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Abstract: Aspirin has been reported to prevent memory decline in the elderly population. Adult
neurogenesis in the hippocampus has been recognized as an underlying basis of learning and memory.
This study investigated the effect of aspirin on spatial memory in correlation with the regulation of
hippocampal neurogenesis and microglia in the brains of ageing experimental mice. Results from the
novel object recognition (NOR) test, Morris water maze (MWM), and cued radial arm maze (cued
RAM) revealed that aspirin treatment enhances working memory in experimental mice. Further,
the co-immunohistochemical assessments on the brain sections indicated an increased number of
doublecortin (DCX)-positive immature neurons and bromodeoxyuridine (BrdU)/neuronal nuclei
(NeuN) double-positive newly generated neurons in the hippocampi of mice in the aspirin-treated
group compared to the control group. Moreover, a reduced number of ionized calcium-binding
adaptor molecule (Iba)-1-positive microglial cells was evident in the hippocampus of aspirin-treated
animals. Recently, enhanced activity of acetylcholinesterase (AChE) in circulation has been identified
as an indicative biomarker of dementia. The biochemical assessment in the blood of aspirin-treated
mice showed decreased activity of AChE in comparison with that of the control group. Results
from this study revealed that aspirin facilitates hippocampal neurogenesis which might be linked to
enhanced working memory.

Keywords: aspirin; hippocampus; adult neurogenesis; doublecortin; memory; Morris water maze

1. Introduction

Aspirin is one of the most widely used generic non-steroidal anti-inflammatory drugs
(NSAIDs) in the treatment regime of pain and fever [1,2]. Regular intake of aspirin provides
preventive measures against various ageing-associated diseases including cardiovascular
illness, cerebral stroke, thrombosis, and cancer [3]. The blockade of the cyclooxygenase
(COX)-2 enzyme responsible for the synthesis of inflammatory prostaglandins is a well-
recognized mode of action for aspirin [4]. While various mood disorders, neurocognitive
deficits, and psychiatric illnesses have been characterized by overexpression of COX-2
in association with neuroinflammation and oxidative stress in the brain, pharmacologi-
cal blockade of COX-2 has been considered a crucial neurotherapeutic intervention [5,6].
Among various COX-2 inhibitors, aspirin treatment has been speculated to enhance mem-
ory in the ageing population and mitigate neuropathogenesis in subjects with various brain
diseases. While some correlative studies indicated that the association between aspirin
treatment and memory is uncertain, ample scientific evidence strongly implies that aspirin
prevents memory decline in elderly subjects [7,8]. Eventually, recent reports demonstrated
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that aspirin treatment considerably improves the synaptic plasticity in the cognitive cen-
ters of the experimental brains [9]. Moreover, the implementation of aspirin has been
considered for the treatment regime of memory loss in ageing and neurodegenerative
disorders including Alzheimer’s disease (AD) [10,11]. However, the underlying cellular
mechanism through which aspirin modulates neuroplasticity responsible for neurocog-
nitive measures remains unclear. Adult neurogenesis is an inimitable neuroregenerative
process in which new functional neurons are continuously generated from neural stem
cells (NSCs) in the hippocampus and subventricular zone (SVZ) olfactory bulb (OB) system
of the brain [12–14]. Notably, the occurrence of neurogenesis in the hippocampus has been
identified to provide the cellular basis of pattern separation, mood, spatial learning, and
working memory in physiological conditions [15,16]. In contrast, memory loss upon ageing
has been attributed to decreased hippocampal neurogenesis [17]. Moreover, neurodegen-
erative disorders have been characterized by impaired hippocampal neurogenesis due
to chronic neuroinflammation accounting for various neurological deficits and demen-
tia [12,13,18]. Therefore, targeting a centralized neuroinflammatory pathway such as COX
signaling that interlinks different pathogenic mechanisms and suppresses the hippocampal
neuroregenerative plasticity during ageing and neuropathogenic conditions has become
an unmet therapeutic need for progressive memory loss. Considering its prominent COX
inhibitory potential aspirin treatment can be presumed to be involved in the regulation of
hippocampal neurogenesis in the brain that could facilitate a positive impact in boosting
learning and memory. However, the scientific evidence for the effects of aspirin on the
regulation of neuroregenerative potential of the brain associated with memory functions is
highly limited. While aspirin has been consumed by a considerable number of individuals
worldwide, understanding the neuropharmacological effects of aspirin on the modulation
of neuroplasticity and neuroregenerative measures accountable for memory functions is
an important scientific perusal at the preclinical state. Therefore, this study investigated
the effect of aspirin on the regulation of hippocampal neurogenesis and neurocognitive
behaviors in experimental ageing mice.

2. Materials and Methods
2.1. Experimental Animals

Male Bagg albino laboratory-bred (BALB)/c mice were procured from Liveon Bio-
labs private limited, Karnataka, India. A set of seven- to eight-months-old experimen-
tal mice (N = 12) were divided into 2 groups, namely, the control group (N = 6) and
the aspirin-treated group (N = 6). Animals were maintained under standard labora-
tory conditions of a 12 h light/dark cycle at 22–25 ◦C in the animal house facility of
Bharathidasan University with free access to feed and water. All animal experiments
were conducted in accordance with the approval of the institutional animal ethical com-
mittee (IAEC), Bharathidasan University, under the regulations of the committee for the
purpose of control and supervision of experiments on animals (CPCSEA), India (Ref No:
BDU/IAEC/2017/NE/41/Dt.21.03.2017).

2.2. The Treatment of Aspirin and Bromodeoxyuridine

325 milligrams (mg) of a dissolvable form of aspirin (Disprin, Reckitt Benckiser Health-
care, India) was thoroughly mixed in 500 mL of lukewarm water. Each mouse at around
32–35 g was estimated to consume around 3 mL of solution daily for 6 weeks, which is
equivalent to 60 mg of aspirin/kilogram (kg) body weight (BW) per day. The dosage of
aspirin was determined based on the previous report [19]. During the treatment period
of aspirin from day 9 to day 13, the labelling of dividing NSCs was performed using a
synthetic thymidine analog 5-bromo-2-deoxyuridine (BrdU) (Sigma-Aldrich, St. Louis,
MO, USA). BrdU was dissolved in a warm sterile solution of 0.9% NaCl (Sisco Research
Laboratories (SRL), Mumbai, India) and thoroughly mixed. A single dose of BrdU solution
(50 mg/Kg BW) was intraperitoneally injected into all the animals in both the control and
the aspirin groups for 5 consecutive days. The animals were subjected to various behavioral
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tests such as novel object recognition (NOR), the cued radial arm maze (cued RAM), and
the Morris water maze (MWM). A camera was placed above the test fields and connected to
a computer equipped with SMART 3.0 video tracking software (Pan lab, Barcelona, Spain).
The entire activities of each animal were tracked, and the behavioral parameters were
assessed using SMART 3.0 software. After 30 days of the last BrdU injection, experimental
mice were perfused, and the brain tissues were dissected for the immunohistochemical
analysis of neurogenesis (Figure 1).
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Figure 1. Illustration representing the experimental design of the study. The † symbol represents that
the animal has been sacrificed.

