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Abstract
Alzheimer’s disease (AD) pathology involves several pathways, with oxidative stress 
and inflammation among the major drivers. This study employs an animal model 
to evaluate the effects of treadmill exercise and D-ribose-L-cysteine (DRLC) on 
aluminum chloride (AlCl3)-induced AD. Seventy adult male Wistar rats (150–200 g) 
were randomized into seven groups (𝑛=10), including a control and six experimental 
groups: (i) AlCl3-only; (ii) AlCl3 + DRLC; (iii) AlCl3 + exercise; (iv) AlCl3 + DRLC + exercise; 
(v) DRLC-only; and (vi) exercise-only. A modified rodent treadmill apparatus was used 
for the exercise regimen, and AlCl3 and DRLC (100 mg/kg each) were prepared freshly 
for every administration. Y-maze and open field tests were used to evaluate the 
neurotoxic effects of AlCl3 on working and spatial memory. Oxidative stress markers, 
neurotransmitter levels, neuroinflammatory markers, and immunohistochemical 
analysis were also conducted to assess the impact of AlCl3 and the treatments on 
the hippocampus and prefrontal cortex. Results indicate that AlCl3 administration led 
to a decrease in neurobehavioral performance, monoamine neurotransmitter levels, 
and antioxidant parameters, with a corresponding increase in oxidative stress and 
neuroinflammatory markers. The deleterious effects of AlCl3 were also evident in the 
hippocampus and prefrontal cortex of the rats, contributing to AD-like pathology, 
as indicated by neurodegeneration. However, combined DRLC supplementation 
and treadmill exercise attenuated AlCl3-induced behavioral, biochemical, and 
histopathological alterations, restoring several outcomes toward control levels. 
In conclusion, the combined approach of exercise and DRLC proved to possess 
multiple therapeutic benefits in relieving AD symptoms due to their neuroprotective 
properties.
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1. Introduction
Alzheimer’s disease (AD) is the most common cause 
of dementia and is characterized by cognitive decline, 
loss of independence in activities of daily living, and 
neurodegeneration.1 The condition is linked with an 
increased risk of adverse events and death in older 
adults and is the primary cause of memory loss in the 
elderly.2 According to the Alzheimer’s Association, 33% 
of people over 65  years old will die from dementia or 
AD.3 Consequently, AD is a significant health concern as 
people age, with 81% of AD patients being 75 years of age 
or older. Based on the estimates made by the Alzheimer’s 
Association,4 by 2050, there will be around one million 
new cases of AD annually, or one new diagnosis every 
33 s. Depending on the stage of disease, symptoms, such as 
depression, apathy, difficulties in social interaction, poor 
decision-making, disorientation, motor and swallowing 
difficulties, and other behavioral changes can worsen, 
making daily activities increasingly challenging.5 Factors, 
such as heredity, age, and sex influence the time course 
over which many of these symptoms manifest.6

The amyloid and cholinergic hypotheses are the two 
primary theories proposed as causes of AD, making 
it a multifactorial disease. Risk factors for AD include 
head trauma, vascular disorders, genetic susceptibility, 
infections, aging, and environmental exposures.7 The 
accumulation of tau and amyloid-beta (Aβ) proteins 
is associated with the gradual cognitive deterioration 
observed in AD.1 Beta- and gamma-secretases successively 
cleave the amyloid pre-cursor protein to create Aβ. Thus, 
when Aβ aggregates, harmful oligomers that impair 
neurons are formed.8,9 Conversely, tau originates from the 
microtubule-associated protein tau gene by alternative 
splicing, which produces soluble protein isoforms.9 Aβ and 
tau have been found to have several functional interactions 
in the damage of neuronal circuits and cognitive 
impairment associated with AD.8 Unfortunately, there 
is presently no recognized treatment for the condition; 
however, present research focuses on understanding AD 
pathology by addressing several mechanisms, including 
aberrant tau protein metabolism, inflammatory responses, 
β-amyloid, cholinergic damage, and free radicals, to create 
prominent therapies that can put an end to or alter the 
course of the disease.9

Several studies have shown a strong correlation between 
heavy metals and neurodegenerative diseases, such as 
AD.10,11 The onset of AD was directly linked to exposure 
to certain metal toxicants, such as aluminum (Al), which 
is absorbed by the body through occupational exposure, 
contaminated food, contaminated drinking water, and 
food cooked in Al cookware.12,13 Given that Al directly 

affects many nervous system metabolic pathways, it is a 
key heavy metal linked with the onset and progression 
of neurodegenerative disorders.13 Aluminum chloride 
(AlCl3), found in many commercially made products, 
including food, toothpaste, medications, and packaged 
drinking water, has a highly diverse usage.14 It ultimately 
accumulates in the brain and can alter the blood–brain 
barrier.15 Consequently, Al brain poisoning is considered 
a contributing factor to neurological disorders and may 
impair the functioning of antioxidant enzymes, potentially 
harming neuronal DNA and altering brain chemistry.15 
In addition, Al has been demonstrated to cause oxidative 
stress, Aβ oligomer cross-linking and accumulation, as well 
as plaque development in the hippocampus and cortex, 
areas involved with memory and executive functions.11,16 
Consequently, the neuroprotective properties of different 
chemical substances and plant-based compounds against 
AD can be thoroughly investigated using the AlCl3-
induced AD rat model.13,17

