
X, et  al. Retina vascular perfusion dynamics during 
exercise with and without face masks in healthy young 
adults: an OCT angiography study. Transl Vis Sci Tech-
nol. 2021;10(3):23.

	 12.	 Dantis Pereira de Campos T, da Cruz Rodrigues KC, 
Martins Pereira R, Morelli AP, da Rocha AL, Dos San-
tos Canciglieri R, et al. Short-term combined exercise 
improves inflammatory profile in the retina of obese 
mice. Int J Mol Sci. 2020;21(17):6099. https://​doi.​org/​
10.​3390/​ijms2​11760​99.

	 13.	 Chrysostomou V, Galic S, van Wijngaarden P, Trounce 
IA, Steinberg GR, Crowston JG. Exercise reverses 
age-related vulnerability of the retina to injury by 
preventing complement-mediated synapse elimina-
tion via a BDNF-dependent pathway. Aging Cell. 
2016;15(6):1082–91.

	 14.	 Allen RS, Hanif AM, Gogniat MA, Prall BC, Haider R, 
Aung MH, et  al. TrkB signalling pathway mediates the 
protective effects of exercise in the diabetic rat retina. 
Eur J Neurosci. 2018;47(10):1254–65.

	 15.	 Rebelo-Marques A, De Sousa LA, Andrade R, Ribeiro 
CF, Mota-Pinto A, Carrilho F, Espregueira-Mendes J. 
Aging hallmarks: the benefits of physical exercise. Front 
Endocrinol (Lausanne). 2018;9:258.

	 16.	 Nilsson MI, Tarnopolsky MA. Mitochondria and aging-
the role of exercise as a countermeasure. Biology (Basel). 
2019;8(2):40. https://​doi.​org/​10.​3390/​biolo​gy802​0040.

	 17.	 Garatachea N, Pareja-Galeano H, Sanchis-Gomar F, San-
tos-Lozano A, Fiuza-Luces C, Moran M, et al. Exercise 
attenuates the major hallmarks of aging. Rejuvenation 
Res. 2015;18(1):57–89.

	 18.	 Carapeto PV, Aguayo-Mazzucato C. Effects of exer-
cise on cellular and tissue aging. Aging (Albany NY). 
2021;13(10):14522–43.

	 19.	 Kim DY, Jung SY, Kim CJ, Sung YH, Kim JD. Treadmill 
exercise ameliorates apoptotic cell death in the retinas of 
diabetic rats. Mol Med Rep. 2013;7(6):1745–50.

	 20.	 Wang Y, Liu Y, Zhang S, Li N, Xing C, Wang C, et al. 
Exercise improves metabolism and alleviates atheroscle-
rosis via muscle-derived extracellular vesicles. Aging 
Dis. 2023;14(3):952–65.

http://creativecommons.org/licenses/by/4.0/
https://www.un.org/en/development/desa/population/publications/pdf/ageing/WorldPopulationAgeing2019-Report.pdf
https://www.un.org/en/development/desa/population/publications/pdf/ageing/WorldPopulationAgeing2019-Report.pdf
https://www.un.org/en/development/desa/population/publications/pdf/ageing/WorldPopulationAgeing2019-Report.pdf
https://doi.org/10.14336/AD.2024.0124
https://doi.org/10.3390/biology8020031
https://doi.org/10.3390/biology8020031
https://doi.org/10.3390/ijms21176099
https://doi.org/10.3390/ijms21176099
https://doi.org/10.3390/biology8020040


GeroScience	

1 3
Vol.: (0123456789)

	 21.	 Trigiani LJ, Lacalle-Aurioles M, Bourourou M, Li L, 
Greenhalgh AD, Zarruk JG, et  al. Benefits of physical 
exercise on cognition and glial white matter pathology 
in a mouse model of vascular cognitive impairment and 
dementia. Glia. 2020;68(9):1925–40. https://​doi.​org/​10.​
1002/​glia.​23815.

	 22.	 Seals DR, Desouza CA, Donato AJ, Tanaka H. 
Habitual exercise and arterial aging. J Appl Physiol. 
2008;105(4):1323–32.

	 23.	 Murray KO, Mahoney SA, Venkatasubramanian R, Seals 
DR, Clayton ZS. Aging, aerobic exercise, and cardiovas-
cular health: barriers, alternative strategies and future 
directions. Exp Gerontol. 2023;173:112105.