2.3. Novel Object Recognition Test

In experimental animals, the time taken to explore a novel object has been considered
a reflection of non-spatial memory function [20]. The NOR test was conducted to assess
the effect of aspirin on non-spatial object memory, based on the ability of the animals to
distinguish the difference between a known object and a new object in an experimental
task. The experimental animals that exhibit an enhanced preference to explore a new object
compared to a familiarized object have been considered to have improved memory. Initially,
to assess the effect of aspirin on the recognition memory based on the ability to preference
or discriminate different objects, the experimental animals were subjected to a standard
NOR test as previously described by Yesudhas and colleagues (2020) [21]. During the
habituation period, each animal was allowed to explore an empty arena (30 × 15 × 30 cm).
Using SMART 3.0 software, the test arena was digitally divided into two equal squares, and
identical cylindrically shaped, yellow-colored wooden objects, namely, A1 and A2, were
placed in the middle of each square. Using SMART 3.0 software, two circular zones were
digitally introduced around each object, such as zone 3 (sky blue circle) and zone 4 (pink
circle). In the trial phase, each animal was released in the middle of the arena and allowed
to explore and familiarize itself with identical objects for 5 min with 3 consecutive trials.
After the task, the animal was returned to the home cage. After 2 h, the test phase was
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performed, in which object A2 was replaced by a novel, green-colored, rectangular-shaped
wooden object B, but familiarized object A1 was retained at the same place. During the test
phase, each mouse was released again into the arena to re-explore the objects for 5 min.
The overall activities of each animal were captured using SMART 3.0. In particular, the
time spent by experimental animals in the respective zones and the tendency to explore the
novel objects were estimated. The discrimination index was calculated using the formula,
discrimination index = (Exploration time in novel object − exploration time in familiar
object)/(total exploration time in both objects) × 100 [21].

2.4. Morris Water Maze

The MWM is an effective behavioral test of long-term spatial learning and retention
of memory in experimental rodents [22]. In the MWM task, the animals were trained to
navigate from a releasing point to locate a submerged escape platform in a water pool with
the use of extra maze cues or spatial signs in the behavioral room. The spatial learning
performance of experimental animals was evaluated by latency to find the hidden platform
upon repeated trials, and memory retention was assessed by the time spent by the animals
in the target zone during the probe trial without the platform. A black circular MWM
tank with a diameter of 150 cm and a depth of 50 cm was used to investigate the aspirin-
mediated effect on spatial learning and memory in experimental animals, as previously
described [21]. Four extra maze visual cues were placed on the walls of the behavioral room
with an appropriate lighting setup. Using SMART 3.0, the whole MWM was designated as
an arena, and four quadrants, namely, zone 1, zone 2, zone 3, and zone 4, were digitally
introduced. For habituation, each animal was exposed to the MWM for 2 days without
the platform. Then, a hidden escape platform was placed in the middle of zone 4 and
submerged 1 cm beneath the surface of the water. The temperature of water in the MWM
pool was maintained at around 20–22 ◦C. During the training session, each mouse was
gently released into the water maze from four different directions in a systematic manner
and trained to find the hidden platform within 1 min. At the end of each trial, the animal
was allowed to stay on the platform for 30 s and then returned to the home cage. The
learning session was carried out for 14 consecutive days at 4 trials for 1 min each per day
with a minimum of 30 min of intervals. The tracking SMART 3.0 module was calibrated
and programmed to stop automatically when the mouse reaches the platform before 1 min.
For each trial, the swimming path, distance moved, speed, and time spent in each quadrant
were automatically recorded during the trial and analyzed at the end of each day. The
learning curve was established by the time taken to find the platform and represented as
escape latency. One day after the learning session, the probe test was conducted, in which
the platform was removed from zone 4, each mouse was released into the MWM pool, and
the performance of the animal was recorded for 1 min. The time spent in the platform zone
was considered to assess the retention memory of the animals. On the following day, the
platform was placed in the opposite quadrant (zone 2) for the reversal training. Similar
to the learning phase, each animal was released from all four sides systematically, and
the time taken to find the submerged hidden platform in a new zone was measured. The
reversal learning was carried out for 3 consecutive days consisting of 4 trials each for 1 min.
The short-term learning curve for the reversal training was established to determine spatial
working memory [21].

2.5. Cued Radial Arm Maze Paradigm

The use of cued RAM is highly instrumental in assessing the working memory of
experimental rodents. Notably, the eight-arm radial maze with a proximal cue at the target
arm enables the animals to locate flavored feed during the training session. In the test
phase, the ability of experimental animals to explore the shifted proximal cue in a new
location as a strategic attempt in search of feed has been considered the degree of working
memory [23]. To validate the effect of aspirin on working memory, experimental animals
were further challenged with cued RAM. Then, 24 h prior to the cued RAM experiment,
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the feed was removed from the animal cage. The maze was a standard radial maze with
eight horizontal equidistantly spaced arms (44 cm length × 14 cm breadth × 12 cm height)
radiating from a circular central middle zone (diameter = 32 cm). Using SMART 3.0, each
arm was digitally divided into 8 segments (arm 1 to arm 8). In the learning phase, a visible
wooden proximal maze cue was placed on the parapet end of arm 5, and choco flakes were
placed inside arm 5. Each mouse was released in the middle of the cued RAM and allowed
to explore freely all the arms. The uninterrupted movement of the mouse was recorded
using SMART 3.0 for 5 min. At the end of each training, the mouse was placed in arm 5 for
30 s, and choco flakes were given as a reward. Then, the mouse was gently removed from
the cued RAM and returned to the home cage. In the learning phase, 5 min × 3 trials per
day were conducted for 3 consecutive days. The next day, the cue was shifted from arm 5
to arm 1 and the choco flakes were removed from arm 5. In the test phase, each animal was
released in the middle and the uninterrupted moments of the animal were recorded using
SMART 3.0. The time taken to enter, the number of entries, and the time spent in the newly
cued arm were calculated as the measure of working explicit memory [24].

2.6. Animal Perfusion and Cryosection of the Brains

After the behavioral experiments paralleled by 30 days from the last injection of BrdU,
the experimental mice were deeply anesthetized, and the blood samples were collected
from cardiac puncture for biochemical assay, with the animals transcardially perfused with
sterile 0.9% NaCl (Sisco Research Laboratories (SRL), Mumbai, India), followed by 4%
paraformaldehyde (PFA) (HiMedia, Mumbai, India), as previously described [21,25]. The
whole brains were dissected and soaked in 4% PFA overnight at 4 ◦C. The next day, brains
were transferred to fresh tubes containing 30% sucrose (Sisco Research Laboratories (SRL),
Mumbai, India) and stored for a week at 4 ◦C. Then, the brain tissues were further processed
for cryosectioning using a sliding microtome (Weswox, Haryana, India) with a custom-built
specimen block holder surrounded by the platform for dry ice. The Poly Freeze medium
(Sigma-Aldrich, St. Louis, MO, USA) was added to the top of the specimen holder and was
allowed to freeze using dry ice. Each brain was carefully separated into two hemispheres
and embedded in poly freeze tissue freezing medium and kept on the specimen block
holder. The brain tissue was optimally frozen using dry ice and subjected to the sagittal
sections of 30 µm thickness and serially distributed in 12 tubes containing the cryoprotectant
solution in a 1:1:2 ratio of glycerol (Merck, Darmstadt, Germany), ethylene glycol (Sisco
Research Laboratories (SRL), Mumbai, India) in 0.1 M sodium phosphate buffer (NaH2PO4
and K2HPO4 (Sisco Research Laboratories (SRL), Mumbai, India), pH 7.5), and stored at
−20 ◦C for further immunohistochemical analysis, as previously described [25,26].