According to Mahalakshmi et al.,18 neuroprotection 
is the general term for preventing the death of neuronal 
cells through intervention and inhibition of the pathogenic 
process that results in cellular malfunction and death. In the 
quest for innovative treatments that may preserve neural 
tissue while improving the general outcome, the scientific 
community has shown great interest in the prospect 
of neuroprotection.19 Kumar and Singh20 stated several 
theories around AD pathogenesis, including increased 
phosphorylated tau and amyloid beta levels caused by age, 
a positive family history, Aβ deposition, genetic mutation 
in amyloid pre-cursor protein, decreased neuronal synaptic 
connections, and social and cognitive involvement. In 
addition, hippocampal degeneration, microglial activation, 
cerebral energy failure, neuroinflammation, and neuronal 
apoptosis appear to be associated with the pathogenesis 
of AD.21 Conversely, research has indicated that there 
are preventable risk factors for AD, such as diabetes, 
high blood pressure, depression, smoking, obesity, and a 
sedentary lifestyle.22 Given this, physical exercise might 
indirectly impact other disease-related characteristics 
and could be one of the most effective ways to combat 
various neurodegenerative diseases.23 Regular exercise 
improves the health and function of the brain. Human 
and animal studies have revealed that exercise enhances 
cognitive function and speeds up the healing process 
after an injury.24 The central noradrenergic, serotonergic, 
and dopaminergic systems are also impacted by physical 
exercise.25 Exercise specifically causes the brain to release 
certain neurotransmitters that reduce physical and mental 
stress. It is also one of the few techniques for generating 
new neurons.26 Although running has attracted a lot of 
attention in this area of study, all forms of aerobic exercise 
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have also shown neuroprotective advantages.27 Based on a 
meta-analysis by Lin et al.,28 exercise lowered dementia risk 
by 28% and AD risk by 45%, and increased daily physical 
activity is linked to a reduced risk of AD. Furthermore, 
recent research indicates that one of the major prominent 
risk factors for individuals with AD is inactivity;22 further 
stating that exercise helps to improve neurogenesis, boosts 
cerebral blood flow, and enhances brain hippocampal 
and mitochondrial volumes. Therefore, exercise could 
improve daily living activities, minimize neuropsychiatric 
symptoms, and enhance cognitive performance in AD 
patients.2 Compared to pharmacological interventions, 
exercise has also been shown to present fewer side effects 
and improve adherence.22 Consequently, exercise appears 
to serve as a potential non-pharmacological approach to 
delay or slow down AD onset.29 Lu et al.30 and Tang et al.31 
reported that treadmill exercise increased angiogenesis 
and reduced hippocampal region neuronal apoptosis, 
protecting rats from cerebral ischemia.

The etiology of AD is also dependent on oxidative 
stress-mediated cellular damage.32 The notion that 
oxidative stress is instrumental in AD pathophysiology is 
supported by the observed upsurge in lipid peroxidation 
and decrease in the endogenous level of antioxidants, 
which are present in the disease.32,33 Reactive nitrogen 
and reactive oxygen species are typical oxidant molecules 
that contribute to lipid peroxidative tissue damage. These 
oxidant molecules then trigger a neuroinflammatory 
cycle, leading to the progressive degeneration of the 
neural pathways that control learning and memory.34 
However, Moreira et al.33 and Mandal et al.35 reported 
that glutathione (GSH) is the mammalian tissues’ most 
significant intracellular antioxidant defense molecule, 
particularly in the brain, and the degree of alterations in 
its redox cycle appears to be correlated with the severity 
of any diseased condition. The neural circuits involved in 
the pathogenesis of AD exhibit substantial degeneration 
in GSH-deficient animals.36 Accordingly, it has been 
suggested that increasing GSH levels in the brain might 
help protect the integrity of neurons and stop the gradual 
memory deterioration expressed in AD patients.37 
Riboceine, a synthetic antioxidant, helps cells generate 
glutathione when needed. Ogunlade et al.38 describe 
D-ribose-L-cysteine (DRLC) as a potent antioxidant 
that helps cells produce glutathione when needed in 
the body. When cells require glutathione, ribose, which 
is a component of riboceine, effectively supplies and 
protects the delicate cysteine molecule.39 DRLC is the 
active constituent of riboceine. Because it is derived 
from L-cysteine, a semi-essential amino acid produced 
from methionine, DRLC serves as a pre-cursor for GSH 
synthesis.40 DRLC is a nutritional supplement designed 

to provide cysteine to the cells, increasing the GSH levels 
within them.41 GSH exists throughout the body and 
plays significant antioxidative roles, but it can be readily 
depleted due to oxidative stress.42 According to reports, 
people with AD may have modest cognitive improvement 
by elevating GSH levels.27,37

The present research aims to uncover the protective 
properties of treadmill exercise and DRLC supplementation 
on AlCl3-induced AD in rats through the suppression 
of neuroinflammation, oxidative stress, and other 
neurodegeneration markers.

2. Materials and methods
2.1. Chemicals

DRLC and AlCl3 were procured from Sigma Chemical 
Corporation (United States) and dissolved in distilled 
water. All other chemicals used in the study were of 
analytical grade.

2.2. Animal care and management

Seventy adult male Wistar rats (weighing 150–200  g) 
were obtained from the breeding stock at the Faculty 
of Agriculture and Agricultural Technology, Federal 
University of Technology, Akure (FUTA), Ondo State, 
Nigeria. The rats were kept in the Animal House 
Laboratory, Department of Human Anatomy, FUTA. They 
were housed in a wire gauze cage appropriately divided 
into four sections and large enough to allow sufficient 
airflow and free movement, promoting complete aeration, 
with a continuous 12-h light and dark schedule at room 
temperature (22 ± 3°C) for the duration of the study. The 
cage’s floors were cushioned by coarse sawdust and lined 
with pieces of carpet. The rats were acclimatized for 7 days 
after being fed Growers Marsh (pellets), which were bought 
from a feed store at Agro Feeds, FUTA. The experimental 
animals were used in protocols that were approved by 
the Center for Research and Development, FUTA, and 
followed the Guide for the Care and Use of Laboratory 
Animals (FUTA/ETH/24/147).

2.3. Experimental design

The animals were randomized into seven groups (n=10). 
AlCl3  (100  mg/kg body weight [BW])11 and DRLC 
(100  mg/kg BW)38 were freshly prepared before each 
administration. A  treadmill apparatus modified for 
rodent exercise was used for the training regimen. The 
treadmill utilized shock grids to motivate the animals 
to keep running, and the speed was set at 0.5  m/s for 
10 min/day.43 This protocol was selected to provide a mild, 
non-exhaustive aerobic exercise regimen designed to 
minimize stress.44,45 The animals were grouped as follows:
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(i)	 Group A was the control group.
(ii)	 Group B was given 100 mg/kg BW of AlCl3 only.
(iii)	Group  C was given 100  mg/kg BW of AlCl3 and 

100 mg/kg BW of DRLC.
(iv)	 Group  D was given 100  mg/kg BW of AlCl3 and 

10 min of treadmill exercise at 0.5 m/s.
(v)	 Group E was given 100 mg/kg BW of AlCl3, 100 mg/

kg BW of DRLC, and 10 min of treadmill exercise at 
0.5m/s.