	 24.	 Yuede CM, Zimmerman SD, Dong H, Kling MJ, Bero 
AW, Holtzman DM, et al. Effects of voluntary and forced 
exercise on plaque deposition, hippocampal volume, and 
behavior in the Tg2576 mouse model of Alzheimer’s dis-
ease. Neurobiol Dis. 2009;35(3):426–32.

	 25.	 Schmitt A, Herzog P, Rochner F, Brandle AL, Fragasso 
A, Munz B. Skeletal muscle effects of two different 
10-week exercise regimens, voluntary wheel running, 
and forced treadmill running, in mice: a pilot study. 
Physiol Rep. 2020;8(20):e14609.

	 26.	 Ridgel AL, Vitek JL, Alberts JL. Forced, not voluntary, 
exercise improves motor function in Parkinson’s disease 
patients. Neurorehabil Neural Repair. 2009;23(6):600–8.

	 27.	 Lin Y, Xu Y, Feng H, You L, Dong J, Gao Z, et  al. 
Involuntary, forced or voluntary exercise can ame-
liorate the cognitive deficits by enhancing levels 
of hippocampal NMDAR1, pAMPAR1 and pCaM-
KII in a model of vascular dementia. Neurol Res. 
2021;43(5):349–57.

	 28.	 Leasure JL, Jones M. Forced and voluntary exercise 
differentially affect brain and behavior. Neuroscience. 
2008;156(3):456–65.

	 29.	 Hayes K, Sprague S, Guo M, Davis W, Friedman A, 
Kumar A, et  al. Forced, not voluntary, exercise effec-
tively induces neuroprotection in stroke. Acta Neuro-
pathol. 2008;115(3):289–96.

	 30.	 Gan Y, Dong Y, Dai S, Shi H, Li X, Wang F, et al. The 
different cell-specific mechanisms of voluntary exercise 
and forced exercise in the nucleus accumbens. Neurop-
harmacology. 2023;240:109714.

	 31.	 Belviranli M, Okudan N. Differential effects of voluntary 
and forced exercise trainings on spatial learning ability 
and hippocampal biomarkers in aged female rats. Neuro-
sci Lett. 2022;773:136499.

	 32.	 Takacs B, Szilagyi A, Priksz D, Bombicz M, Szabo AM, 
Pelles-Tasko B, et  al. Electroretinographical analysis 
of the effect of BGP-15 in eyedrops for compensating 
global ischemia-reperfusion in the eyes of Sprague Daw-
ley rats. Biomedicines. 2024;12(3):637. https://​doi.​org/​
10.​3390/​biome​dicin​es120​30637.

	 33.	 Kaludercic N, Carpi A, Menabo R, Di Lisa F, Paolocci 
N. Monoamine oxidases (MAO) in the pathogenesis of 
heart failure and ischemia/reperfusion injury. Biochim 
Biophys Acta. 2011;1813(7):1323–32.

	 34.	 Manni ME, Rigacci S, Borchi E, Bargelli V, Miceli C, 
Giordano C, et  al. Monoamine oxidase is overactivated 
in left and right ventricles from ischemic hearts: an 

intriguing therapeutic target. Oxid Med Cell Longev. 
2016;2016:4375418.

	 35.	 Tong J, Meyer JH, Furukawa Y, Boileau I, Chang LJ, 
Wilson AA, et  al. Distribution of monoamine oxidase 
proteins in human brain: implications for brain imaging 
studies. J Cereb Blood Flow Metab. 2013;33(6):863–71.

	 36.	 Nam MH, Sa M, Ju YH, Park MG, Lee CJ. Revisiting 
the role of astrocytic MAOB in Parkinson’s disease. Int J 
Mol Sci. 2022;23(8):4453. https://​doi.​org/​10.​3390/​ijms2​
30844​53.

	 37.	 De Zutter GS, Davis RJ. Pro-apoptotic gene expression 
mediated by the p38 mitogen-activated protein kinase 
signal transduction pathway. Proc Natl Acad Sci U S A. 
2001;98(11):6168–73.

	 38.	 Jurga AM, Paleczna M, Kadluczka J, Kuter KZ. Beyond 
the GFAP-astrocyte protein markers in the brain. Bio-
molecules. 2021;11(9):1361. https://​doi.​org/​10.​3390/​
biom1​10913​61.

