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Doxorubicin impairs cognitive
function by upregulating AMPAR
and NMDAR subunit expression
and increasing
neuroinflammation, oxidative
stress, and apoptosis in the brain

Ahmad H. Alhowail* and Maha A. Aldubayan

Department of Pharmacology and Toxicology, College of Pharmacy, Qassim University, Buraidah, Saudi
Arabia

Introduction: The anticancer drug doxorubicin (DOX) is used for various
malignancies. However, it also causes cognitive impairment in cancer survivors.
In order to determine the mechanisms underlying the acute effects of DOX, we
assessed the mRNA and protein expression of glutamate receptors and proteins
involved in cognitive function and apoptosis.

Methods: Fear-conditioning memory tests were performed in rats after a single
intraperitoneal injection of DOX (25mg/kg) to evaluate short-term memory
function. Rat brain samples were collected, and GIluA1 mRNA and protein
expression; NR2A and NR2B mRNA expression; and COX-2, NF-kB, TNF-a, and
MDA, Bax, and caspase-3 levels were assessed via reverse transcription
polymerase chain reaction and enzyme-linked immunosorbent assays.

Results: We observed a decreased number of entries in Y-maze, decreased
exploration time to the novel object in the novel object recognition (NOR), and
decreased freezing time in the fear-conditioning memory tests in DOX-treated
rats relative to those in control rats, demonstrating cognitive impairment. GIuAZ,
NR2B, and NR2A expression and MDA, NF-«xB, Bax, COX-2, TNF-qa, and caspase-3
levels in the brain were significantly elevated in DOX-treated rats.

Conclusion: DOX induced cognitive impairment in the rats via neuronal toxicity by
upregulating AMPAR and NMDAR expression and increasing neuroinflammation,
oxidative stress, and apoptosis in the brain.
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1 Introduction

The anthracycline doxorubicin (DOX) is widely applied in the therapy of several cancers,
including breast and prostate cancers (Thorn et al.,, 2011). DOX primarily reduces DNA
synthesis by inhibiting topoisomerase II, thereby enhancing reactive oxygen species (ROS)
production and disrupting mitochondrial function (Alharbi et al., 2020). Although DOX
is an effective anticancer agent, it is associated with several side effects, including
cardiotoxicity, nephrotoxicity, and hepatotoxicity (Zhao and Zhang, 2017; Song et al,,
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2019; Afsar et al., 2020; Alharbi et al., 2020). Recent studies have
linked DOX to chemo brain (Alharbi et al., 2020). However, only
few studies have focused on the underlying mechanisms and
etiology of chemo brain (Alhowail et al., 2019a; Alhowalil et al.,
2019b; Alharbi et al., 2020). DOX is ionized and hence does not
easily cross the intact blood-brain barrier (Bredlau et al., 2018).
Therefore, it can cause cognitive impairment by directly affecting
the central nervous system and through indirect mechanisms, such
as excessive ROS production, resulting in increased lipid peroxidation,
impaired synaptic plasticity, and mitochondrial dysfunction (Alhowail
et al,, 2019a). Although DOX impairs hippocampal-dependent tasks
and cognitive function, the underlying mechanisms remain unclear.

Glutamate is a prevalent excitatory neurotransmitter and is also
neurochemically synthesized in the brain (Zhou and Danbolt, 2014;
Lieu et al., 2020). Glutamate receptors are classified as either ionotropic
or metabotropic (Crupi et al, 2019). N-methyl-d-aspartate receptors
(NMDARs) and -amino-3-hydroxyl-5-methyl-4-isoxazole-propionate
receptors (AMPARs) are two examples of ionotropic receptors, which
play vital roles in synaptic and cognitive functions (Traynelis et al., 2010;
Bhattacharya et al., 2017). Upon neuronal stimulation, the presynaptic
terminal releases glutamate into the synaptic cleft, which binds to
AMPARs and NMDARs and causes conformational changes (Alhowail
et al, 2022). AMPARs elicit an influx of Na', depolarizing the
membranes of postsynaptic neurons (Zanetti et al., 2021; Alhowail
et al, 2022). At resting potential (-65 mV), NMDARs are closed by
Mg™* (Kampa et al., 2004). Postsynaptic membrane depolarization by
AMPARs removes this blockade, permitting Ca?" influx, which is
essential for downstream memory formation (Luscher and Malenka,
2012). AMPARs comprise four subunits (GluAl-4), which are
differentially expressed (Bhattacharya et al, 2017; Polli and
Kohlmeier, 2022). In the adult brain, GluAl is permeable to Ca*';
however, GluA2 is not permeable to Ca*" because of the presence of
arginine in its receptor, which blocks Ca*" permeability through
AMPARs (Wright and Vissel, 2012; Livingstone et al, 2021).
Therefore, the presence of more GluAl in the AMPAR structure
allows Ca® influx through the cell membrane, causing neuronal
toxicity (Qu et al, 2020; Livingstone et al, 2021). In addition,
NMDARs comprise the NR1, NR2A, NR2B, and NR2C subunits,
which are vital to synaptic plasticity and cognitive function
(Brothwell et al., 2008; Suzuki et al., 2023). Therefore, alterations in
the expression and activity of these receptors directly affect general
brain function by reducing or increasing downstream signaling, thereby
causing cognitive impairment (Yang et al., 2022).