2.7. Immunohistochemistry and Assessment of Neurogenesis

One out of twelve sections from the left hemisphere of the brain with 360 µm distance
apart was taken free-floatingly in 12 well plates (Tarson, Kolkata, India) filled with 1×
Tris-buffered saline (TBS) (Tris HCl (HiMedia, Mumbai, India) and NaCl (Sisco Research
Laboratories (SRL), Mumbai, India), pH 7.4) and washed thrice using a shaker (Tarson,
Kolkata, India) for 10 min each at room temperature. Next, in the antigen retrieval step,
the brain sections were placed in sodium citrate buffer (10 millimolar (mM) sodium citrate
dihydrate (Thermo Fisher Scientific, Waltham, MA, USA) and 0.05% Triton X (HiMedia,
Mumbai, India, pH 6.0), for two hours at 65 ◦C in a water bath (Kemi, Kerala, India).
Then, the brain sections were washed thrice in 1× TBS for 10 min each at room temper-
ature. After washing, the sections were incubated in a blocking solution of 3% bovine
serum albumin (BSA) (HiMedia, Mumbai, India) in 0.1% TBST for 1 h on a shaker at room
temperature. After blocking, the primary antibodies were reconstituted in the blocking
solution and added to the sections, followed by incubation for 48 h at 4 ◦C. To label the
doublecortin (DCX)-positive immature neurons, the brain sections were incubated with
rabbit anti-DCX antibody (Cell Signalling Technology, Danvers, MA, USA; 1:250 dilution)
for 48 h at 4 ◦C. Similarly, an additional set of brain sections was processed for immunohis-
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tological labelling of microglia and incubated in a solution containing a rabbit anti-ionized
calcium-binding adapter molecule (Iba)-1 antibody (Cell Signaling Technology, Danvers,
MA, USA, 1:250 dilution) and incubated for 48 h at 4 ◦C. After 48 h, the solution contain-
ing primary antibodies was removed and washed thrice in 1× TBS for 10 min each at
room temperature. Then, the brain sections were incubated with a fluorescent conjugated
secondary antibody, namely, goat anti-rabbit Dylight 594 (Novus Biologicals, Littleton,
CO, USA; 1:500 dilution) for 24 h at 4 ◦C. The next day, the solution containing secondary
antibodies was removed, and the brain sections were washed twice in 1× TBS for 10 min
each at room temperature. To label the cell nuclei, the brain sections were incubated with
0.1 mg/mL of 4′,6-diamidino-2-phenylindole (DAPI) (HiMedia, Mumbai, India) in TBST
for 10 min. Further, the brain sections were washed in 1× TBS for 10 min and systematically
arranged on the double frosted microscopic slides (Borosil, Mumbai, India) and allowed to
dry overnight in the dark. Upon complete drying, the prolong glass antifade mountant
(Thermo Fisher Scientific, Waltham, MA, USA) solution was applied to the brain sections on
the microscopic slides and mounted with coverslips. The next day, slides were blind-coded,
and the immunolabelled brain sections were visualized under a fluorescence microscope
(DM750, Leica Microsystems, Wetzlar, Germany). The number of DCX- and Iba-1-positive
cells was counted in the sub-granular zone (SGZ), and the granule cell layer (GCL) of the
hippocampal DG regions using the ImageJ software- (version number: 1.53k) cell counter
plugin and the total number of DCX-positive cells and Iba-1-positive cells per hemisphere
was estimated as per previous reports [25,27]. Further, the length of the dendrites in the
micrometer was measured in the DCX-positive cells in the hippocampus using ImageJ
software (version number: 1.53k) with the NeuronJ plug-in and represented as an average
length of the dendrites in the micrometer between control and aspirin-treated animals.
The intensity of Iba-1-positive cells was measured using ImageJ software (version number:
1.53k). The captured microscopic images were used to analyze the fluorescence intensity
of Iba-1-positive cells in the hippocampus between the control and the aspirin-treated
groups. The measured mean intensity was represented as a percentage, as previously
described [28,29].

Next, to assess the frequency of neuronal differentiation, an additional set of brain
sections was taken, which were washed in 1× TBS thrice for 10 min each at room temper-
ature. Next, the antigen retrieval step was performed in which the brain sections were
placed in sodium citrate buffer for two hours at 65 ◦C. After antigen retrieval, the brain
sections were placed in 2 normal (N) HCl solutions (Finar, Ahmedabad, India) for 10 min at
37 ◦C on a shaker. Then, the brain sections were treated with 0.1 molar borate buffer (boric
acid (HiMedia, Mumbai, India), pH 8.5) for 10 min. Following this, the brain sections were
washed thrice in 1× TBS for 10 min each at room temperature. After washing, the brain
sections were incubated in 3% BSA for 1 h on a shaker at room temperature. After blocking,
two primary antibodies, namely, mouse anti-BrdU (Novus Biologicals, Littleton, CO, USA;
1:100 dilution) and rabbit anti-neuronal nuclear protein (NeuN) (Novus Biologicals, Lit-
tleton, CO, USA; 1:100 dilution), were used for 48 h at 4 ◦C. Next, the primary antibodies
were removed, and the sections were washed thrice in 1× TBS buffer for 10 min. The brain
sections were incubated together with two different secondary antibodies such as sheep
anti-mouse Dylight 488 (Novus Biologicals, Littleton, CO, USA; 1: 500 dilution) and goat
anti-rabbit Dylight 594 (Novus Biologicals, Littleton, CO, USA) antibodies at 4 ◦C for 24 h.
After 24 h, the secondary antibodies were removed, and the sections were washed thrice in
1× TBS for 10 min each. Finally, the brain sections were arranged on the double-frosted
slides (Borosil, India) and allowed to dry overnight in the dark. After complete drying, the
sections were sealed using the Prolong Glass Antifade Mountant (Thermo Fisher Scientific,
Waltham, MA, USA) and dried in the dark. The brain sections were subjected to the double
immunofluorescence assessment using a laser-scanning confocal microscope (LSM 710,
Carl Zeiss, GMBH, Jena, Germany) at the central instrumentation facility of Bharathidasan
University and the Z-stack optical images of hippocampal DG were obtained for the BrdU
with NeuN. For the frequency of neuronal differentiation, 25 BrdU-positive cells (green)
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in hippocampal DG from each animal were assessed. The BrdU-positive cells that are
co-labelled with NeuN (red) were considered double-positive cells (yellow) and multiplied
by four to estimate the percentage of double-positive cells [25,30].

2.8. Estimation of Acetylcholinesterase Activity in the Blood

The whole blood samples from each animal were collected in a container containing
an anticoagulant, 3.2% buffered trisodium citrate (Thermo Fischer Scientific, Waltham,
MA, USA). The blood samples were centrifuged at 800 rpm for 10 min. The plasma was
transferred into another sterile microfuge tube and then centrifuged at a speed of 2500 rpm
for 15 min to obtain platelets. The resulting lower third was platelet-rich plasma (PRP) and
the upper two-thirds was platelet-poor plasma (PPP). PPP was removed, and each tube was
shaken to suspend the platelet pellets present at the bottom. The resulting PRP samples
were subjected to the biochemical assessment of acetylcholinesterase (AChE) activity, as
described by Ellman et al. in 1961 [31]. Samples were loaded in a microtiter plate and
mixed with 0.1 mM acetylthiocholine iodide (Sisco Research Laboratories (SRL), Mumbai,
India) and 0.5 mM 5,5′-dithiobis-2-nitrobenzoic acid (DTNB) (HiMedia, Mumbai, India).
The enzyme activity of AChE in PRP was measured by the yellow color from thiocholine
when it reacted with DTNB. The plate was shaken for a few seconds, and the absorbance
at 412 nm was taken using a UV-VIS spectrophotometer (Synergy™ HTX Multi-Mode
Microplate Reader, Biotek, Winooski, VT, USA).

2.9. Statistical Analyses

The values have been represented as mean ± standard error mean (SEM). Student’s
t-test was applied to measure the statistical significance for the number of entries, duration
and discrimination index for NOR test, probe test in MWM, latency and duration in cued
RAM, numbers of DCX- and Iba-1-positive cells, length of the dendrites, the intensity of
Iba-1-positive cells, percentage of BrdU/NeuN double-positive cells, and AChE activity
between the control and aspirin-treated groups. The escape latency to find the platform
and reversal learning in the MWM test, the learning curve in cued RAM, were assessed
by one-way analysis of variance (ANOVA) followed by Tukey’s post hoc test for mul-
tiple comparisons. All the statistical analyses were made using Graph Pad Prism. The
significance level was assumed at p < 0.05 unless otherwise indicated. In the data, the
statistical significance * indicates p-value < 0.05, ** indicates p-value < 0.01, and *** indicates
p-value < 0.001, along the degree of freedom (df), and F value (F).