	 39.	 Meyer JH, Cervenka S, Kim MJ, Kreisl WC, Henter ID, 
Innis RB. Neuroinflammation in psychiatric disorders: 
PET imaging and promising new targets. Lancet Psych. 
2020;7(12):1064–74.

	 40.	 Magliozzi R, Cross AH. Can CSF biomarkers predict 
future MS disease activity and severity? Mult Scler. 
2020;26(5):582–90.

	 41.	 Benedet AL, Mila-Aloma M, Vrillon A, Ashton NJ, Pas-
coal TA, Lussier F, et  al. Differences Between plasma 
and cerebrospinal fluid glial fibrillary acidic protein lev-
els across the Alzheimer disease continuum. JAMA Neu-
rol. 2021;78(12):1471–83.

	 42.	 Rutigliani C, Tribble JR, Hagstrom A, Lardner E, 
Johannesson G, Stalhammar G, Williams PA. Wide-
spread retina and optic nerve neuroinflammation in 
enucleated eyes from glaucoma patients. Acta Neuro-
pathol Commun. 2022;10(1):118.

	 43.	 Watroba M, Szukiewicz D. The role of sirtuins 
in aging and age-related diseases. Adv Med Sci. 
2016;61(1):52–62.

	 44.	 Kawahara TL, Michishita E, Adler AS, Damian M, 
Berber E, Lin M, et al. SIRT6 links histone H3 lysine 
9 deacetylation to NF-kappaB-dependent gene expres-
sion and organismal life span. Cell. 2009;136(1):62–74.

	 45.	 Caviedes A, Lafourcade C, Soto C, Wyneken U. 
BDNF/NF-kappaB signaling in the neurobiology of 
depression. Curr Pharm Des. 2017;23(21):3154–63.

	 46.	 Fudalej E, Justyniarska M, Kasarello K, Dziedziak J, 
Szaflik JP, Cudnoch-Jedrzejewska A. Neuroprotective 
factors of the retina and their role in promoting sur-
vival of retinal ganglion cells: a review. Ophthalmic 
Res. 2021;64(3):345–55.

	 47.	 Shen J, Tower J. Effects of light on aging and longev-
ity. Ageing Res Rev. 2019;53:100913.

	 48.	 Sugita Y, Yamamoto H, Maeda Y, Furukawa T. Influ-
ence of aging on the retina and visual motion process-
ing for optokinetic responses in mice. Front Neurosci. 
2020;14:586013.

	 49.	 Balicka A, Trbolová A, Vrbovská T. Electroretinogra-
phy (A Review). Folia veterinaria. 2016;60(1):53–8.

	 50.	 Pasmanter N, Petersen-Jones SM. A review of electro-
retinography waveforms and models and their applica-
tion in the dog. Vet Ophthalmol. 2020;23(3):418–35.

https://doi.org/10.1002/glia.23815
https://doi.org/10.1002/glia.23815
https://doi.org/10.3390/biomedicines12030637
https://doi.org/10.3390/biomedicines12030637
https://doi.org/10.3390/ijms23084453
https://doi.org/10.3390/ijms23084453
https://doi.org/10.3390/biom11091361
https://doi.org/10.3390/biom11091361


	 GeroScience

1 3
Vol:. (1234567890)

	 51.	 Greenstein VC, Holopigian K, Seiple W, Carr RE, 
Hood DC. Atypical multifocal ERG responses in 
patients with diseases affecting the photoreceptors. 
Vision Res. 2004;44(25):2867–74.

	 52.	 Westall CA, Panton CM, Levin AV. Time courses for 
maturation of electroretinogram responses from infancy 
to adulthood. Doc Ophthalmol. 1998;96(4):355–79.

	 53.	 Silva MF, Harvey BM, Jorge L, Canario N, Machado 
F, Soares M, et al. Simultaneous changes in visual acu-
ity, cortical population receptive field size, visual field 
map size, and retinal thickness in healthy human aging. 
Brain Struct Funct. 2021;226(9):2839–53.

	 54.	 Leley SP, Ciulla TA, Bhatwadekar AD. Diabetic 
retinopathy in the aging population: a perspective 
of pathogenesis and treatment. Clin Interv Aging. 
2021;16:1367–78.

