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ABSTRACT

Introduction: Alzheimer’s disease (AD) is the leading cause of dementia worldwide. One of its main
pathophysiological mechanisms involves neuronal damage induced by oxidative stress. The present
study aimed to investigate the effects of endurance training and curcumin supplementation on oxidative
stress and memory function in a rat model of AD.

Material & Methods: In this experimental study, forty rats were randomly divided into six groups:
healthy control, sham, AD control, exercise, curcumin, and exercise + curcumin. The experimental
groups underwent eight weeks of endurance training and/or received curcumin injections. Memory
performance, glutathione peroxidase (GPX) activity, and malondialdehyde (MDA) levels were
assessed. Data were analyzed using two-way ANOVA and independent t-tests.

Results: Both exercise and curcumin significantly improved memory performance (p=0.006 and
p=0.008), decreased MDA levels (p<0.001), and increased GPX activity (p=0.01 and p<0.001)
compared with the AD control group.

Conclusion: These findings suggest that curcumin supplementation and endurance exercise can
mitigate oxidative stress and cognitive decline in Alzheimer’s disease rat models.
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1. Introduction

Alzheimer’s disease (AD) is a progressive, age-associated neurodegenerative condition and represents the
most prevalent cause of dementia among older adults (1). Globally, approximately fifty million people are affected
by AD, and its prevalence continues to rise (2). Following an extended prodromal period, the disease manifests
clinically through profound memory deficits, progressive cognitive decline, and gradual changes in personality
and behavior (3). Existing therapeutic interventions primarily offer symptomatic relief rather than disease
modification or cure, largely due to the complex and incompletely elucidated pathophysiological mechanisms of
AD. Characteristically, the disorder is defined by two major neuropathological features: extracellular amyloid-p
(AP) plaques and intracellular neurofibrillary tangles formed by hyper phosphorylated tau protein (pTau) (4, 5).

The accumulation of B-amyloid (AP) polymers triggers both oxidative stress and neuroinflammatory
responses. Moreover, AP plaques can interfere with acetylcholine (ACh) signaling, thereby impairing synaptic
transmission; dysfunction within the cholinergic system is consequently associated with memory deficits. In
addition, AP deposition activates inflammatory cascades that promote the production of reactive oxygen species
(ROS), further exacerbating neuronal damage (6, 7).

The progressive accumulation of reactive oxygen species (ROS) results in persistent oxidative stress, a
characteristic physiological alteration observed during the early stages of Alzheimer’s disease (AD). This
oxidative imbalance disrupts the metabolism of biomacromolecules, compromises mitochondrial efficiency and
energy homeostasis, and impairs synaptic function, collectively contributing to cognitive deterioration (8).
Furthermore, oxidative stress facilitates neuronal degeneration in AD by enhancing iron and lipid peroxidation,
protein oxidation, and the expression of oxidative stress markers commonly detected within senile plaques (9).
Oxidative stress emerges when the generation of free radicals surpasses antioxidant defense capacity, thereby
weakening cellular antioxidant systems and promoting neuronal injury (10, 11),

Notably, the brain possesses inherently low concentrations of endogenous antioxidants, rendering it
particularly vulnerable to oxidative damage (12).

According to the Lancet Commission on Dementia Prevention, Intervention, and Care, several potentially
modifiable risk factors—such as hypertension, smoking, obesity, depression, physical inactivity, diabetes, and
limited social engagement—collectively account for approximately 40% of the global dementia burden. Regular
physical activity during midlife, and potentially extending into later adulthood, appears to confer protective effects
against dementia, likely by mitigating obesity, diabetes, and cardiovascular risks (13). Exercise may also influence
neurobiological mechanisms by reducing glutamine levels or enhancing hippocampal neurogenesis (14).

However, cessation of exercise in some individuals may reflect prodromal dementia, suggesting that
physical inactivity could represent both a potential cause and a consequence of cognitive decline. This relationship
may be particularly significant among individuals with coexisting cardiovascular comorbidities. Furthermore, as
with other health outcomes, the protective benefits of exercise likely depend on its consistency and continuation
into the period of highest dementia risk (15).

Given the current absence of effective therapeutic options for Alzheimer’s disease (AD), increasing
attention has been directed toward innovative preventive approaches involving dietary modification,
supplementation with vitamins and minerals, and the utilization of bioactive natural compounds. Recently, natural
phytochemicals have gained prominence as promising alternative therapeutic agents for AD management (16).