3. Results
3.1. Aspirin Treatment Improved Novel Object Recognition in Experimental Mice

During the training session, experimental mice were exposed to a test arena and freely
allowed to explore two identical objects. In the test phase, experimental mice were exposed
to the replacement of a familiar object with a novel object (Figure 2A). Though mice in
both the control and the aspirin-treated group were able to recognize the novel object,
experimental mice that were treated with aspirin showed an enhanced tendency to visit
the novel object zone and explored the new object more than the familiarized object com-
pared to the mice in the control group (control = 3.5 ± 0.67 vs. aspirin = 6.5 ± 0.34, visits,
** p-value = 0.0026, df = 10, F = 3.857) (Figure 2B). As a result, aspirin-treated mice spent
significantly more time in the novel object zone than the control group (control = 35 ± 4.4
vs. aspirin = 54± 5.1 s, * p-value = 0.0157, df = 10, F = 1.360) (Figure 2C). Eventually, the per-
centage of the discrimination index was significantly enhanced in the aspirin-treated group
compared to the control group (control = 24.2± 3.6 vs. aspirin = 38± 3.6, * p-value = 0.0229,
df = 10. F = 1.031) (Figure 2D), thereby indicating that aspirin treatment improved recogni-
tion memory in experimental ageing mice (Figure 2).



Brain Sci. 2023, 13, 1108 8 of 20

Brain Sci. 2023, 13, x FOR PEER REVIEW 8 of 21 
 

vs. aspirin = 54 ± 5.1, s, * p-value = 0.0157, df = 10, F = 1.360) (Figure 2C). Eventually, the 

percentage of the discrimination index was significantly enhanced in the aspirin-treated 

group compared to the control group (control = 24.2 ± 3.6 vs. aspirin = 38 ± 3.6, * p-value = 

0.0229, df = 10. F = 1.031) (Figure 2D), thereby indicating that aspirin treatment improved 

recognition memory in experimental ageing mice (Figure 2). 

  

Figure 2. Novel object recognition (NOR) test. (A) Representative tracking image of the NOR test 

of control and aspirin-treated mice. The blue line indicates the digital separation of zone 1 and 

zone 2 using the SMART 3.0 video tracking system. The sky-blue-colored circle indicates the famil-

iar object and the pink-colored circle indicates the novel object. (B) The bar graph represents the 

number of entries into the novel object zone (** p-value = 0.0026, df = 10, F = 3.857). (C) The bar 

graph represents the time spent in the novel object zone (* p-value = 0.0157, df = 10, F = 1.360). (D) 

The bar graph depicts the percentage of the discrimination index (* p-value = 0.0229, df = 10. F = 

1.031). 

3.2. Aspirin Treatment Enhanced Spatial Learning and Working Memory in the Morris Water 

Maze Task 

In the MWM task, the preference of experimental mice to find the hidden platform 

was gradually improved during the 14 days of training period in both control and aspirin-

treated groups (Figure 3A). Assessment of the data obtained from the learning curve indi-

cated that the time taken to find the platform or escape latency was decreased in the aspi-

rin-treated group compared to the control group, noticeably from the fifth day of training 

(Figure 3D). Next, the experimental animals were challenged for the potential of memory 

retention during the probe test. The platform was removed from the MWM, and each an-

imal was released to the pool; the time spent in the platform zone was measured for 1 min. 

The average duration of search to find the platform in the target quadrant by the aspirin-

treated animals was found to be significantly increased in comparison with that of control 

animals (control = 14 ± 1.8 vs. aspirin = 27 ± 3.4 s, ** p-value = 0.0095, df = 10, F = 3.715) 

(Figure 3B, 3E). Next, to assess the reversal learning as a measure of working memory, the 

platform was placed in the opposite quadrant, and the experiment was conducted for the 

next three days. Eventually, the time taken to find the platform in the opposite quadrant 

was reduced by experimental mice in the aspirin-treated group than the control group 

Figure 2. Novel object recognition (NOR) test. (A) Representative tracking image of the NOR test of
control and aspirin-treated mice. The blue line indicates the digital separation of zone 1 and zone 2
using the SMART 3.0 video tracking system. The sky-blue-colored circle indicates the familiar object
and the pink-colored circle indicates the novel object. (B) The bar graph represents the number of
entries into the novel object zone (** p-value = 0.0026, df = 10, F = 3.857). (C) The bar graph represents
the time spent in the novel object zone (* p-value = 0.0157, df = 10, F = 1.360). (D) The bar graph
depicts the percentage of the discrimination index (* p-value = 0.0229, df = 10. F = 1.031).

3.2. Aspirin Treatment Enhanced Spatial Learning and Working Memory in the Morris Water
Maze Task

In the MWM task, the preference of experimental mice to find the hidden platform
was gradually improved during the 14 days of training period in both control and aspirin-
treated groups (Figure 3A). Assessment of the data obtained from the learning curve
indicated that the time taken to find the platform or escape latency was decreased in the
aspirin-treated group compared to the control group, noticeably from the fifth day of
training (Figure 3D). Next, the experimental animals were challenged for the potential of
memory retention during the probe test. The platform was removed from the MWM, and
each animal was released to the pool; the time spent in the platform zone was measured
for 1 min. The average duration of search to find the platform in the target quadrant by
the aspirin-treated animals was found to be significantly increased in comparison with
that of control animals (control = 14 ± 1.8 vs. aspirin = 27 ± 3.4 s, ** p-value = 0.0095,
df = 10, F = 3.715) (Figure 3B,E). Next, to assess the reversal learning as a measure of
working memory, the platform was placed in the opposite quadrant, and the experiment
was conducted for the next three days. Eventually, the time taken to find the platform
in the opposite quadrant was reduced by experimental mice in the aspirin-treated group
than the control group (day 1: control = 51 ± 2.5 vs. aspirin = 37 ± 2.2 s, ** p-value< 0.01,
df = 46, F = 1.313; day 2: control = 37 ± 3.6 vs. aspirin = 23 ± 1.9 s ** p-value < 0.01, df = 46,
F = 2.013; day 3: control = 28 ± 3.0 vs. aspirin = 12 ± 1.7 s, *** p-value < 0.001, df = 46,
F = 3.000) (Figure 3C,F). Taken together, the MWM test indicates that aspirin treatment
improves spatial learning and working memory in experimental mice (Figure 3).
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Figure 3. Spatial learning and memory of animals in the Morris water maze (MWM) test. (A) Rep-
resentative tracking image of MWM during the initial and late stages of the learning phase. The
purple colour indicates zone 1, the green colour indicates zone 2, the brown colour indicates zone 3
and the blue colour indicates zone 4 and the red colour indicates the platform. (B) Representative
tracking image of MWM during the probe test. (C) Representative tracking image of MWM during
platform switch. (D) Result of the learning curve with escape latency to find the hidden platform.
(E) The bar graph describes the time spent by the animals in the platform zone during the probe test
(** p-value = 0.0095, df = 10, F = 3.715). (F) The learning curve with escape latency to find the hidden
platform in the opposite quadrant during the platform switch (Day 1: ** p-value < 0.01, df = 46,
F = 1.313; Day 2: ** p-value < 0.01, df = 46, F = 2.013 Day 3: *** p-value< 0.001, df = 46, F = 3.000).