	 55.	 Iwase A, Higashide T, Fujii M, Ohno Y, Tanaka 
Y, Kikawa T, Araie M. Aging-associated changes 
of optical coherence tomography-measured gan-
glion cell-related retinal layer thickness and visual 
sensitivity in normal Japanese. Jpn J Ophthalmol. 
2024;68(2):117–25.

	 56.	 Weisse I. Changes in the aging rat retina. Ophthalmic 
Res. 1995;27(Suppl 1):154–63.

	 57.	 Cavallotti C, Artico M, Pescosolido N, Leali FM, Feher 
J. Age-related changes in the human retina. Can J Oph-
thalmol. 2004;39(1):61–8.

	 58.	 Cavallotti C, Artico M, Pescosolido N, Feher J. 
Age-related changes in rat retina. Jpn J Ophthalmol. 
2001;45(1):68–75.

	 59.	 Chu-Tan JA, Kirkby M, Natoli R. Running to save sight: 
the effects of exercise on retinal health and function. Clin 
Exp Ophthalmol. 2022;50(1):74–90.

	 60.	 Vogel J, Kruse C, Zhang M, Schroder K. Nox4 supports 
proper capillary growth in exercise and retina neo-vascu-
larization. J Physiol. 2015;593(9):2145–54.

	 61.	 Zhang Y, San Emeterio Nateras O, Peng Q, Rosende CA, 
Duong TQ. Blood flow MRI of the human retina/choroid 
during rest and isometric exercise. Invest Ophthalmol Vis 
Sci. 2012;53(7):4299–305.

	 62.	 Zwierko T, Czepita DM, Lubinski W, Lubkowska A. 
Effects of physical effort on neuroretinal function in ath-
letes and non-athletes: an electroretinographic study. Eur 
J Ophthalmol. 2010;20(2):381–8.

	 63.	 Schmitz B, Nelis P, Rolfes F, Alnawaiseh M, Klose A, 
Kruger M, et al. Effects of high-intensity interval training 
on optic nerve head and macular perfusion using optical 
coherence tomography angiography in healthy adults. 
Atherosclerosis. 2018;274:8–15.

	 64.	 Zwierko T, Czepita D, Lubinski W. The effect of physical 
effort on retinal activity in the human eye: rod and cone 
flicker electroretinogram studies. Graefes Arch Clin Exp 
Ophthalmol. 2010;248(5):659–66.

	 65.	 Terao R, Ahmed T, Suzumura A, Terasaki H. Oxidative 
stress-induced cellular senescence in aging retina and 
age-related macular degeneration. Antioxidants (Basel). 
2022;11(11):2189. https://​doi.​org/​10.​3390/​antio​x1111​
2189.

	 66.	 Zimmermann A, Madreiter-Sokolowski C, Stryeck S, 
Abdellatif M. Targeting the mitochondria-proteostasis 
axis to delay aging. Front Cell Dev Biol. 2021;9:656201.

	 67.	 Weindruch RH, Cheung MK, Verity MA, Wal-
ford RL. Modification of mitochondrial respiration 
by aging and dietary restriction. Mech Ageing Dev. 
1980;12(4):375–92.

	 68.	 Wallace DC. Mitochondrial DNA mutations in disease 
and aging. Environ Mol Mutagen. 2010;51(5):440–50.

	 69.	 Wallace DC. A mitochondrial paradigm of metabolic and 
degenerative diseases, aging, and cancer: a dawn for evo-
lutionary medicine. Annu Rev Genet. 2005;39:359–407.

	 70.	 Vendrov AE, Vendrov KC, Smith A, Yuan J, Sumida 
A, Robidoux J, et  al. NOX4 NADPH oxidase-depend-
ent mitochondrial oxidative stress in aging-associ-
ated cardiovascular disease. Antioxid Redox Signal. 
2015;23(18):1389–409.

	 71.	 Ungvari Z, Sonntag WE, Csiszar A. Mitochondria 
and aging in the vascular system. J Mol Med (Berl). 
2010;88(10):1021–7.

	 72.	 Short KR, Bigelow ML, Kahl J, Singh R, Coenen-
Schimke J, Raghavakaimal S, Nair KS. Decline in skele-
tal muscle mitochondrial function with aging in humans. 
Proc Natl Acad Sci USA. 2005;102(15):5618–23.