The transcription factor nuclear factor kappa B (NF-«B) controls
several genes related to cellular development, survival, apoptosis, and
stress response as well as inflammation development and progression
(Park and Hong, 2016). Activation of NF-kB can stimulate the
transcription of TNF-a genes, which activate tumor necrosis factor
receptor 1 (TNFR1), promoting proinflammatory cytokine production
and leading to neuroinflammation, upregulation of cyclooxygenase-2
(COX-2) expression, and apoptosis (Poligone and Baldwin, 2001; Li
etal., 2005). Furthermore, the pro-apoptotic Bcl-2-associated X protein
(Bax) is a mitochondrial membrane protein that regulates membrane
permeability (Singh et al., 2015; Hsieh et al., 2016). At the physiological
cellular level, Bax expression and function regulate the mitochondrial
membrane (Shamas-Din et al., 2013). However, under oxidative stress,
the increase in Bax expression in the outer mitochondrial membrane
induces the formation of pores, which cause the release of cytochrome

Frontiers in Pharmacology

10.3389/fphar.2023.1251917

C, activating the apoptosome and caspase-3 cascade, resulting in
apoptosis (Gao and Wang, 2009; Naseri et al., 2015). Moreover,
increased malondialdehyde (MDA), ROS production, and lipid
peroxidation characterize oxidative stress, resulting in damage
to cellular function, and stimulate apoptosis (Su et al, 2019).
The susceptibility of the brain to oxidative stress and its effects
on metabolism and synaptic activities have been reported in
Parkinson’s disease and Alzheimer’s disease (Pimentel et al.,
2012). In addition, increasing evidence suggests that DOX can
induce cognitive decline, reduced long-term potentiation (LTP),
and synaptic dysfunction (Alhowail et al., 2019a).

Decreased expression and activity of AMPARs and NMDARs
can impair cognitive function (Li and Tsien, 2009; Alhowail, 2021).
In contrast, upregulated AMPAR and NMDAR expression increases
Ca®* influx, causing neuronal injury, toxicity, and apoptosis,
ultimately leading to cognitive dysfunction (Newcomer et al,
2022). Therefore, cellular Ca*>" balance is essential for memory
formation (Ureshino et al.,, 2019). Despite the high incidence of
chemo brain in breast cancer survivors and widespread use of DOX
in breast cancer therapy, little is known about the effects of DOX on
cognitive function in female rats. Thus, in this research, it is
investigated DOX-induced cognitive impairment in female rats.
The goal of this investigation was to determine the acute effects
of DOX on cognitive function, particularly its impact on the
expression of AMPAR and NMDAR subunits; inflammatory and
oxidative stress mediators, such as NF-kB, COX-2, MDA, and TNF-
a; and markers of apoptosis, such as caspase-3 and Bax.

2 Materials and methods
2.1 Chemicals and drugs

DOX was purchased from EBEWE Pharma GmbH Nfg KG
(Attersee, Austria).

2.2 Animal treatments

Twenty female albino rats, each aged 3 months, were housed
individually in small cages. These cages were subjected to a light/
dark cycle of 12 h per day, with the lights being switched on precisely
at 7:30 a.m. Throughout the duration of the study, the rats were
provided with unrestricted access to both water and food. The
experimental subjects, namely, the rats, were divided into two
distinct groups for the purpose of this study. The first group,
referred to as the control group, consisted of ten rats. Similarly,
the second group, known as the DOX group, also comprised ten rats.
The DOX group was administered intraperitoneal (i.p.) injections of
25 mg/kg DOX, while the control group was subjected to a solitary i.
p. injection of saline.

2.3 Y-maze
The Y-shaped maze has three wooden arms that measure 50 cm,

10 cm, and 20 cm, respectively, and they are arranged at an angle of
120°. In order to evaluate the rats’ memory, the novel arm of the
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[llustration depicting the schematic representation of the experimental design.