3.3. Aspirin Treatment Improved Working Memory in Cued RAM

In the trial phase of RAM, the time spent by the experimental mice in both the control
and aspirin-treated groups in the cued arms were nearly similar at the beginning of the
experiment, but the animals in the treatment group showed slight improvement upon
training (Day 1: control = 250 ± 20 vs. aspirin = 230 ± 7.8 s, p-value = 0.3528, df = 46,
F = 6.709; Day 2: control = 131 ± 19 vs. aspirin = 101 ± 22 s, p-value = 0.3048, df = 46,
F = 1.381; Day 3: control = 111± 18 vs. aspirin = 89± 8 s, p-value = 0.2752, df = 46, F = 4.973)
(Figure 4A,C). However, during the test phase, while the latency to enter the cue-shifted
arm was reduced (control = 207 ± 29 vs. aspirin = 131 ± 15 s, * p-value = 0.0396, df = 10,
F = 3.670) (Figure 4B,D), time spent in the newly cued arm was significantly increased
in the aspirin-treated group in comparison with that of the control (control = 22 ± 4 vs.
aspirin = 38 ± 5 s, * p-value = 0.0417, df = 10, F = 1.617) (Figure 4B,E). Taken together,
the cued RAM experiment validates that the aspirin treatment facilitated working and
declarative memory in experimental mice (Figure 4).
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Figure 4. Cued radial arm maze test. (A) Representative tracking image of cued RAM at the
learning phase. The numbers 1 to 8 in the figure denotes order of the arms in the RAM. The
sun symbol represents the proximal cue in arm 5 in which rewards were placed in the learning
phase. (B) Representative tracking image of cued RAM at the test phase, where the sun symbol
represents the proximal cue in which the cue was replaced in arm 1 and the food was removed
in the test phase. (C) Result of the learning curve with latency to reach the arm in which cue and
food were placed (Day 1: p-value = 0.3528, df = 46, F = 6.709) Day 2: p-value = 0.3048, df = 46,
F = 1.381); Day 3: p-value = 0.2752, df = 46, F = 4.973). (D) The bar graph represents the time taken
to reach the cue-shifted arm by the animals in the test phase (* p-value = 0.0396, df = 10, F = 3.670 ).
(E) The bar graph describes the time spent in the cue-shifted arm by the animals in the test phase
(* p-value = 0.0417, df = 10, F = 1.617).

3.4. Aspirin Treatment Increased the Hippocampal Neurogenesis

In the stem cell niches of the mammalian brain, the number of DCX-positive im-
mature neurons has been considered to reflect ongoing neurogenesis [32]. The immuno
labelling study of the DCX-positive cells in the hippocampal DG revealed that the total
number of immature neurons was significantly increased in the aspirin-treated group in
comparison with that of the control group (control = 3742 ± 420 vs. aspirin = 6087 ± 537,
number of cells, ** p-value = 0.0064, df = 10, F = 1.635) (Figure 5A,C). Further, in the
morphological assessment, the length of the dendrites of DCX-positive cells was found
to be increased in the hippocampal DG region of the brains of the experimental mice in
the aspirin-treated group in comparison with that of the control group (control = 90 ± 9.3
vs. aspirin = 172 ± 17.2, µm, ** p-value = 0.0019, df = 10, F = 3.392) (Figure 5B,D). BrdU
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labelling of newly dividing NSCs followed by the co-expression with a mature neural
mark has been a critical step in assessing the neuronal fate in the hippocampus of the
brain [25]. In the confocal microscope-based co-immunolabelling study, the percentage of
BrdU/NeuN double-positive cells was significantly increased in the granule cell layer of
hippocampal DG regions of the brains of the experimental mice in the aspirin-treated group
in comparison with that of the control group (control = 76 ± 3.3 vs. aspirin = 91 ± 1.3, %
BrdU-/NeuN-positive cells, ** p-value = 0.0020, df = 10, F = 6.088) (Figure 5E,F). Taken
together, aspirin treatment appeared to promote neuronal differentiation of NCS, improve
dendritic length and arborization, and facilitate hippocampal neurogenesis in experimental
mice (Figure 5).
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Figure 5. Immunohistochemical assessment of immature neurons. (A) Representative image of
DCX-positive cells in the dentate gyrus (DG) of the experimental animals. The image illustrates
the DAPI, DCX-positive cells, and overlay in the DG of the hippocampus. The scale bar = 25 µm.
(B) The enlarged image illustrates the length of the dendrites. (C) The bar graph represents the
number of DCX-positive cells in the dentate gyrus (** p-value = 0.0064, df = 10, F = 1.635) (DG) of
the experimental animals. (D) The bar graph describes the length of the dendrites in the dentate
gyrus (DG) of the experimental animals (** p-value = 0.0019, df = 10, F = 3.392). (E) Representative
confocal image of BrdU/NeuN double-positive cells in the DG of the hippocampus. (F) The bar
graph represents the percentage of BrdU/NeuN double-positive cells (** p-value = 0.0020, df = 10,
F = 6.088). The scale bar = 25 µm.
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3.5. Aspirin Treatment Decreased the Abnormal Number of Microglial Cells in the Hippocampus
and Reduced the Activity of AChE in the Blood of the Experimental Animals

Iba1 is a prominent marker of microglial cells in the brain [26]. Ageing related to
memory decline has been reported to be associated with an abnormal number of microglia
responsible for neuroinflammation [33]. Notably, in the qualitative and morphological
observation of the Iba-positive cells in the hippocampus, the activated signs of microglia
such as dystrophic ameboid shapes seen in hippocampal DG ageing animals were found to
be less pronounced in the aspirin treatment. Moreover, the quantification of the Iba-positive
cells indicated a significant reduction in the number of microglia in the hippocampal
DG of mice in the aspirin-treated group compared to the control (control = 844 ± 26 vs.
aspirin = 612 ± 39, number of Iba1-positive cells, ** p-value = 0.0018, df = 10, F = 2.505)
(Figure 6A,B). Also, the mean intensity of Iba1 immunoreactivity was significantly de-
creased in the hippocampus of mice in the aspirin-treated group than in the control group
(control = 100 ± 10 vs. aspirin = 55 ± 8, percentage of mean intensity ** p-value = 0.0029,
df = 10, F = 5.336) (Figure 6C). Recently, the enhanced activity of AChE in the blood has
been considered to negatively correlate with the degree of memory function [34]. The
colorimetric determination of AChE activity was performed to measure the increase in
the intensity of the yellow color produced from thiocholine when it reacts with dithiobis-
nitrobenzoate ions. The results revealed that the absorbance values of AChE activity in
blood samples of aspirin-treated animals were significantly reduced when compared to
that of control animals (control = 1.8 ± 0.07 vs. aspirin = 1.3 ± 0.08, the absorbance of
AChE activity, ** p-value = 0.0010, df = 10, F = 1.038) (Figure 6D).
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Figure 6. Immunohistochemical assessment of microglia in the hippocampus and assessment of
AChE activity in the blood. (A) Representative image of Iba1-positive cells in the dentate gyrus (DG)
of the experimental animals. The image represents DAPI, Iba1-positive cells, and overlay in the DG
of the hippocampus. The scale bar = 25 µm. (B) The bar graph represents the number of Iba1-positive
cells in the dentate gyrus (** p-value = 0.0018, df = 10, F = 2.505) (DG) of the experimental animals.
(C) The bar graph depicts the percentage of mean intensity of Iba1-positive cells in the dentate gyrus
(** p-value = 0.0029, df = 10, F = 5.336). (D) The bar graph represents the enzymatic activity of
acetylcholine esterase in the blood samples of the experimental animals (** p-value = 0.0010, df = 10,
F = 1.038).
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4. Discussion

Progressive memory loss is one of the increasing clinical concerns worldwide, posing
major challenges to the ageing population, healthcare providers, and biomedical research
sectors [13,35,36]. While investigations into the underlying mechanisms and therapeutic
targets have been the ongoing preclinical quest, the identification of drugs that exert pre-
cognitive action has become an unmet need [13,37]. Aspirin is a widely used painkiller
that blocks the activity of COX-2, thereby mitigating inflammatory processes in various dis-
eases [38,39]. Moreover, aspirin has also been identified to modulate the biochemical path-
ways related to cholesterol rafts, proton pumps, capsaicin receptors, N-methyl-D-aspartate
(NMDA) receptors, voltage-gated calcium channels, and peroxisome proliferator-activated
receptor alpha (PPAR-α) [40–45]. For the past few decades, the beneficial effects of aspirin
treatment against cerebrovascular diseases have clearly been established [46–48]. Numer-
ous experimental studies suggest that aspirin treatment contributes to brain functions as it
positively modulates behavioral, biochemical, and cellular parameters [49]. Based on the
animal behavioral and immunohistochemical assessments, the present study demonstrates
that aspirin treatment improves working memory in correlation with the increased level of
neurogenic process and reduced number of microglial cells in the hippocampal DG of the
experimental ageing mice brains.