Polyphenols, a broad class of plant-derived compounds characterized by multiple phenolic structural units,
play a crucial role in plant defense mechanisms against pathogens and various environmental stressors. In humans
and animals, polyphenols exert neuroprotective effects by modulating numerous intracellular signaling pathways
involved in neuronal maintenance and survival (17). Additionally, these compounds are known for their potent
antioxidant properties, including the scavenging of free radicals and the chelation of metal ions, thereby
contributing to the regulation of key protein degradation pathways (18, 19). Among the various polyphenolic
compounds, curcumin is one of the most extensively studied.

Curcumin (Cur), a principal bioactive constituent of turmeric (20). Curcumin possesses a wide range of
pharmacological properties, including anti-inflammatory (21), anti-oxidant (22) and neuroprotective effects (23).
It has been demonstrated to ameliorate spatial memory impairment in experimental models (24).

The antioxidant capacity of curcumin in vivo may, at least in part, be mediated through the activation of
antioxidant enzymes such as glutathione peroxidase (GPX) (25).

Although substantial progress has been made in understanding curcumin’s biological activities, the specific
molecular mechanisms underlying its effects on neuronal cells exposed to oxidative stress remain incompletely
understood. Also, the combined effects of natural antioxidants and lifestyle interventions remain unclear.
Therefore, the present study investigates the effect of the eighth week of endurance training with curcumin
consumption on the levels of malondialdehyde and glutathione peroxide in the hippocampal tissue and memory
of Alzheimer's rats with osteoarthritis.
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2. Methodology

2.1. Materials and methods
This was an experimental study with post-test design and control group. Current study conducted based on
ethical principles of Helsinki Declaration.

2.2. Participants

A total of 40 male Wistar rats (age 32 weeks, weight 250-300 grams) were supplied from the Animal
Breeding and Reproduction Laboratory of Islamic Azad University, Marvdasht Branch and transferred to Animal
Exercise Physiology Laboratory. During the study, samples were housed in 12-hour light-dark cycle, temperature
of 22-24°C and relative humidity of 55-60%. They lived in washable polycarbonate cages and sterilized wood
shavings were used to absorb the moisture and urine on the floor of the cages with water and food access ad
libitum. Before the beginning of the study, samples lived in these standard circumstances for one week to
familiarize with the environment. After induction of OA and AD, the samples were randomly assigned to healthy
control group (n=7), patient control group (AD control, n=7), Sham group (n=7), curcumin group (CUR, n=7),
exercise group (EXE, n=6) and curcumin + exercise group (CUR+EXE, n=6).

2.3. Measurements

Spatial Memory Evaluation: Twenty-four hours after the last training session, spatial memory of samples
was evaluated using Y maze test. During the evaluation, all necessary arrangements that could affect behavior
(i.e., minimal external noise and movement, moderate lightning, eliminating olfactory clues, same experimenter
for all samples, etc.) were controlled by the researchers. The Y maze had three identical opaque wood arms (46
cm length, 15 cm width and 15 cm height) which formed a Y shape (120° apart), label as A, B and C for
convenience. To perform this test, the rat was placed at the end of one arm facing the center and allowed to explore
all areas of the maze for 8 minutes. Then the sequence and number of arm entry was observed and recorded. Arm
entry was counted when the animal's hind limbs are completely inside the arm. Alternation behaviors were
considered successful when consecutive (serial) entries into all arms were in overlapping sets of 3 (i.e., ABC,
BCA, CAB, etc.). The following formula was used to calculate the Alternation:

(Number of Alternations / (Total Arm Entries — 2)) x 100 (32)

Histopathological Evaluation: Forty-eight hours after the last training session histopathological tests
were performed. After 12-hour fasting rats were anesthetized with Ketamine and Xylazine. Then the brain was
extracted during a craniotomy and the hippocampus tissue was separated and instantly freeze in liquid nitrogen to
preserve the tissue for further evaluations. The hippocampus tissue then embedded in paraffin for fixation. After
fixation, paraffin blocks were cut into 5 um thickness and stained with Hematoxylin and Eosin (H&E). The stained
slides were examined under a bright field light microscope (Olympus-BH2, Japan) at magnification of X40, and
the number of cell density per unit area (NA) of the hippocampus was calculated. The physical dissector method
was used for quantitative analysis of neurons. We calculated the number of neurons in a 10,000 pm2 frame, then
the mean scores of neurons NA in subdivisions of hippocampus were calculated according to the following
formula: NA=Y Q/> PxAH (NA is the cell density, ZQ is the total number of counted particles in the sections, P
is the number of samples taken in a sample, A is the area of the sampling frame, and H is the distance between
two consecutive slices or the thickness of each slice).