	 73.	 Lanza IR, Nair KS. Muscle mitochondrial 
changes with aging and exercise. Am J Clin Nutr. 
2009;89(1):467S-S471.

	 74.	 Kujoth GC, Hiona A, Pugh TD, Someya S, Panzer K, 
Wohlgemuth SE, et  al. Mitochondrial DNA mutations, 
oxidative stress, and apoptosis in mammalian aging. Sci-
ence. 2005;309(5733):481–4.

	 75.	 Dai DF, Rabinovitch PS, Ungvari Z. Mitochondria and 
cardiovascular aging. Circ Res. 2012;110(8):1109–24.

	 76.	 Terluk MR, Kapphahn RJ, Soukup LM, Gong H, Gal-
lardo C, Montezuma SR, Ferrington DA. Investigating 
mitochondria as a target for treating age-related macular 
degeneration. J Neurosci. 2015;35(18):7304–11.

	 77.	 Feher J, Elo A, Istvan L, Nagy ZZ, Radak Z, Scuderi 
G, et  al. Microbiota mitochondria disorders as hubs for 
early age-related macular degeneration. Geroscience. 
2022;44(6):2623–53.

	 78.	 Brown EE, Lewin AS, Ash JD. Mitochondria: potential 
targets for protection in age-related macular degenera-
tion. Adv Exp Med Biol. 2018;1074:11–7.

	 79.	 Park SY, Rossman MJ, Gifford JR, Bharath LP, Bauer-
sachs J, Richardson RS, et al. Exercise training improves 
vascular mitochondrial function. Am J Physiol Heart 
Circ Physiol. 2016;310(7):H821–9.

	 80.	 Safdar A, Bourgeois JM, Ogborn DI, Little JP, Hettinga 
BP, Akhtar M, et  al. Endurance exercise rescues prog-
eroid aging and induces systemic mitochondrial rejuve-
nation in mtDNA mutator mice. Proc Natl Acad Sci U S 
A. 2011;108(10):4135–40.

	 81.	 Judge S, Jang YM, Smith A, Selman C, Phillips T, 
Speakman JR, et  al. Exercise by lifelong voluntary 
wheel running reduces subsarcolemmal and interfi-
brillar mitochondrial hydrogen peroxide production 
in the heart. Am J Physiol Regul Integr Comp Physiol. 
2005;289(6):R1564–72.

	 82.	 Halling JF, Jessen H, Nohr-Meldgaard J, Buch BT, Chris-
tensen NM, Gudiksen A, et  al. PGC-1alpha regulates 
mitochondrial properties beyond biogenesis with aging 
and exercise training. Am J Physiol Endocrinol Metab. 
2019;317(3):E513–25.

https://doi.org/10.3390/antiox11112189
https://doi.org/10.3390/antiox11112189


GeroScience	

1 3
Vol.: (0123456789)

	 83.	 Gioscia-Ryan RA, Battson ML, Cuevas LM, Zigler 
MC, Sindler AL, Seals DR. Voluntary aerobic exer-
cise increases arterial resilience and mitochondrial 
health with aging in mice. Aging (Albany NY). 
2016;8(11):2897–914.

	 84.	 Campos JC, Marchesi Bozi LH, Krum B, Grassmann 
Bechara LR, Ferreira ND, Arini GS, et al. Exercise pre-
serves physical fitness during aging through AMPK and 
mitochondrial dynamics. Proc Natl Acad Sci U S A. 
2023;120(2):e2204750120.

	 85.	 Ionescu-Tucker A, Cotman CW. Emerging roles of oxida-
tive stress in brain aging and Alzheimer’s disease. Neuro-
biol Aging. 2021;107:86–95.

	 86.	 Korovila I, Hugo M, Castro JP, Weber D, Hohn A, Grune 
T, Jung T. Proteostasis, oxidative stress and aging. Redox 
Biol. 2017;13:550–67.

	 87.	 Fekete M, Major D, Feher A, Fazekas-Pongor V, Lehoc-
zki A. Geroscience and pathology: a new frontier in 
understanding age-related diseases. Pathol Oncol Res. 
2024;30:1611623. https://​doi.​org/​10.​3389/​pore.​2024.​
16116​23.