The available data on the effect of aspirin on the behavioural outcome of cognitive
functions appear to be inconsistent. While few data indicate that aspirin treatment is ineffec-
tive to modulate memory in certain situations, ample scientific evidence strongly advocates
that aspirin treatment effectively modules neurocognitive behaviors. Few randomized
placebo-controlled trials could not establish the positive effect of aspirin on cognitive de-
cline [50,51]. A study by A Chang et al highlighted that aspirin is not effective against
Paclitaxel, an anticancer drug induced memory loss in experimental mice [52]. However, a
water maze-based study by Smith JW and colleagues (2002), reported that a modest 6 weeks
treatment of aspirin improves the cognitive functions in aged experimental rats [53]. A
similar study by Saiman Rizvan et al 2016 revealed that a mild dose of aspirin can improve
spatial memory in association with the alteration of δ-opioid receptor expression in the cor-
tex of the mouse model of AlCl3- induced neurotoxicity [54]. A very recent study indicated
that a mild dose of aspirin treatment improves recall long-term memory in lipopolysaccha-
ride (LPS) induced inflammation in an experimental model of pond snail [55]. Considering
its neuroprotective nature, a chitosan-encapsulated drug delivery-based study strongly
supports the memory-enhancing capacity of aspirin in an APP/PS1 transgenic mice model
of AD [56]. The differential effect of aspirin-mediated change in cognitive behaviours
has been speculated to be dose-dependent. However, the report on the effect of aspirin
hippocampal plasticity responsible for learning and memory is limited. Based on the
data derived from NOR, MWM, and Cued RAM, and the immunohistochemical-based
study of neurogenesis, the present study strongly supports and provides a new foundation
for the memory-enhancing capacity of low-dose aspirin due to its pro-neurogenic and
antiinflammatory capacity in the hippocampus of experimental mice.

In response to ageing-mediated biological changes and neurodegenerative events,
proinflammatory molecules are discharged from activated immune cells such as microglia
in the brain [12,25]. The abnormally elevated levels of proinflammatory molecules that
are discharged from an abnormally increased number and activated microglia have been
known to impair the neurogenic process at the level of proliferation, differentiation, and
survival of NSCs, leading to progressive memory impairments [12,57]. Notably, aspirin has
been reported to induce the production of endogenous lipoxins, a potent anti-inflammatory
molecule, which diminishes the pathogenic activation of microglia, thereby reducing the
load of various inflammatory molecules, including C-reactive protein tumor necrosis fac-
tor (TNF)-α and interleukin (IL)-6 in experimental animals [58–60]. Elevated levels of
transforming growth factor (TGF)-beta, a key component of neuroinflammation in the
brains of ageing subjects and neurodegenerative conditions, have been linked to impaired
neurogenesis in the hippocampus at the level of NSC proliferation, resulting in demen-
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tia [12,25]. Therefore, the blockade of TGF-beta secretion and its downstream signaling
pathway has been proposed as a therapeutic approach to activate the neurogenic process
in the brain to alleviate dementia [12]. Notably, aspirin has been reported to suppress the
secretion and signaling of TGF-beta in various organs during pathogenic conditions [61,62].
Considering the facts, aspirin-mediated enhancement in the hippocampal neurogenesis
might be related to its interference with enhanced TGF-beta secretion and Smad signaling
resulting from ageing-related changes. Therefore, this study supports the fact that aspirin
reduces neuroinflammation through the inactivation of microglia, which might facilitate the
neuronal differentiation of NSCs followed by their efficient integration in the hippocampus.
Therefore, the immunomodulatory function of aspirin in the brain could be a primary
extrinsic reason for the improving regenerative plasticity responsible for enhanced memory
in experimental and human subjects. Recently, an in vitro study by Giacomo Pozzoli et al.
reported that aspirin promotes the differentiation of SK-N-SH (N) human neuroblastoma
cells through the modulation of the expression of cell cycle checkpoint markers p21Waf1

and Rb1, independent of the COX pathway [63]. Moreover, ample experimental evidence
supports that low-dose aspirin induces cell cycle arrest and induces differentiation and
growth in many cells [63–65]. Therefore, the direct action of aspirin on the cell cycle regula-
tion of NSC may not be excluded. In this study, the immunohistochemical assessments of
DCX-positive cells and confocal-based BrdU/NeuN revealed a concomitant increase in the
neurogenic process at the level of neuronal differentiation of NSCs in the hippocampus of
ageing experimental mice. Notably, dendritic arborization of DCX-positive cells was found
to be increased in the hippocampal DG of aspirin-treated animals. The augmented dendritic
arborization and length signifies the state of neural differentiation and integration of DCX-
positive cells in the hippocampal circuit [66,67]. Moreover, a hippocampal organotypic
culture-based study revealed that aspirin treatment contributes to synaptic formation by
enhancing the spine density of neurons [68]. Considering the facts, it can be hypothesized
that the procognitive effect of aspirin might collectively result from the enhanced neuronal
differentiation of NSCs and augmentation of dendritic and synaptic strength in the newly
formed neurons in the hippocampus of the brain. However, few randomized controlled
trials and meta-analyses have stated no association between aspirin and cognitive func-
tions [7,69]. Thus, there exists an ongoing considerable debate about the beneficial effects of
aspirin against dementia and neurocognitive impairments [70]. Nevertheless, convincing
experimental evidence supports the procognitive effect of aspirin as it appears to positively
modulate hippocampal plasticity. In the experimental models challenged with glutamate
excitotoxicity and hypoxia, aspirin treatment has been reported to provide neuroprotection
in the brain [71]. Aspirin treatment has been reported to mitigate free radical production,
thereby mimicking the antioxidant potential in different organs including the brain [49,72].
In addition, aspirin treatment appears to be associated with the epigenetic modification
upregulation of the expression of BDNF that is responsible for preserving the memory
function in benzo[a]pyrene (BaP)-treated experimental mice [73].

Notably, the neuroprotective role of aspirin has been linked to the inhibition of NF-kB
signaling in the brain [74]. Depeng Feng et al. reported that aspirin facilitates neuropro-
tection in experimental animal models treated with lipopolysaccharide (LPS), as well as
in cerebral ischemia–reperfusion (CIRP) injury [75]. Patel et al. demonstrated that aspirin
interacts with PPARα and concedes memory functions through cAMP response-element-
binding protein (CREB)-mediated hippocampal plasticity [9,45]. Eventually, cohort- and
population-based studies revealed an inverse relationship between long-term intake of
low-dose aspirin and the severity of dementia [69,76]. Chandra et al. (2018) reported
that a low dose of aspirin decreases amyloid load through the activation of peroxisome-
proliferator-activated receptor alpha (PPAR-α) in the hippocampus of a 5× FAD mouse
model of memory loss [77]. Saima Rizwan et al. reported that a low-dose aspirin treatment
improved memory in association with an alteration of the opioid system in an experimental
mouse model of memory loss [54]. While the circulating platelets have been recognized
to contribute to amyloid pathology in the brain upon ageing, the platelet-reducing effect



Brain Sci. 2023, 13, 1108 15 of 20

of aspirin has been considered to minimize the neuropathogenic events in the brain of
subjects with neurodegenerative disorders [70,78,79].