(vi)	 Group F was given 100 mg/kg BW of DRLC only.
(vii)	Group  G was given 10  min of treadmill exercise at 

0.5 m/s only.

For groups receiving more than one of the compounds 
and/or exercise regimen, administrations were performed 
sequentially with a 30-min interval. All animal-related 
procedures in this study were approved by the Departmental 
Committee on the Use and Care of Animals and conducted 
in accordance with the Guide to the Care and Use of 
Laboratory Animals (8th  Edition).46 All pharmacological 
administration was done through oral gavage once daily, 
and the experiment spanned 45 days. After the experiment, 
animals were sacrificed using cervical dislocation. The 
brain tissues of the rats were removed, purified, and rinsed 
with saline (0.9% sodium chloride).

2.4. Treadmill exercise protocol

An electric treadmill machine (JDB 1370, 6.0 HP, 12 km/h; 
SixBros® Electric Treadmill, United  Kingdom) was used 
as the exercise apparatus, with some modifications43 using 
a box of acrylic boards with eight compartments for the 
rats to run in, and a lid to keep them from escaping. In 
addition, copper wires were used to line the box, serving 
as panel terminals. To make contact with the rat’s exposed 
rear end, the wires were bent into the shape of a hook, 
passing an electric shock with a tolerable voltage (132 V, 
1.2 mA) through the wires to stop the rats from hanging 
back during the exercise session.47 Before the exercise, all 
rats were acclimated to running on a treadmill for 10 min/
day at a speed of 0.5 m/s for 1 week.43 The rats in Group A 
were used as the control, and the animals in Groups D, E, 
and G were routinely exercised during the experiment.48

2.5. Behavioral parameters

Open field and Y-maze tests were performed to assess 
AlCl3-induced neurobehavioral alterations, including 
locomotor/exploratory activity and spatial working 
memory, respectively, and to determine whether treadmill 
exercise combined with DRLC attenuates these deficits.

2.5.1. Open field test

The open field test was conducted according to the 
procedures outlined by Gould et al.49 A wooden box 

measuring 100 cm × 100 cm with walls that are 50 cm high 
(open from the top) was used as the open field apparatus.38,49 
It was housed in a separate room with standard temperature 
and lighting conditions. The floor was marked with square 
grids, each 25 cm long, using a blue marker, and a central 
square of the same size was outlined with a red marker. 
An angled video recording device (EZVIZ H9c Dual, 
Hikvision, China) was set up to record the rats’ movements 
inside the box arena. On day 0, following the acclimatization 
period before the experiment’s commencement, the rats 
underwent neurobehavioral training, and after the final 
administration, they also went through behavioral testing. 
To prevent stress on the rats, each group was brought to 
the open field arena in its cage, with care taken to ensure 
no disturbance. Every rat was softly taken and placed in 
the center square, where it could explore for 5 min while 
the overhead camera recorded the video. For rats in each 
group, this process was repeated. To eliminate the smell 
of the previously tested rat, methylated spirit was used to 
wipe the apparatus before each test. In addition, during 
each test, a neutral observer steered clear of the apparatus.

Upon completing the test, the observer reviewed the 
video and tallied the number of squares each rat had 
explored. Two behavioral patterns (the frequency of 
rearing and the total lines crossed) were recorded. The 
number of times the rat crossed any of the grid lines with 
all four paws was recorded as the number of lines crossed; 
the times it crossed a red line into the central square with 
all four paws was noted as the center square entry; the 
total duration spent in the center square was labeled as the 
center square duration; the occurrences of the rat standing 
on its hind legs were counted as the rearing frequency; 
and the frequency of the rat showing forward extension 
of the head and shoulders before returning to the starting 
position was noted as the stretch attend posture.

2.5.2. Y-maze test

The Y-maze test was carried out following the methods 
outlined by Kraeuter et al.50 to test the rats’ working and 
cognitive memory. On day 0, following the acclimatization 
period before the experiment’s commencement, the rats 
went through neurobehavioral training, and after the 
final administration, they also went through behavioral 
testing. The Y-maze was conducted from 9 a.m. to 3 
p.m. in a calm, dimly lit room. An independent observer 
without knowledge of the experimental protocol scored 
each behavioral test after it was videotaped. A 10% ethanol 
solution was used to clean all test equipment to eliminate 
any potential bias from the previous animal’s odor. The 
animals were placed in a Y-maze with arms that were 75 cm 
long, 15  cm wide, and angled at 120° from one another. 
The rats were given 5 min to explore the maze after being 
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placed on a pre-determined start arm. Arm entry was 
scored when the hind limbs were fully in the arm. When an 
animal successfully explored each of the maze’s three arms 
per exploration triad (i.e., entering all three arms in the 
overlapping triplet sets is defined as correct alternation; for 
example, XYZ, ZXY, or YZX), the animal received a score. 
An alternation was deemed incorrect once two arms were 
explored per exploration triad (e.g., XYX, ZXZ, and YXY). 
The percentage of spontaneous alternation was calculated 
using Equation (1):

Correct alternation/(total arm entries – 2) × 100� (1)

2.6. Biochemical analysis

2.6.1. Tissue homogenization

Following the methods of Sun and Zigman,51 the brain 
tissues (hippocampus and prefrontal cortex) were 
homogenized (Bead Ruptor Elite, OMNI International, 
United States of America [USA]) in ice-cold 0.25 M 
sucrose solution. The homogenates were transferred to 
5-mL tubes and centrifuged (Model 90-1; Jiangsu Jinyi 
Instrument Tech, China) at 3,000 rpm for 15 min. Pasteur 
pipettes were used to collect the supernatant, which was 
then placed into sample bottles and kept in a freezer at 
−4°C until further use.