	 88.	 Durrant JR, Seals DR, Connell ML, Russell MJ, Lawson 
BR, Folian BJ, et  al. Voluntary wheel running restores 
endothelial function in conduit arteries of old mice: 
direct evidence for reduced oxidative stress, increased 
superoxide dismutase activity and down-regulation of 
NADPH oxidase. J Physiol. 2009;587(Pt 13):3271–85. 
https://​doi.​org/​10.​1113/​jphys​iol.​2009.​169771.

	 89.	 Elosua R, Molina L, Fito M, Arquer A, Sanchez-Quesada 
JL, Covas MI, et  al. Response of oxidative stress bio-
markers to a 16-week aerobic physical activity program, 
and to acute physical activity, in healthy young men and 
women. Atherosclerosis. 2003;167(2):327–34.

	 90.	 Gounder SS, Kannan S, Devadoss D, Miller CJ, White-
head KS, Odelberg SJ, et  al. Impaired transcriptional 
activity of Nrf2 in age-related myocardial oxidative 
stress is reversible by moderate exercise training. PLoS 
ONE. 2012;7(9):e45697.

	 91.	 Navarro A, Gomez C, Lopez-Cepero JM, Boveris A. 
Beneficial effects of moderate exercise on mice aging: 
survival, behavior, oxidative stress, and mitochondrial 
electron transfer. Am J Physiol Regul Integr Comp Phys-
iol. 2004;286(3):R505–11.

	 92.	 Mee-Inta O, Zhao ZW, Kuo YM. Physical exercise 
inhibits inflammation and microglial activation. Cells. 
2019;8(7):691. https://​doi.​org/​10.​3390/​cells​80706​91.

	 93.	 Kirk-Sanchez NJ, McGough EL. Physical exercise and 
cognitive performance in the elderly: current perspec-
tives. Clin Interv Aging. 2014;9:51–62.

	 94.	 Moore KM, Girens RE, Larson SK, Jones MR, Restivo 
JL, Holtzman DM, et  al. A spectrum of exercise train-
ing reduces soluble Abeta in a dose-dependent manner 
in a mouse model of Alzheimer’s disease. Neurobiol Dis. 
2016;85:218–24.

	 95.	 Diaz KM, Shimbo D. Physical activity and the pre-
vention of hypertension. Curr Hypertens Rep. 
2013;15(6):659–68.

	 96.	 Cheng J, Keuthan CJ, Esumi N. The many faces of 
SIRT6 in the retina and retinal pigment epithelium. Front 
Cell Dev Biol. 2023;11:1244765.

	 97.	 Azadi S, Johnson LE, Paquet-Durand F, Perez MT, 
Zhang Y, Ekstrom PA, van Veen T. CNTF+BDNF treat-
ment and neuroprotective pathways in the rd1 mouse 
retina. Brain Res. 2007;1129(1):116–29.

	 98.	 Adlard PA, Perreau VM, Cotman CW. The exer-
cise-induced expression of BDNF within the hip-
pocampus varies across life-span. Neurobiol Aging. 
2005;26(4):511–20.

	 99.	 Arazi H, Babaei P, Moghimi M, Asadi A. Acute effects 
of strength and endurance exercise on serum BDNF and 
IGF-1 levels in older men. BMC Geriatr. 2021;21(1):50.

	100.	 Choi SH, Bylykbashi E, Chatila ZK, Lee SW, Pulli B, 
Clemenson GD, et al. Combined adult neurogenesis and 
BDNF mimic exercise effects on cognition in an Alzhei-
mer’s mouse model. Science. 2018;361(6406):eaan8821. 
https://​doi.​org/​10.​1126/​scien​ce.​aan88​21.

	101.	 Marais L, Stein DJ, Daniels WM. Exercise increases 
BDNF levels in the striatum and decreases depressive-
like behavior in chronically stressed rats. Metab Brain 
Dis. 2009;24(4):587–97.

	102.	 Zotcheva E, Haberg AK, Wisloff U, Salvesen O, Selbaek 
G, Stensvold D, Ernstsen L. Effects of 5 years aero-
bic exercise on cognition in older adults: the generation 
100 study: a randomized controlled trial. Sports Med. 
2022;52(7):1689–99.