Notably, regulation of neurogenesis in the hippocampus has been linked to levels of
various neurotransmitters that are crucial for learning and memory. Acetylcholine (ACh)
is one of the key neurotransmitters that play a key role in learning and memory [21,80].
Notably, many neurodegenerative disorders have been characterized by abnormal levels
of ACh in the circulation and the brain [81]. As age increases, a decline in the level of
ACh is evident in the circulation and the brain [21,82]. Remarkably, increased activity
of AChE, an enzyme that hydrolyses ACh, has been linked to the pathomechanism of
cognitive impairments and memory loss in various neurocognitive diseases, including
AD [83,84]. Eventually, increased levels of AChE in the blood have been considered a
biomarker of dementia [34,85]. Thus, the implementation of AChE inhibitors has been
considered to mitigate memory loss in ageing and AD [86]. Recently, few COX inhibitors
have been known to diminish the activities of AChE [87]. Notably, bioinformatics-based
docking studies revealed that aspirin binds to the active sites of AChE and acts as a
potential inhibitor of its activities [88,89]. Ample reports suggest that inhibition of AChE
facilitates hippocampal neuroregenerative plasticity in the adult brain [90]. Considering the
aforementioned factors, it can be hypothesized that aspirin treatment might play a role in
the regulation of hippocampal regenerative plasticity responsible for memory enhancement
in association with the inactivation of AChE. Therefore, this study supports and provides
insight into the procognitive, proneurogenic effects of aspirin that can be considered to
translate for the treatment regimens to boost neuroregenerative plasticity noticed during
various disease conditions with neurocognitive impairments.

5. Conclusions

The present study demonstrates that aspirin treatment enhances working memory
in ageing experimental mice in association with enhanced neuronal differentiation in the
hippocampus. The present study provided evidence that aspirin treatment is detrimental
to abnormal microglia in the hippocampus, which could in part play a crucial role in the
positive regulation of the neurogenic process in the brain. The memory-enhancing property
of aspirin might be associated with the positive regulation of neuroregenerative plasticity in
the hippocampus. This study reveals that aspirin has the potential to inhibit the activity of
AChE in circulation, a pathogenic molecular marker that has been known to be associated
with dementia. Thus, aspirin-mediated restoration of cholinergic functions responsible for
cognitive function could be highly relevant. The present study denotes the necessity for
further experiments to reveal the mechanisms responsible for the pro-neurogenic effects of
aspirin in the brain, as they could reveal the therapeutic significance to preventing memory
decline and treating dementia. Notably, some reports indicate that aspirin therapy is less
effective in women than in men [91]. The reason for the differential effect of aspirin between
males and females remains unclear. However, future studies are required to validate the
effect of aspirin on neurodegenerative plasticity in female animals.
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40. Alsop, R.J.; Toppozini, L.; Marquardt, D.; Kučerka, N.; Harroun, T.A.; Rheinstädter, M.C. Aspirin inhibits formation of cholesterol

rafts in fluid lipid membranes. Biochim. Biophys. Acta (BBA) Biomembr. 2015, 1848, 805–812. [CrossRef]
41. Mo, C.; Sun, G.; Lu, M.-L.; Zhang, L.; Wang, Y.-Z.; Sun, X.; Yang, Y.-S. Proton pump inhibitors in prevention of low-dose

aspirin-associated upper gastrointestinal injuries. World J. Gastroenterol. 2015, 21, 5382–5392. [CrossRef] [PubMed]
42. Maurer, K.; Binzen, U.; Mörz, H.; Bugert, P.; Schedel, A.; Treede, R.-D.; Greffrath, W. Acetylsalicylic acid enhances tachyphylaxis

of repetitive capsaicin responses in TRPV1-GFP expressing HEK293 cells. Neurosci. Lett. 2014, 563, 101–106. [CrossRef]
43. Peng, B.-G.; Chen, S.; Lin, X. Aspirin selectively augmented N-methyl-d-aspartate types of glutamate responses in cultured spiral

ganglion neurons of mice. Neurosci. Lett. 2003, 343, 21–24. [CrossRef]
44. Fujikawa, I.; Ando, T.; Suzuki-Karasaki, M.; Suzuki-Karasaki, M.; Ochiai, T.; Suzuki-Karasaki, Y. Aspirin Induces Mitochondrial

Ca2+ Remodeling in Tumor Cells via ROS–Depolarization–Voltage-Gated Ca2+ Entry. Int. J. Mol. Sci. 2020, 21, 4771. [CrossRef]
45. Patel, D.; Roy, A.; Pahan, K. PPARα serves as a new receptor of aspirin for neuroprotection. J. Neurosci. Res. 2019, 98, 626–631.

[CrossRef]
46. Wang, M.; Yu, H.; Li, Z.; Gong, D.; Liu, X. Benefits and Risks Associated with Low-Dose Aspirin Use for the Primary Prevention

of Cardiovascular Disease: A Systematic Review and Meta-Analysis of Randomized Control Trials and Trial Sequential Analysis.
Am. J. Cardiovasc. Drugs 2022, 22, 657–675. [CrossRef] [PubMed]

47. Gelbenegger, G.; Postula, M.; Pecen, L.; Halvorsen, S.; Lesiak, M.; Schoergenhofer, C.; Jilma, B.; Hengstenberg, C.; Siller-Matula,
J.M. Aspirin for primary prevention of cardiovascular disease: A meta-analysis with a particular focus on subgroups. BMC Med.
2019, 17, 198. [CrossRef] [PubMed]

48. Alberts, M.J.; Bergman, D.L.; Molner, E.; Jovanovic, B.D.; Ushiwata, I.; Teruya, J. Antiplatelet Effect of Aspirin in Patients with
Cerebrovascular Disease. Stroke 2004, 35, 175–178. [CrossRef] [PubMed]

49. Berk, M.; Dean, O.; Drexhage, H.; McNeil, J.J.; Moylan, S.; O’Neil, A.; Davey, C.G.; Sanna, L.; Maes, M. Aspirin: A review of its
neurobiological properties and therapeutic potential for mental illness. BMC Med. 2013, 11, 74. [CrossRef] [PubMed]

50. Ryan, J.; Storey, E.; Murray, A.M.; Woods, R.L.; Wolfe, R.; Reid, C.M.; Nelson, M.R.; Chong, T.T.; Williamson, J.D.; Ward, S.A.; et al.
Randomized placebo-controlled trial of the effects of aspirin on dementia and cognitive decline. Neurology 2020, 95, e320–e331.
[CrossRef]

51. Price, J.F.; Stewart, M.C.; Deary, I.J.; Murray, G.D.; Sandercock, P.; Butcher, I.; Fowkes, F.G.R. Low dose aspirin and cognitive
function in middle aged to elderly adults: Randomised controlled trial. BMJ 2008, 337, a1198. [CrossRef]

52. Chang, A.; Chung, N.-C.; Lawther, A.J.; Ziegler, A.I.; Shackleford, D.M.; Sloan, E.K.; Walker, A.K. The Anti-Inflammatory
Drug Aspirin Does Not Protect Against Chemotherapy-Induced Memory Impairment by Paclitaxel in Mice. Front. Oncol. 2020,
10, 564965. [CrossRef]

53. Smith, J.W.; Al-Khamees, O.; Costall, B.; Naylor, R.J.; Smythe, J.W. Chronic aspirin ingestion improves spatial learning in adult
and aged rats. Pharmacol. Biochem. Behav. 2002, 71, 233–238. [CrossRef]

54. Rizwan, S.; Idrees, A.; Ashraf, M.; Ahmed, T. Memory-enhancing effect of aspirin is mediated through opioid system modulation
in an AlCl3-induced neurotoxicity mouse model. Exp. Ther. Med. 2016, 11, 1961–1970. [CrossRef]

55. Rivi, V.; Batabyal, A.; Benatti, C.; Tascedda, F.; Blom, J.M.C.; Lukowiak, K. Aspirin reverts lipopolysaccharide-induced learning
and memory impairment: First evidence from an invertebrate model system. Naunyn-Schmiedeberg’s Arch. Pharmacol. 2022,
395, 1573–1585. [CrossRef] [PubMed]

56. Guan, P.-P.; Ding, W.-Y.; Wang, P. Molecular Mechanism of Acetylsalicylic Acid in Improving Learning and Memory Im-pairment
in APP/PS1 Transgenic Mice by Inhibiting the Abnormal Cell Cycle Re-Entry of Neurons. Front. Mol. Neurosci. 2022, 15, 1006216.