2.6.2. Superoxide dismutase (SOD) assay

SOD activity was measured using a spectrophotometric 
(NanoDrop, Thermo Fisher Scientific, USA) method. 
A  reaction mixture (3  mL), including 0.02  mL of tissue 
homogenate, 2.95  mL of carbonate buffer, and 0.03  mL 
of 2 mM SOD substrate in 0.005 M hydrochloric acid 
was used to initiate the reaction. The reference cuvette 
contained 2.95 mL of buffer, 0.02 mL of water, and 0.03 mL 
of substrate. The absorbance was measured at 480 nm at 
regular intervals of 1 min for 5 min. Values were expressed 
as units per milligram of protein (U/mg protein).

2.6.3. Catalase (CAT) assay

CAT activity was determined according to the method 
described by Clairborne,52 with slight modifications. 
Briefly, the reaction mixture contained 50 mM phosphate 
buffer (pH  7.0), tissue homogenate (100 µL), and 19 
mM hydrogen peroxide in a final volume of 3  mL. The 
reaction was initiated by adding hydrogen peroxide and 
allowed to react for 1  min at room temperature. The 
decomposition of hydrogen peroxide was monitored by 
measuring the decrease in absorbance at 240  nm using 
the spectrophotometer. The reaction was terminated by 
adding 1 mL of a dichromate-acetic acid reagent (a mixture 
of 5% potassium dichromate in glacial acetic acid in a 1:3 
ratio), followed by heating the tubes in a boiling water 

bath for 10 min to develop a stable color. CAT activity was 
expressed as µmoles of hydrogen peroxide decomposed 
per minute per mg of protein using the molar extinction 
coefficient for hydrogen peroxide (43.6/M/cm at 240 nm).

2.6.4. Reduced glutathione level

Reduced GSH levels were determined according to 
the method described by Jollow et al.,53 with minor 
modifications. Briefly, 0.5  mL of tissue homogenate 
was mixed with 0.5  mL of 4% sulfosalicylic acid and 
centrifuged at 10,000 × g for 10 min at 4°C to precipitate 
proteins. The resulting supernatant (0.5  mL) was then 
added to 2.0 mL of 0.1 M phosphate buffer (pH 7.4) and 
0.25  mL of 0.01 M 5,5’-dithiobis-(2-nitrobenzoic acid). 
The formation of the yellow-colored chromophore was 
measured spectrophotometrically at 412  nm against a 
reagent blank. GSH levels were calculated using a standard 
curve generated with known concentrations of reduced 
GSH and expressed as nmol of GSH per mg of protein.

2.6.5. Lipid peroxidation level

Lipid peroxidation was assessed by measuring the 
malondialdehyde (MDA) content in tissue homogenates, 
following the method of Farombi et al.,54 with slight 
modifications. Briefly, 0.5  mL of tissue homogenate was 
mixed with 1.5 mL of 10% trichloroacetic acid, 1.5 mL of 
0.75% thiobarbituric acid, and 0.5 mL of 5% (w/v) butylated 
hydroxytoluene in 0.1 M hydrochloric acid. The mixture 
was vortexed and then incubated in a boiling water bath 
at 95°C for 60 min. After cooling to room temperature, the 
tubes were centrifuged at 3,000 × g for 10  min, and the 
absorbance of the pink-colored supernatant was measured 
at 532 nm using a spectrophotometer. The concentration 
of MDA was calculated using an extinction coefficient (ε) 
of 1.56 × 105 L/mol/cm, and the results were expressed as 
nmol MDA per mg protein.

2.6.6. Determination of nitric oxide (NO) level

NO levels were determined as nitrite using the Griess 
reagent, following the method of Moshage et al.,55 
with slight modifications. Briefly, 100 μL of the tissue 
supernatant was mixed with 100 μL of freshly prepared 
Griess reagent, consisting of 1% sulfanilamide and 0.1% 
N-(1-naphthyl)ethylenediamine dihydrochloride in 2.5% 
phosphoric acid. The reaction mixture was incubated at 
room temperature for 20 min in the dark to allow color 
development. The absorbance was measured at 550  nm 
using an ultraviolet-visible spectrophotometer. A standard 
curve was generated using sodium nitrite solutions 
(0–100 μM), and the nitrite concentration in the samples 
was calculated accordingly. Results were expressed as μM 
nitrite per gram of tissue (μM/g).
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2.7. Tissue collection and processing

A few hours after the behavioral tests concluded, the animals 
were sacrificed using cervical dislocation. Subsequently, the 
brain tissues were washed with cold phosphate-buffered 
saline and fixed in 4% paraformaldehyde for 24  h. After 
being removed from the fixed brain, the hippocampus 
and prefrontal cortex were dehydrated using ascending 
alcohol concentrations (50%, 70%, 90%, and 100%). The 
tissues were then cleared twice for 15 min each in xylene. 
Tissues were subsequently embedded in paraffin wax at 
similar orientations after infiltration, and embedding 
was completed using paraffin wax in a Leica (Germany) 
hot air oven at 56°C. A rotary microtome (Leica RM2245, 
Germany) was used to obtain tissue sections serially, which 
were subsequently mounted on glass slides.

For histology, 3  µm sections were used. Pearse56 
method, as amended by Fischer et al.,57 was adopted in 
staining the brain sections. Hematoxylin and eosin staining 
was used to show the prefrontal cortex and hippocampal 
general cytoarchitecture. Immunohistochemistry was 
performed using primary antibodies against brain-derived 
neurotrophic factor (BDNF) and Aβ to assess BDNF 
expression and amyloid plaque burden, respectively. 
Sections underwent heat-induced antigen retrieval in 
10 mM citrate buffer (pH  6.0) at 95°C for 15  min.58 
Endogenous peroxidase activity was blocked by incubating 
the sections with 3% hydrogen peroxide for 10  min. To 
prevent non-specific binding, sections were incubated in 
5% normal goat serum for 30 min at room temperature.59 
The following primary antibodies were used: Anti-BDNF 
(rabbit polyclonal, ab108319; Abcam, United Kingdom) at 
1:200 dilution and anti-Aβ (mouse monoclonal, ab11132; 
Abcam, United Kingdom) at 1:250 dilution. Sections were 
incubated with the primary antibodies overnight at 4°C. 
After phosphate-buffered saline washes, they were treated 
with biotinylated secondary antibodies. The secondary 
antibodies used were goat anti-rabbit immunoglobulin 
G (IgG) for BDNF (NB7160; Novus Biologicals, USA) 
and goat anti-mouse IgG for Aβ (11115-S; IBL-America, 
USA) at a 1:500 dilution for 1  h at room temperature. 
Immunoreactivity was visualized using an avidin-
biotin complex method and 3,3’-diaminobenzidine as 
the chromogen.60 Counterstaining was performed with 
Mayer’s hematoxylin. Images were captured using a Leica® 
(Germany) DM5000B microscope and a Leica (Germany) 
EC3 digital camera.