Measurement of MDA levels in Hippocampal Tissue: Hippocampal tissues were rapidly dissected on
ice and immediately homogenized in cold phosphate-buffered saline (PBS; pH 7.4) containing protease inhibitors
at a ratio of approximately 100 mg of tissue per 1 mL of PBS buffer. Homogenization was performed on ice using
Navand Salamat homogenizer (Iran, Reg No. 16010). The homogenates were centrifuged at 5,000 x g for 20
minutes at 4 °C, and the supernatants were collected for biochemical analysis. Malondialdehyde levels were
determined using ZellBio GmbH Malondialdehyde / Thiobarbituric Acid reactive substances (TBARS) assay kit
(Germany, Cat No. ZB-MDA-96A). In this assay, MDA present in the tissue homogenate reacts with
thiobarbituric acid under acidic and high-temperature conditions to form a pink chromogen. The optical density
(OD) of the resulting complex was measured at 532 nm using Microplate reader (BMG LABTECH FLUOstar
Omega). All samples were assayed in duplicate, and the mean OD value was used to calculate MDA concentration
based on a standard curve.

Measurement of GPx activity in Hippocampal Tissue: Hippocampal tissues were rapidly dissected on
ice and immediately homogenized in cold phosphate-buffered saline (PBS; pH 7.4) containing protease.
Homogenization was performed on ice using Navand Salamat homogenizer (Iran, Reg No. 16010). The
homogenates were centrifuged at 12,000 x g for 15 minutes at 4 °C, and the resulting supernatants were collected
for biochemical analysis. GPx activity was measured using a Kiazist GPx assay kit (Iran, Reg No. KGPX96). This
assay is based on the reduction of hydrogen peroxide by GPx using reduced glutathione (GSH), followed by the
regeneration of GSH by glutathione reductase with concomitant oxidation of NADPH to NADP*. Samples
incubated in room temperature for 15 minutes and then analyzed using a Microplate reader (BMG LABTECH
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FLUOstar Omega). Absorbance was recorded at 340 nm at 1-minute intervals over a 5-minute period. The
decrease in absorbance corresponding to NADPH consumption was monitored, and GPx activity was calculated
using formula 1 during the linear phase of absorbance decline.
Formula 1. GPX activity calculation
AA340/min 110

GPX Activity = X
cHvity = 000216 uM=1"" sample volume (uL)

X sample dilution factor

2.4. Intervention

Alzheimer’s disease Induction: For the induction of Alzheimer’s disease, after 12-hour fasting, single
dose of 10mg/kg trimethyltin chloride (TMT) was injected intraperitoneal (TMT was supplied by Sigma-Aldrich
Corporation, USA). After 14 days, the samples were accessed based on clinical symptoms including aggression,
tail twitching, periorbital hemorrhage and Y maze memory and learning test and compared with healthy group to
insure the AD induction (26).

Knee Osteoarthritis Induction: For inducing knee osteoarthritis, we used meniscus transection method.
Samples were anesthetized using diethyl ether inhalation. Left knee of samples were immobilized, shaved and
sterilized and 0.03 mg/kg buprenorphine was injected locally to alleviate pain. We made a 1 cm incision in the
skin and soft tissue of the medial part of left hind limbs along the tibio-femoral junction. After a complete
exposure, we severed the medial meniscus. In Sham group the medial collateral ligament (MCL) was only touched
and no injury were made to MCL or medial meniscus. Soft tissue was closed with 4-0 vicryle sutures and skin
was closed. The sutures were removed after one week when the skin was healed. Samples were placed in different
cages o spend post-surgical recovery. Previous studies revealed that osteoarthritis would appear on histological
evaluations after 3 weeks. We postponed the training 4 weeks after the surgery (27-29).

Endurance Training Protocol: At first, the samples ran on a rodent treadmill without slope for 8 minutes
with 8 m/min speed for 7 days to familiarize with treadmill. The endurance training protocol was as followed: At
the beginning of each session, animals warmed up with a 5-minute run (speed 8-10 m/min), followed by a 15-
minute run with 10 m/min speed during first week. The speed and duration were gradually increased (table 1).
Finally they cooled down with a 5-minute run (speed 8-10 m/min) at the end of each training session (26).