57. Willis, C.M.; Nicaise, A.M.; Krzak, G.; Ionescu, R.-B.; Pappa, V.; D’Angelo, A.; Agarwal, R.; Repollés-De-Dalmau, M.; Peruzzotti-
Jametti, L.; Pluchino, S. Soluble factors influencing the neural stem cell niche in brain physiology, inflammation, and aging. Exp.
Neurol. 2022, 355, 114124. [CrossRef] [PubMed]

58. Wang, Y.-P.; Wu, Y.; Li, L.-Y.; Zheng, J.; Liu, R.-G.; Zhou, J.-P.; Yuan, S.-Y.; Shang, Y.; Yao, S.-L. Aspirin-triggered lipoxin
A4attenuates LPS-induced pro-inflammatory responses by inhibiting activation of NF-κB and MAPKs in BV-2 microglial cells. J.
Neuroinflammation 2011, 8, 95. [CrossRef] [PubMed]

59. Romano, M. Lipoxin and Aspirin-Triggered Lipoxins. Sci. World J. 2010, 10, 1048–1064. [CrossRef]
60. Svensson, C.I.; Zattoni, M.; Serhan, C.N. Lipoxins and aspirin-triggered lipoxin inhibit inflammatory pain processing. J. Exp. Med.

2007, 204, 245–252. [CrossRef]
61. Sun, Y.; Liu, B.; Xie, J.; Jiang, X.; Xiao, B.; Hu, X.; Xiang, J. Aspirin attenuates liver fibrosis by suppressing TGF-β1/Smad signaling.

Mol. Med. Rep. 2022, 25, 181. [CrossRef]
62. Redondo, S.; Santos-Gallego, C.G.; Ganado, P.; García, M.; Rico, L.; Del Rio, M.; Tejerina, T. Acetylsalicylic Acid Inhibits Cell

Proliferation by Involving Transforming Growth Factor-β. Circulation 2003, 107, 626–629. [CrossRef] [PubMed]

https://doi.org/10.3233/JAD-220831
https://www.ncbi.nlm.nih.gov/pubmed/36776051
https://doi.org/10.1016/S0049-3848(03)00379-7
https://www.ncbi.nlm.nih.gov/pubmed/14592543
https://doi.org/10.1038/bjc.2014.271
https://www.ncbi.nlm.nih.gov/pubmed/24874482
https://doi.org/10.1016/j.bbamem.2014.11.023
https://doi.org/10.3748/wjg.v21.i17.5382
https://www.ncbi.nlm.nih.gov/pubmed/25954113
https://doi.org/10.1016/j.neulet.2014.01.050
https://doi.org/10.1016/S0304-3940(03)00296-9
https://doi.org/10.3390/ijms21134771
https://doi.org/10.1002/jnr.24561
https://doi.org/10.1007/s40256-022-00537-6
https://www.ncbi.nlm.nih.gov/pubmed/35570250
https://doi.org/10.1186/s12916-019-1428-0
https://www.ncbi.nlm.nih.gov/pubmed/31679516
https://doi.org/10.1161/01.STR.0000106763.46123.F6
https://www.ncbi.nlm.nih.gov/pubmed/14671242
https://doi.org/10.1186/1741-7015-11-74
https://www.ncbi.nlm.nih.gov/pubmed/23506529
https://doi.org/10.1212/WNL.0000000000009277
https://doi.org/10.1136/bmj.a1198
https://doi.org/10.3389/fonc.2020.564965
https://doi.org/10.1016/S0091-3057(01)00675-X
https://doi.org/10.3892/etm.2016.3147
https://doi.org/10.1007/s00210-022-02286-4
https://www.ncbi.nlm.nih.gov/pubmed/36100758
https://doi.org/10.1016/j.expneurol.2022.114124
https://www.ncbi.nlm.nih.gov/pubmed/35644426
https://doi.org/10.1186/1742-2094-8-95
https://www.ncbi.nlm.nih.gov/pubmed/21831303
https://doi.org/10.1100/tsw.2010.113
https://doi.org/10.1084/jem.20061826
https://doi.org/10.3892/mmr.2022.12697
https://doi.org/10.1161/01.CIR.0000045664.75269.A5
https://www.ncbi.nlm.nih.gov/pubmed/12566377


Brain Sci. 2023, 13, 1108 19 of 20

63. Pozzoli, G.; Petrucci, G.; Navarra, P.; Marei, H.E.; Cenciarelli, C. Aspirin inhibits proliferation and promotes differentiation of
neuroblastoma cells via p21 Waf1 protein up-regulation and Rb1 pathway modulation. J. Cell. Mol. Med. 2019, 23, 7078–7087.
[CrossRef]

64. Zhang, X.; Feng, H.; Li, Z.; Guo, J.; Li, M. Aspirin is Involved in the Cell Cycle Arrest, Apoptosis, Cell Migration, and Invasion of
Oral Squamous Cell Carcinoma. Int. J. Mol. Sci. 2018, 19, 2029. [CrossRef]

65. Wu, L.; Luo, Z.; Liu, Y.; Jia, L.; Jiang, Y.; Du, J.; Guo, L.; Bai, Y.; Liu, Y. Aspirin inhibits RANKL-induced osteoclast differentiation
in dendritic cells by suppressing NF-κB and NFATc1 activation. Stem Cell Res. Ther. 2019, 10, 375. [CrossRef]

66. Plümpe, T.; Ehninger, D.; Steiner, B.; Klempin, F.; Jessberger, S.; Brandt, M.; Römer, B.; Rodriguez, G.R.; Kronenberg, G.;
Kempermann, G. Variability of doublecortin-associated dendrite maturation in adult hippocampal neurogenesis is independent
of the regulation of precursor cell proliferation. BMC Neurosci. 2006, 7, 77. [CrossRef] [PubMed]

67. Dioli, C.; Patrício, P.; Sousa, N.; Kokras, N.; Dalla, C.; Guerreiro, S.; Santos-Silva, M.A.; Rego, A.C.; Pinto, L.; Ferreiro, E.; et al.
Chronic stress triggers divergent dendritic alterations in immature neurons of the adult hippocampus, depending on their
ultimate terminal fields. Transl. Psychiatry 2019, 9, 143. [CrossRef] [PubMed]

68. Yau, S.-Y.; Li, A.; So, K.-F. Involvement of Adult Hippocampal Neurogenesis in Learning and Forgetting. Neural Plast. 2015,
2015, 717958. [CrossRef] [PubMed]

69. Thong, E.H.; Lee, E.C.Y.; Yun, C.-Y.; Li, T.Y.W.; Sia, C.-H. Aspirin Therapy, Cognitive Impairment, and Dementia—A Review.
Futur. Pharmacol. 2023, 3, 144–161. [CrossRef]

70. Davis, K.A.S.; Bishara, D.; Molokhia, M.; Mueller, C.; Perera, G.; Stewart, R.J. Aspirin in people with dementia, long-term benefits,
and harms: A systematic review. Eur. J. Clin. Pharmacol. 2021, 77, 943–954. [CrossRef]

71. Persegani, C.; Russo, P.; Lugaresi, E.; Nicolini, M.; Torlini, M. Neuroprotective effects of low-doses of aspirin. Hum. Psychopharmacol.
Clin. Exp. 2001, 16, 193–194. [CrossRef]
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