2.8. Photomicrography and quantification

Immunostained slides were digitized with the Panoramic 
250 Flash II slide scanner (3D Histech, Hungary). 
A complementary digital microscopy software, Caseviewer 

(version  2.5), was employed in the random capturing of 
8–10 parallel photomicrographic fields of the hippocampus 
and prefrontal cortex regions. Thereafter, analysis of 
photomicrographs was conducted using Immunoratio and 
cell count plugins of the ImageJ software (version 1.54p). 
The ImmunoRatio plugin estimates the ratio of brown 
3,3’-diaminobenzidine (positive immunoreactivity) to the 
hematoxylin counterstain by digital color deconvolution. 
The number of manually selected cell types was recorded 
using the cell counter plugin.61 Data analysis was performed 
using the average scores of the analyzed photomicrographs.

2.9. Neurotransmitter analysis

2.9.1. Brain monoamine neurotransmitter analysis

Wet tissue was weighed and homogenized for about 1 min 
in 5  mL of hydrochloric acid in butanol to quantify the 
amount of monoamine neurotransmitters (serotonin, 
dopamine, and norepinephrine). The product was then 
centrifuged at 2,000 rpm for 10 min. A 1 mL aliquot of the 
supernatant phase was removed and placed in a centrifuge 
tube along with 2.5 mL of heptane and 0.31 mL of 0.1 M 
hydrochloric acid. Following 10  min of vigorous shaking, 
the tube was centrifuged under similar conditions to 
separate the two phases, and the organic layer on top was 
discarded. The aqueous phase (0.2 mL) was then extracted 
for the serotonin, dopamine, and norepinephrine assays. 
Every step was completed at 0°C.62 To analyze dopamine 
and norepinephrine, 0.05  mL of 0.4 M hydrochloric acid 
and 0.1  mL of ethylenediaminetetraacetic acid/sodium 
acetate buffer (pH  6.9) were added to 0.2  mL of aqueous 
phase. For oxidation, 0.1 mL of iodine solution (0.1 M in 
ethanol) was added. After 2  min, the reaction was ended 
by adding 0.1  mL of sodium sulfite solution, followed by 
0.1 mL of acetic acid after another 1.5 min. After the sample 
had recovered to ambient temperature, the solution was 
heated to 100°C for 6  min. The spectrofluorometer (FP-
6500, JASCO Inc., Japan) was used to measure the excitation 
and emission spectra for norepinephrine and dopamine 
analysis. To analyze serotonin, 0.2  mL of aqueous extract 
was mixed with 0.25 mL of o-phthalaldehyde reagent and 
heated to 100°C for 10 min to allow fluorophore formation. 
Measurements were then taken using the spectrofluorometer 
once the samples had cooled to room temperature.

2.9.2. Determination of acetylcholinesterase (AChE) 
content

Using Ellman’s method,63 the level of AChE in the 
hippocampus and prefrontal cortex was determined by 
mixing 0.05 mL of supernatant with 0.1 mL of 5-dithio-bis-
(2-nitrobenzoic acid) (Ellman’s reagent), 3 mL of sodium 
phosphate buffer (pH 8), and 0.1 mL of acetylthiocholine 
iodide. Using the PerkinElmer (United States) Lambda 20 
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spectrophotometer, the absorbance change was measured 
at 30-s intervals for 2  min at 412  nm. The results were 
expressed in μmol of acetylthiocholine iodide hydrolyzed 
per minute per mg of protein.

2.10. Quantification of inflammatory markers

The levels of interleukin-6 (IL-6) and tumor necrosis 
factor-α (TNF-α) in the supernatants of the hippocampus 
and prefrontal cortex of control and treated animals were 
determined using the appropriate assay kits as per the 
manufacturer’s instructions (Mybiosource, USA).64

2.11. Statistical analysis

Using GraphPad Prism® 8 Windows (GraphPad Software, 
USA), a one-way analysis of variance with Tukey’s multiple 
comparisons test was used for the statistical analysis. 
Differences between means at p<0.05 were considered 
significant, and the results were expressed as mean ± 
standard error of mean.

3. Results
3.1. Effect of DRLC and treadmill exercise on the 
neurobehavior of rats

Locomotor/exploratory activity and spatial working 
memory were evaluated using the open field and Y-maze 
tests, respectively. In the open field test, activity was 
quantified as the number of lines crossed during a 5-min 
session (Figure 1A). In the Y-maze test, working memory was 
assessed using the percent correct alternation (Figure 1B). 
The result revealed that rats in Group B showed a significant 
decrease (p<0.05) in the number of lines crossed per 5 min 
and percentage correct alternation when compared to 
Group A (Figure 1). In addition, the rats in Groups C, D, 
and E showed a significant increase (p<0.05) in the number 
of lines crossed per 5 min and percentage correct alternation 
when compared with Group B. There was also no significant 
difference in the number of lines crossed per 5  min and 

percentage correct alternation when Group E was compared 
to the control group. In addition, no significant difference 
was observed in the number of lines crossed per 5 min and 
percentage correct alternation between Groups A, F, and G 
when compared to one another.