	103.	 Gallardo-Gomez D, Del Pozo-Cruz J, Noetel M, Alva-
rez-Barbosa F, Alfonso-Rosa RM, Del Pozo CB. Optimal 
dose and type of exercise to improve cognitive function 
in older adults: a systematic review and bayesian model-
based network meta-analysis of RCTs. Ageing Res Rev. 
2022;76:101591.

	104.	 Parry-Williams G, Sharma S. The effects of endurance 
exercise on the heart: panacea or poison? Nat Rev Car-
diol. 2020;17(7):402–12.

	105.	 Toriumi T, Kim A, Komine S, Miura I, Nagayama S, 
Ohmori H, Nagasaki Y. An antioxidant nanoparticle 
enhances exercise performance in rat high-intensity run-
ning models. Adv Healthc Mater. 2021;10(10):e2100067.

	106.	 Vatner SF, Zhang J, Oydanich M, Berkman T, Naf-
talovich R, Vatner DE. Healthful aging mediated 
by inhibition of oxidative stress. Ageing Res Rev. 
2020;64:101194.

	107.	 Norling AM, Gerstenecker AT, Buford TW, Khan B, 
Oparil S, Lazar RM. The role of exercise in the reversal 
of IGF-1 deficiencies in microvascular rarefaction and 
hypertension. Geroscience. 2020;42(1):141–58.

	108.	 Rody T, De Amorim JA, De Felice FG. The emerging 
neuroprotective roles of exerkines in Alzheimer’s dis-
ease. Front Aging Neurosci. 2022;14:965190.

	109.	 Robbins JM, Gerszten RE. Exercise, exerkines, and car-
diometabolic health: from individual players to a team 
sport. J Clin Invest. 2023;133133(13):e172916.  https://​
doi.​org/​10.​1172/​JCI17​2916.

	110.	 Jin L, Diaz-Canestro C, Wang Y, Tse MA, Xu A. 
Exerkines and cardiometabolic benefits of exercise: from 
bench to clinic. EMBO Mol Med. 2024;16(3):432–44.

	111.	 Heo J, Noble EE, Call JA. The role of exerkines on brain 
mitochondria: a mini-review. J Appl Physiol (1985). 
2023;134(1):28–35.

	112.	 Felix-Soriano E, Stanford KI. Exerkines and redox 
homeostasis. Redox Biol. 2023;63:102748.

https://doi.org/10.3389/pore.2024.1611623
https://doi.org/10.3389/pore.2024.1611623
https://doi.org/10.1113/jphysiol.2009.169771
https://doi.org/10.3390/cells8070691
https://doi.org/10.1126/science.aan8821
https://doi.org/10.1172/JCI172916
https://doi.org/10.1172/JCI172916


	 GeroScience

1 3
Vol:. (1234567890)

	113.	 Chow LS, Gerszten RE, Taylor JM, Pedersen BK, van 
Praag H, Trappe S, et al. Exerkines in health, resilience 
and disease. Nat Rev Endocrinol. 2022;18(5):273–89.

	114.	 Wang B, Liang J, Lu C, Lu A, Wang C. Exercise regu-
lates myokines in aging-related diseases through muscle-
brain crosstalk. Gerontology. 2024;70(2):193–209.

	115.	 Bi J, Zhang J, Ren Y, Du Z, Zhang Y, Liu C, et al. Exer-
cise hormone irisin mitigates endothelial barrier dys-
function and microvascular leakage-related diseases. JCI 
Insight. 2020;5(13)13):e136277. https://​doi.​org/​10.​1172/​
jci.​insig​ht.​136277.

	116.	 Yang X, Brobst D, Chan WS, Tse MCL, Herlea-Pana 
O, Ahuja P, et al. Muscle-generated BDNF is a sexually 
dimorphic myokine that controls metabolic flexibility. 
Sci Signal. 2019;12(594):eaau1468. https://​doi.​org/​10.​
1126/​scisi​gnal.​aau14​68.

	117.	 Stein AM, Silva TMV, Coelho FGM, Arantes FJ, Costa 
JLR, Teodoro E, Santos-Galduroz RF. Physical exercise, 
IGF-1 and cognition A systematic review of experi-
mental studies in the elderly. Dement Neuropsychol. 
2018;12(2):114–22.