Table 1. Endurance training Protocol

week Exercise duration (minutes) Speed (m/min)
1 15 10
2 20 12
3 25 14
4 30 16
5 35 18
6 40 20
7 45 22
8 48 24

Curcumin Administration: The Curcumin was supplied from by Sigma-Aldrich Corporation, USA
(Industrial Code C-1386). According to previous study the optimal curcumin dose for ameliorating beta amyloid
in rodents with AD was 100 mg/kg/day (30, 31). So, we solved 500 mg/kg curcumin in 6 ml of corn oil and
injected 0.3 cc (30 international units) intraperitonealy every day.

2.5. Statistical Methods

The data was analyzed using SPSS 26.0 software (SPSS Statistics/IBM Corp, Chicago, IL, USA). The
results are presented as mean + SD. The normal distribution was assessed using Shapiro-Wilk test. To analyze
data, two-way analysis of variance (ANOVA) test followed by independent T test (post hoc) was performed. The
value of p=0.05 was considered statistically significant.

3. Results

Spatial memory, MDA and GPX activity were measured in all experimental groups. The mean and standard
deviation (mean + SD) values in control, Sham, AD control, CUR, EXE and CUR+EXE groups are presented in
table 2.

78 | 1.A.U (Shiraz Campus) https://sanad.iau.ir/journal/jpah/



The effect of endurance training and curcumin... Hosseini Kolgoo et al...

Table 2. Spatial memory, MDA and GPX levels of the rats in experimental groups

variable control Sham AD control CUR EXE CUR+EXE
Memory 87.285+2.138 23.142+3.716 20.428+5.968 29.00+1.825 29.166+2.228 35.00+2.097
(alternation)

MDA (umol) 7.361+1.003 17.124+1.455 18.160+1.333 13.791+1.671 14.954+0.713 10.542+1.405
GPX (U/mg) 165.536+29.658 108.430+16.506 103.090+2.189  137.699+1.449 131.504+18.725 152.993+19.799

Memory: For evaluating the effects of exercise and curcumin on memory in AD rats, we conducted two-way
analysis of variance (ANOVA). Leven’s test indicated that the assumption of homogeneity of variances was
violated (p<0.001); therefore, Robust test of equality of means were applied. The results demonstrated that
exercise significantly increased memory compared to the AD control group (p<0.001). Similarly, curcumin
administration produced significant elevation in memory (p<0.001). The combination of exercise and curcumin
also resulted in a significant enhancement of memory (p=00.8).

To assess AD induction, memory was compared between control group and others using independent T
test and the results show a significant decline in every groups in comparison to healthy control group (p<0.001).
Memory was significantly higher in EXE, CUR and CUR+EXE groups in comparison to Sham group (p=0.005,
p=0.003 and p<0.001; respectively) and AD control group (p=0.006, p=0.008 and p<0.001, respectively) .There
was no significant difference in memory between CUR and EXE group. But the memory was higher in CUR+EXE
group in comparison to EXE (p<0.001) and CUR group (p<0.001) (figure 1).

memory
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0
healthy  sham AD CUR EXE CUR+EXE
control control

* Significant difference compared to AD control (p<0.05), x significant difference compared to CUR control (p<0.05), # significant difference
compared to EXE control (p<0.05), o significant difference compared to CUR+EXE control (p<0.001)
Figure 1. Memory in the research groups

Malondialdehyde: A two-way ANOV A was performed to examine the effects of curcumin and exercise on MDA
levels in hippocampus of AD rats. Due to the violation of homogeneity of variances according to Leven’s test
(P<0.001), Robust tests were applied. The results showed that both exercise (p<0.001) and curcumin (p<0.001)
significantly decreased MDA levels compared to AD control group. The combination of exercise and curcumin
also produced a significant decrease in MDA levels (p=0.012). These findings indicate that both treatments
separately and in combination, effectively decrease ROS in the AD rat models.

MDA level was significantly higher in every group compared to healthy control group (p<0.001) and
significantly lower in CUR, EXE and CUR+EXE groups compared to AD control (p<0.001) and Sham groups
(p=0.002, p=007 and p<00.1; respectively). MDA level was significantly lower in CUR+EXE compared to CUR
and EXE group (p<0.001) (synergistic effect) and there was no significant difference between CUR and EXE
group (figure 2).