3.2. Effects of DRLC and treadmill exercise on 
antioxidant enzyme activities and oxidative stress 
markers

To evaluate the antioxidant activity in the brain 
(hippocampus and prefrontal cortex) of rats treated with 
DRLC and treadmill exercise against AlCl3-induced 
neurodegeneration, the levels of SOD, CAT, and GSH were 
examined. MDA and NO, two indicators of oxidative stress, 
were also investigated (Figure 2). The findings demonstrated 
that the antioxidant enzyme activities (SOD, CAT, and 
GSH) of rats in Group B significantly decreased (p<0.05), 
accompanied by a corresponding increase (p<0.05) in 
oxidative stress markers (MDA and NO) when compared 
to Group  A. Furthermore, when compared to Group  B, 
Groups  C, D, and E demonstrated a significant increase 
(p<0.05) in antioxidant enzyme activities (SOD, CAT, and 
GSH) and a consequent decrease (p<0.05) in oxidative 
stress markers (MDA and NO). Moreover, when Group E 
was compared to the control group, there was no significant 
difference in the levels of antioxidant enzyme activities 
(SOD, CAT, and GSH) or oxidative stress markers (MDA 
and NO). In addition, when compared to each other, there 
was no significant difference between Groups A, F, and G.

3.3. Effects of DRLC and treadmill exercise 
on brain monoamine neurotransmitters and 
acetylcholinesterase levels

This study examined the hippocampus and prefrontal 
cortex for the monoamine neurotransmitters (serotonin, 
dopamine, and norepinephrine). When compared to 
Group  A, Group  B had significantly lower (p<0.05) 
dopamine and serotonin levels and higher norepinephrine 

Figure 1. Effects of D-ribose-L-cysteine (DRLC) and treadmill exercise on neurobehavioral tests in aluminum chloride (AlCl3)-induced neurodegeneration 
in normal and experimental rats. (A) Open field test. (B) Y-maze test. All data were analyzed using one-way analysis of variance followed by Tukey’s 
multiple comparisons test. Data are expressed as mean ± standard error of mean (n=10). Group B differed significantly from Group A in all panels, 
indicating successful AD model induction. *p<0.05 versus Group B (AlCl3-induced Alzheimer’s disease model group).
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levels (Figure 3). However, when compared to Group B, 
Groups  C, D, and E exhibited a significant increase 
(p<0.05) in dopamine and serotonin levels with a 
corresponding decrease in norepinephrine levels. 
Furthermore, when comparing Group  B to Group  A, a 
significant decrease (p<0.05) in AChE levels was observed 
in Group A. Similarly, Groups C, D, and E demonstrated 
a significant decrease (p<0.05) in the brain AChE levels 
as compared to Group  B. However, when Group  E was 
compared to the control group, there was no significant 
difference in the levels of monoamine neurotransmitters 
(serotonin, dopamine, and norepinephrine) or AChE 
in the brain. In addition, when compared to each other, 
there was no significant difference in these parameters 
between the control Groups A, F, and G.

3.4. Effects of DRLC and treadmill exercise on brain 
inflammatory markers

Inflammatory markers (TNF-α and IL-6) in the brain tissues 
(hippocampus and prefrontal cortex) were quantified in 

this study. Group B showed a significant increase (p<0.05) 
in brain inflammatory marker levels (IL-6 and TNF-α) 
when compared with Group  A (Figure  4). Conversely, 
Groups C, D, and E showed a significant decrease (p<0.05) 
in the brain inflammatory marker levels (TNF-α and 
IL-6) when compared to Group B. However, there was no 
significant difference in the brain inflammatory marker 
levels (TNF-α and IL-6) in Group  E when compared to 
the control group. Moreover, no significant difference was 
observed between Groups A, F, and G when compared to 
one another.

3.5. Effect of DRLC and treadmill exercise 
on hippocampal and prefrontal cortex 
histomorphology

The results of the histological assessment in this study 
showed normal hippocampal morphology in Group  A 
(Figure  5A). Group  B showed few pyramidal cells with 
vacuolated neuropil, distorted glial cells between the outer 
marginal layer and inner pyramidal layer (Figure 5B) when 

Figure  2. Effects of D-ribose-L-cysteine (DRLC) and treadmill exercise on antioxidant enzyme activities and oxidative stress markers in aluminum 
chloride (AlCl3)-induced neurodegeneration in normal and experimental rats. (A) Superoxide dismutase (SOD), (B) catalase (CAT), (C) glutathione 
(GSH), (D) malondialdehyde (MDA), and (E) nitric oxide (NO). All data were estimated using one-way analysis of variance followed by Tukey’s multiple 
comparisons test. Data are expressed as mean ± standard error of mean (n=10). Group B differed significantly from Group A in all panels, indicating 
successful AD model induction. *p<0.05 versus Group B (AlCl3-induced Alzheimer’s disease model group).
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compared to the control group. Groups  C (Figure  5C) 
and D (Figure  5D) showed a reduced glial proliferation 
between the outer marginal layer and inner pyramidal 
layer and fewer vacuolated neuropil areas than Group B. 
In addition, Group  E (Figure  5E) showed a significant 
reduction in distorted glial cells in all hippocampal 
regions, as well as a low rate of neurodegeneration that 
is comparable to Group A. In Groups F (Figure 5F) and 
G (Figure 5G), there was normal orientation of glial cells 
similar to the control.

The photomicrograph representation of the prefrontal 
cortex in Group  B showed distorted neuronal cells and 
vacuolated neuropils, indicating signs of neurodegeneration 

when compared to Group  A, which displayed normal 
cortical architecture with intact neurons and glial cells 
(Figure  6A). Group  B exhibited significant atrophy 
and cellular disorganization (Figure  6B). In addition, 
Group C demonstrated a noticeable reduction in neuronal 
distortion and vacuolation (Figure  6C) compared to 
Group B. A similar trend was observed in Group D, which 
showed improved neuronal morphology and reduced 
signs of neurodegeneration (Figure 6D). Groups E, F, and 
G exhibited cortical structures comparable to the control 
group, further confirming the protective effects of these 
treatments against AlCl3-induced damage (Figure  6E-G, 
respectively).