	118.	 Miller LR, Tarantini S, Nyul-Toth A, Johnston MP, Mar-
tin T, Bullen EC, et al. Increased susceptibility to cere-
bral microhemorrhages is associated with imaging signs 
of microvascular degeneration in the retina in an insulin-
like growth factor 1 deficient mouse model of accelerated 
aging. Front Aging Neurosci. 2022;14:788296.

	119.	 Gulej R, Csik B, Faakye J, Tarantini S, Shanmugarama 
S, Chandragiri SS, et al. Endothelial deficiency of insu-
lin-like growth factor-1 receptor leads to blood-brain bar-
rier disruption and accelerated endothelial senescence in 
mice, mimicking aspects of the brain aging phenotype. 
Microcirculation. 2024;31(2):e12840.  https://​doi.​org/​10.​
1111/​micc.​12840.

	120.	 Toth L, Czigler A, Hegedus E, Komaromy H, Amrein 
K, Czeiter E, et  al. Age-related decline in circulat-
ing IGF-1 associates with impaired neurovascu-
lar coupling responses in older adults. Geroscience. 
2022;44(6):2771–83.

	121.	 Tarantini S, Nyul-Toth A, Yabluchanskiy A, Csipo T, 
Mukli P, Balasubramanian P, et al. Endothelial deficiency 

of insulin-like growth factor-1 receptor (IGF1R) impairs 
neurovascular coupling responses in mice, mimick-
ing aspects of the brain aging phenotype. Geroscience. 
2021;43(5):2387–94.

	122.	 Gubert C, Hannan AJ. Exercise mimetics: harnessing 
the therapeutic effects of physical activity. Nat Rev Drug 
Discov. 2021;20(11):862–79.

	123.	 Hawley JA, Joyner MJ, Green DJ. Mimicking exer-
cise: what matters most and where to next? J Physiol. 
2021;599(3):791–802.

	124.	 Toto L, Borrelli E, Mastropasqua R, Di Antonio L, 
Doronzo E, Carpineto P, Mastropasqua L. Associa-
tion between outer retinal alterations and microvascular 
changes in intermediate stage age-related macular degen-
eration: an optical coherence tomography angiography 
study. Br J Ophthalmol. 2017;101(6):774–9.

	125.	 Ozcaliskan S, Artunay O, Balci S, Perente I, Yenerel 
NM. Quantitative analysis of inner retinal structural and 
microvascular alterations in intermediate age-related 
macular degeneration: a swept-source OCT angiography 
study. Photodiagnosis Photodyn Ther. 2020;32:102030.

	126.	 Viboolvorakul S, Patumraj S. Exercise training could 
improve age-related changes in cerebral blood flow and 
capillary vascularity through the upregulation of VEGF 
and eNOS. Biomed Res Int. 2014;2014:230791.

	127.	 Shin P, Pian Q, Ishikawa H, Hamanaka G, Mandev-
ille ET, Guo S, et  al. Aerobic exercise reverses aging-
induced depth-dependent decline in cerebral microcir-
culation. Elife. 2023;12:e86329. https://​doi.​org/​10.​7554/​
eLife.​86329.

	128.	 Dorr A, Thomason LA, Koletar MM, Joo IL, Steinman J, 
Cahill LS, et al. Effects of voluntary exercise on structure 
and function of cortical microvasculature. J Cereb Blood 
Flow Metab. 2017;37(3):1046–59.

Publisher’s Note  Springer Nature remains neutral with regard 
to jurisdictional claims in published maps and institutional 
affiliations.

https://doi.org/10.1172/jci.insight.136277
https://doi.org/10.1172/jci.insight.136277
https://doi.org/10.1126/scisignal.aau1468
https://doi.org/10.1126/scisignal.aau1468
https://doi.org/10.1111/micc.12840
https://doi.org/10.1111/micc.12840
https://doi.org/10.7554/eLife.86329
https://doi.org/10.7554/eLife.86329

	Effects of voluntary and forced physical exercise on the retinal health of aging Wistar rats
	Abstract 
	Introduction
	Methods
	Animals and experimental groups
	Forced running protocol
	Electroretinography assessment
	Western Blot analysis
	Histology
	Statistical analysis

	Results
	Electroretinography findings
	Histological analysis of retinal thickness
	Western blot analysis of protein expression

	Discussion
	References