MDA
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healthy sham ADcontrol CUR EXE CUR+EXE
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* Significant difference compared to AD control (p<0.001), x significant difference compared to CUR control (p<0.05), # significant
difference compared to EXE control (p<0.001), oo significant difference compared to CUR+EXE control (p<0.05)
Figure 2. MDA level in hippocampal tissue in the research groups
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Glutathione Peroxidase: A two-way ANOVA was used to examine the effects of exercise and curcumin on GPX
activity in AD rats. Because the assumption of homogeneity of variances was violated according to Leven’s test
(p=0.003), Robust tests were employed. The results revealed that neither exercise (p=0.09) nor curcumin (p=0.08)
had significant effects on GPX activity compared with the AD control rats. Also, the combined intervention of
exercise and curcumin did not produce a significant enhancement in GPX activity (p=0.51).

The results of independent T test revealed no significant difference in GPX activity between healthy control
group and CUR+EXE group but GPX activity were significantly ameliorated in Sham (p<0.001), AD control
(p<0.001), EXE (p=0.03) and Cur (p=0.02) groups in comparison to healthy control group. GPX activity were
significantly increased in EXE, CUR and CUR+EXE group in comparison to Sham (p=0.03, p<0.001 and
p<0.001; respectively) and AD control group (p=0.01, p<0.001 and p<0.001 respectively). There was also a
synergic effect between EXE and CUR compared to EXE. There were no significant difference between GPX
activity in EXE, CUR and CUR+EXE groups (figure 3).

GPX
300 N %
w0 200 oo *
£ I Ly
> 100 I =
0
healthy sham AD CUR EXE CUR+EXE
control control

* Significant increase compared to AD control (p<0.05), x significant decrease compared to CUR control (p<0.001), # significant decrease
compared to EXE control (p<0.05), o significant decrease compared to CUR+EXE control (p<0.001)
Figure 3. GPX activity in hippocampal tissue in the research groups

Histopathological evaluation: Hippocampal tissue was examined under a bright field light microscope and the
healthy cell density in different groups is presented in the table 3 (figure 4).

Table 3. Cell density (healthy cell to all cell ration) in experimental groups

Variable control Sham AD control CUR EXE CUR+EXE
Sample number 1 2 11 12 21 22 31 32 41 42 51 52
CALl area 098437  0.96296 085471 085542 085321 088990  0.89583  0.88888  0.89090  0.83529 093333  0.91836
Cell Density (%)

CA3 area 093150  0.92941 08125 081426 083333 080701  0.89041  0.86021 0875 084375 089705 090123

Cell Density (%)

Healthy cells: The nucleus is purple and clearly visible, the cell is round and has a clear boundary. Unhealthy cells: In damaged cells, the
nucleus is not visible and the cell shape has changed from round to spherical or triangular, without any clear boundary.)
Figure 4. Arrows (A) indicate healthy cells and arrows (B) indicate unhealthy cells.

4. Discussion

The present study investigated the effects of 8 eight week endurance training and curcumin administration
on oxidative stress biomarkers and memory performance in rats with experimentally induced Alzheimer’s disease
(AD) and knee osteoarthritis. Our findings demonstrated that both curcumin supplementation and exercise
enhanced memory performance, reduced lipid peroxidation, as evidenced by lower MDA levels in Alzheimer’s
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disease (AD) rats with osteoarthritis (OA). The combined intervention demonstrated a synergistic effect compared
to either treatments alone. Furthermore, antioxidant enzyme activity (GPX activity) was improved in treatment
groups compared to AD control group, although there was no difference among the treatment modalities.

Severe oxidative damage, disruption of the cholinergic system, deposition of -amyloid (AB) protein, and
formation of extracellular plaques are recognized as principal contributors to memory deterioration in AD (33).
The GPx activity and MDA level are commonly utilized as quantifiable indicators of oxidative injury. GPX serves
as a key intracellular antioxidant enzyme that catalyzes the reduction of hydrogen peroxide by oxidizing
glutathione, thereby stabilizing cell membrane integrity and preserving cellular function. In contrast, MDA is a
reactive aldehyde formed as a byproduct of lipid peroxidation, reflecting oxidative damage mediated by reactive
oxygen species (ROS) (34). Maintaining neural homeostasis and clearance of AP plaques under physiological
conditions is the pivotal role of microglia, the resident immune cells of the brain (35). However, in AD,
dysfunctional microglia fail to exert protective effects and instead produce exaggerated inflammatory responses
that contribute to disease pathogenesis (36).