Figure 3. Effects of D-ribose-L-cysteine (DRLC) and treadmill exercise on brain monoamine neurotransmitters and acetylcholinesterase (AChE) levels 
in aluminum chloride (AlCl3)-induced neurodegeneration in normal and experimental rats. (A) Dopamine, (B) serotonin, (C) norepinephrine, and 
(D) AChE. All data were estimated using one-way analysis of variance followed by Tukey’s multiple comparisons test. Data are expressed as mean ± 
standard error of mean (n=10). Group B differed significantly from Group A in all panels, indicating successful AD model induction. *p<0.05 versus 
Group B (AlCl3-induced Alzheimer’s disease model group).
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Figure 4. Effects of D-ribose-L-cysteine (DRLC) and treadmill exercise response on brain inflammatory markers in aluminum chloride (AlCl3)-induced 
neurodegeneration in normal and experimental rats. (A) Tumor necrosis factor-alpha (TNF-α). (B) Interleukin-6 (IL-6). All data were estimated using 
one-way analysis of variance followed by Tukey’s multiple comparisons test. Data are expressed as mean ± standard error of mean (n=10). Group B differed 
significantly from Group A in all panels, indicating successful AD model induction. *p<0.05 versus Group B (AlCl3-induced Alzheimer’s disease model 
group).
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3.6. Effects of DRLC and treadmill exercise on 
the immunohistochemical expressions and 
immunoreactivity of brain-derived neurotrophic 
factor and amyloid beta

The immunohistochemical expressions of BDNF and 
Aβ in the hippocampus of the rats in Group  A revealed 
that the structural architecture of the hippocampus’s 
pyramidal cells included normal neuronal cells devoid 
of any pathological features (Figure  7A). In the external 
pyramidal layer, the pyramidal neurons were arranged in a 
typically normal and structurally well-defined manner, with 
appropriate delineation and a normal cytoarchitectural 

assortment of the pyramidal cells. In contrast, Group  B 
showed Aβ plaque deposition and neuronal degeneration, 
exhibiting characteristic pathological alterations indicative 
of hippocampal degeneration, including chromatolysis, 
distortion, and pyknotic changes in the pyramidal cells 
of the CA3 region and the external pyramidal layer of 
the hippocampus (Figure 7B). However, Group E showed 
normal immunohistochemistry and normal neuronal 
cells with notable improvement and restoration in the 
morphological integrity and cytoarchitectural appearance 
of the hippocampus, along with the absence of amyloid 
deposit (Figure 7C and D), as similarly observed in Groups 

Figure 5. Photomicrographs of the CA3 region of the hippocampus showing the effect of D-ribose-L-cysteine (DRLC) and treadmill exercise against 
aluminum chloride (AlCl3)-induced neurodegeneration in normal and experimental rats. (A) Control group; (B) AlCl3-only group; (C) AlCl3 + 
DRLC group; (D) AlCl3 + exercise group; (E) AlCl3 + DRLC + exercise group; (F) DRLC-only group; and (G) exercise-only group. Scale bar: 50 µm; 
magnification: 400×.
Abbreviations: GC: Glial cells; GL: Glial layer; IPL: Inner pyramidal layer; OML: Outer marginal layer; V: Vacuolated neuropil.
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Figure 6. Photomicrographs of the prefrontal cortex showing the effect of D-ribose-L-cysteine (DRLC) and treadmill exercise against aluminum chloride 
(AlCl3)-induced neurodegeneration in normal and experimental rats. (A) Control group; (B) AlCl3-only group; (C) AlCl3 + DRLC group; (D) AlCl3 + 
exercise group; (E) AlCl3 + DRLC + exercise group; (F) DRLC-only group; and (G) exercise-only group. Scale bar: 50 µm; magnification: 400×.
Abbreviations: CL: Cortical layer; GC: Glial cells; NC: Neuronal cells; NP: Neuropils; PC: Pyramidal cells.
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E, F and G (Figure 7E to G).

The immunohistochemical evaluation of BDNF and Aβ 
expressions across the experimental groups demonstrated 
varying degrees of astrocytic activity in the prefrontal 
cortex. Group  A displayed the baseline expression of 
BDNF and Aβ, with sparsely distributed astrocytes 
and faint processes (Figure  8A). In contrast, Group  B 
showed a very low BDNF immunoreactivity, with a 
correspondingly high Aβ immunoreactivity, characterized 
by numerous astrocytes with elongated, densely stained 
processes, reflecting heightened neuroinflammation and 
neurodegeneration due to AlCl3 exposure (Figure  8B). 
Groups C, D, and E exhibited an increase in BDNF, with a 
similar decrease in Aβ expressions compared to Group B, 
showing fewer astrocytes and less prominent processes, 
suggesting the treatment’s potential role in attenuating 
the inflammatory response (Figure 8C-E). Groups F and 
G showed a moderate level of BDNF and Aβ expressions, 
indicating controlled astrocytic activation under 
experimental conditions (Figure  8F and G). In addition, 
the immunoreactivity and quantification of BDNF-  and 
Aβ-positive cells, as well as the percentage of BDNF and 
Aβ immunoreactivities, were conducted in this study, and 
the results showed varying degrees of expression in the 
hippocampus and prefrontal cortex between the control 

and experimental groups (Figures 9 and 10).

4. Discussion
This study investigated the neuroprotective effects of 
exercise and DRLC supplementation on AlCl3-induced 
AD pathology in rats. Our findings support the hypothesis 
that combined intervention can mitigate cognitive 
decline, oxidative stress, neuroinflammation, and 
neurodegeneration caused by AlCl3 exposure.

In terms of behavior, rats treated with AlCl3 exhibited 
significant impairments in working memory and locomotor 
activity, as demonstrated by reduced spontaneous 
alternation in the Y-maze test and fewer lines crossed in 
the open field test. These outcomes align with previous 
research showing the detrimental effects of Al on cognitive 
performance and anxiety-like behavior.65,66 Exercise and 
DRLC treatments significantly improved these measures, 
supporting their role in enhancing hippocampal-
dependent memory and exploratory behavior, likely 
through increased neurogenesis and synaptic plasticity.67,68 
This functional recovery suggests that interventions 
targeting oxidative damage and neuroinflammation can 
restore behavioral deficits associated with AD.