In our study, the elevated MDA levels observed in the AD control group confirmed the presence of severe
oxidative stress, while curcumin treatment markedly reduced these levels. This finding is in agreement with
previous reports showing that curcumin suppresses lipid peroxidation by scavenging reactive oxygen species
(ROS) and inhibiting the chain reactions that damage cell membranes (37-39). The decreased GPX activity in the
AD control group indicates impaired antioxidant defense in the diseased brain. Curcumin administration
significantly restored GPX activity, suggesting that it either upregulates GPX gene expression or protects enzyme
structure and function from oxidative damage. Previous studies have reported similar findings, showing that
curcumin enhances the activity of antioxidant enzymes, including GPX (39, 40).

The impact of exercise on inflammatory processes varies according to the type, intensity, and duration of
training, as well as individual and tissue-specific factors (41). Moderate, regular physical activity has been shown
to induce anti-inflammatory effects, whereas high-intensity or competitive exercise may trigger pro-inflammatory
responses (42). In the present study, eighth weeks of endurance training led to a significant reduction in MDA
levels indicating decreased oxidative stress, along with a significant increase in GPX activity reflecting enhanced
intracellular antioxidant defense. Consistent with this study, regular treadmill exercise for 12 weeks has also been
shown to promote microglial polarization from the pro-inflammatory M1 phenotype to the anti-inflammatory M2
phenotype, thereby attenuating hippocampal inflammation and oxidative damage and ultimately improving
cognitive performance (43). Furthermore, five months of voluntary wheel running reduced AB40 and APB42
accumulation in the brains of AD mice (44), and a similar reduction in AP deposition was observed after treadmill
training in 3-month-old AD mice (45). However, in contrast to these findings, a 16-week aerobic exercise
intervention in AD patients failed to significantly alter cerebral Ap levels (46).

In addition to biochemical effects, curcumin improved memory performance in the treated rats. The
observed improvement may be attributed to curcumin’s ability to reduce oxidative and inflammatory damage in
the hippocampus, the primary brain region responsible for learning and memory. Various studies also confirmed
our findings in this matter (37, 39, 40).

Epidemiological evidence indicates that regular exercise can reduce the risk of developing AD by up to
45%, suggesting a substantial protective role of physical activity in preventing dementia (47-49). Exercise also
exerts favorable effects on several major risk factors for AD, including hypertension, type Il diabetes, obesity,
and hyperlipidemia (50). Although one study reported that moderate- to high-intensity aerobic and resistance
training did not slow cognitive decline in patients with mild-to-moderate dementia, it did improve physical fitness
(51). Conversely, multiple animal and clinical studies have demonstrated that exercise mitigates symptoms of
neurodegenerative disorders and delays disease progression through diverse molecular and physiological
mechanisms (52). The findings of this study were consistent with those of the second study but in contrast with
the first, demonstrating that the exercise group exhibited significantly less memory impairment than the AD
control group. Furthermore, memory performance in the combined exercise and curcumin (CUR+EXE) group
was significantly improved compared to the exercise (EXE) group.

Under systemic or localized inflammatory conditions, cellular and molecular mediators transmit
inflammatory signals to the central nervous system through multiple pathways. Normally, such immune responses
are appropriately regulated to prevent excessive inflammation and secondary neuronal injury (53). To enhance
the clinical relevance of the present study, osteoarthritis was experimentally induced in the animal model, as it

represents a prevalent comorbidity among older adults and a leading cause of disability worldwide (54). Recent
studies suggest that oxidative stress (OS) plays a pivotal role in maintaining cartilage homeostasis. Disruptions in
redox balance can provoke intra-articular damage and trigger inflammatory processes within joint tissues,
including the synovium and cartilage (55). Knee osteoarthritis was considered as a comorbid model in the present

study due to its high prevalence and its characteristic association with chronic inflammation.
A major strength of the present study lies in its novel design, which simultaneously investigates
Alzheimer’s disease and osteoarthritis, two conditions that share common oxidative and inflammatory
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mechanisms. By combining curcumin supplementation with exercise, we examined the potential impact of
lifestyle modification and nutraceutical intervention on both biochemical and behavioral outcomes, thereby
enhancing the reliability of our findings. Despite these strengths, certain limitations should be acknowledged. A
key limitation was the absence of multi-dose validation, and potential differences between rat and human
metabolism should also be taken into account. Also the effects of higher doses, long-term administration, and
formulations with enhanced bioavailability should be explored to access possible adverse effects. Future studies
are warranted to explore various exercise intensities and curcumin dosages, as well as the specific molecular
signaling pathways underlying their effects.

5. Conclusion

Overall, our findings suggest that both curcumin and exercise attenuate oxidative stress and cognitive
decline in AD rat models.
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