Oxidative stress is a key contributor to AD pathology, 

Figure  7. Immunohistochemical and immunoreactivity expressions of brain-derived neurotrophic factor (BDNF) and amyloid beta (Aβ) in the 
hippocampus. (A) Control group; (B) aluminum chloride (AlCl3)-only group; (C) AlCl3 + D-ribose-L-cysteine (DRLC) group; (D) AlCl3 + exercise 
group; (E) AlCl3 + DRLC + exercise group; (F) DRLC-only group; and (G) exercise-only group. Arrows indicate neuronal cells, and red arrowheads 
indicate neuronal degeneration with deposition of Aβ oligomers. Images labeled (i) show BDNF immunostaining, and images labeled (ii) show Aβ 
immunostaining. Scale bar: 50 µm; magnification: 400×.
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driven by an imbalance between reactive oxygen species 
production and antioxidant defenses. Our data showed 
increased MDA and NO levels alongside decreased 

activities of key antioxidant enzymes (CAT, SOD, and 
reduced GSH) in the brains of AlCl3-treated rats. These 
findings confirm earlier studies linking oxidative damage 

Figure  9. Immunohistochemical and immunoreactivity quantification of brain-derived neurotrophic factor (BDNF) and amyloid beta (Aβ) in the 
hippocampus. (A) Number of BDNF-positive cells and (B) BDNF immunoreactivity. (C) Number of Aβ-positive cells. (D) Aβ immunoreactivity. All 
data were estimated using one-way analysis of variance followed by Tukey’s multiple comparisons test. Data are expressed as mean ± standard error of 
mean (n=10). Group B differed significantly from Group A in all panels, indicating successful AD model induction.*p<0.05 vs. Group B (AlCl3-induced 
Alzheimer’s disease model group).
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Figure 8. Immunohistochemical and immunoreactivity expressions of brain-derived neurotrophic factor (BDNF) and amyloid beta (Aβ) in the prefrontal 
cortex. (A) Control group; (B) aluminum chloride (AlCl3)-only group; (C) AlCl3 + D-ribose-L-cysteine (DRLC) group; (D) AlCl3 + exercise group; 
(E) AlCl3 + DRLC + exercise group; (F) DRLC-only group; and (G) exercise-only group. Arrows indicate cortical neurons, and red arrowheads indicate 
pathological changes, evident in neuronal degeneration and deposition of Aβ plaques. Images labeled (i) show BDNF immunostaining, and images labeled 
(ii) show Aβ immunostaining. Scale bar: 50 µm; magnification: 400×.
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to neuronal dysfunction in AD.69,70 Importantly, DRLC 
supplementation, which serves as a cysteine donor for 
GSH synthesis, alongside exercise, significantly restored 
antioxidant enzyme activities and reduced oxidative 
stress markers. This dual intervention likely enhanced 
endogenous antioxidant capacity, preventing oxidative 
damage to neural tissue and supporting cognitive 
function.71,72

This study also highlighted disruptions in key 
neurotransmitter systems. AlCl3 exposure led to 
decreased dopamine and serotonin, alongside increased 
norepinephrine and AChE levels. These alterations 
reflect cholinergic dysfunction and monoaminergic 
imbalance characteristic of AD, which impair cognition 
and memory.73,74 Combined DRLC and exercise treatment 
normalized these neurotransmitter levels, consistent 
with reports that physical activity modulates central 
dopaminergic and serotonergic pathways and that 
glutathione pre-cursors provide neuroprotection.13,75 These 
neurochemical improvements likely contributed to the 
observed behavioral enhancements.

Neuroinflammation is another pathological hallmark of 
AD, with pro-inflammatory cytokines, such as TNF-α and 
IL-6 driving neuronal damage and cognitive decline.13,76 Our 
findings revealed elevated TNF-α and IL-6 levels in AlCl3-
treated rats, indicative of heightened neuroinflammatory 
response, consistent with reports linking chronic 
inflammation to AD progression.77,78 Notably, DRLC and 
exercise co-administration significantly suppressed these 
cytokines, suggesting anti-inflammatory effects, possibly 

mediated by antioxidant activity and exercise-induced 
modulation of the immune system.79,80 This reduction in 
neuroinflammation likely plays a critical role in protecting 
neural tissues from ongoing degeneration.

Histological and immunohistochemical analyses 
further substantiated the biochemical and behavioral data. 
AlCl3 exposure induced neuronal degeneration, Aβ plaque 
deposition, reduced BDNF expression, and astrocytic 
activation in the hippocampus and prefrontal cortex. 
These pathological changes mirror AD neuropathology 
and confirm Al’s neurotoxic effects.81,82 Conversely, DRLC 
and exercise treatment preserved neuronal architecture, 
prevented Aβ accumulation, enhanced BDNF expression, 
and reduced astrocytic activation, indicating attenuation 
of neurodegeneration and promotion of neuroplasticity. 
Exercise-induced increases of BDNF support neuronal 
survival and synaptic repair, which are critical mechanisms 
for cognitive recovery.22,83

5. Conclusion
The findings from this study provide compelling evidence 
that combined exercise and DRLC supplementation protect 
against AlCl3-induced neurodegeneration by attenuating 
oxidative stress, neuroinflammation, and neurotransmitter 
imbalances while enhancing neurotrophic support. These 
effects culminate in improved cognitive and behavioral 
outcomes, supporting the therapeutic potential of 
integrating antioxidant supplementation with physical 
activity in AD management. Future studies should further 
explore the molecular mechanisms underlying these 

Figure  10. Immunohistochemical and immunoreactivity quantification of brain-derived neurotrophic factor (BDNF) and amyloid beta (Aβ) in the 
prefrontal cortex. (A) Number of BDNF-positive cells and (B) BDNF immunoreactivity. (C) Number of Aβ-positive cells. (D) Aβ immunoreactivity. All 
data were estimated using one-way analysis of variance followed by Tukey’s multiple comparisons test. Data are expressed as mean ± standard error of 
mean (n=10). Group B differed significantly from Group A in all panels, indicating successful AD model induction.*p<0.05 vs. Group B (AlCl3-induced 
Alzheimer’s disease model group).
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benefits and their translational potential in clinical settings.
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