FIGURE 2
Schematic representation of the experimental design.

Y-maze was purposefully made inaccessible. In this particular study,
each arm was categorized as either a “starter,” “familiar,” or “novel.”
One rat was put into the starting arm, and during each training
session, it had free access to the familiar arm for a period of
10 minutes. The test was redone after 3 hours with no restrictions
placed on maze exploration and all arms open. For the second time
during the experiment, the animal was positioned in the starter arm,
and its behavior during the subsequent 3 minutes was monitored to
determine whether it preferred the unfamiliar or the familiar
conditions. Within the confines of the maze, light was spread out
uniformly. It was determined by analyzing videos of the test sessions
how long rats remained in the novel arm as well as how many times
they entered the arm. It was determined that the animal had entered
the arm if all four paws were seen entering the arm (Figure 1)
(Alsaud et al., 2023).

2.4 Novel object recognition test

In the experiment, a wooden box measuring 40 cm on a side,
40 cm on a side, and 40 cm on a side was used to contain two items: a
set of familiar black cans, and an unfamiliar white teacup. The rat
spent 10 minutes in the middle of the maze investigating a group of
similar black cans. The training period lasted for 3 hours, and then
the test session consisted of exposing the rat to a new object (a
teacup) for 3 minutes. During the testing session, video cameras
recorded the amount of time spent by each animal investigating a

Frontiers in Pharmacology

3 hours

novel object. The collected data were then subjected to statistical
analysis (Figure 2) (Alsaud et al., 2023).

2.5 Fear-conditioning memory tests

The rats were placed in a standard rat operating chamber in a sound
isolation cubicle with an electrified grid floor to deliver shocks to their
feet (hereafter referred to as “the context”). A conditioned freezing
protocol was used to train the rats. On day 4 after treatment, the rats were
exposed to the context for 30 min to habituate them to the chamber
without foot shock. On day 5 after treatment, the rats were returned to
the chamber for 180 s and received multiple electrical foot shocks in
different contexts. After 3 h (day 5), the rats were restored to baseline for
180 s without electrical foot shocks. Freezing behavior (no movements
except respiration-related movements) was used to evaluate fear
memory function by analyzing the changes in freezing times between
the treated and control groups (Figure 3) (Alhowail et al., 2022).

2.6 Preparation of brain samples

The rodents were humanely euthanized via CO2 inhalation,
followed by the decapitation of their heads prior to the extraction of
their brains. Following the removal of blood from the brains utilizing
phosphate-buffered saline (PBS), the subsequent step involved the
extraction of the brain. In order to facilitate the extraction of
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FIGURE 3

Schematic of the experimental design for fear-conditioning memory test.

proteins from neurons, we utilized a Qsonica homogenizer (operating at
a frequency of 30 Hz) manufactured by the esteemed company located
in Newtown, CT, United States of America. Additionally, we employed
a lysis buffer (specifically, N-PER) that was procured from the reputable
headquartered in Madison, WI,
United States of America. The specimens were subjected to

supplier Thermo Scientific,
centrifugation at a temperature of 4 °C for a duration of 10 min at a
force of 12,000 times the acceleration due to gravity (12,000 x g).
Following centrifugation, the resulting liquid portion above the
sediment, known as the supernatant, was carefully transferred to
newly prepared Eppendorf tubes. Prior to subjecting the samples to
enzyme-linked immunosorbent assay (ELISA), the bicinchoninic acid
(BCA) assay was conducted in order to ascertain the total protein
content (Alhowail et al., 2019a).

2.7 Reverse transcription polymerase chain
reaction (RT-PCR)

The RNA was isolated from brain samples obtained from animals
treated with DOX and control animals utilizing the TRIzol reagent, a
product manufactured by Sigma-Aldrich located in St. Louis, MO,
United States of America. The residual genomic DNA was subsequently
isolated from the total RNA using RNase-free DNase (Ambion,
Carlsbad, CA, United States of America). The RNA content and
absorbance were calculated utilizing a NanoDrop spectrophotometer
manufactured by Thermo Fisher Scientific, located in Loughborough,
United Kingdom. The synthesis of complementary DNA (cDNA) was
performed using a cDNA synthesis kit (Applied Biosystems, Foster City,
CA, United States of America) on a total RNA sample of 500 ng. The
cDNA samples were subsequently amplified using Taq DNA
polymerase (Qiagen, Shanghai, China). SYBR Green, a fluorescent
dye commonly employed in molecular biology research, specifically
in the realm of reverse transcription polymerase chain reaction (RT-
PCR), was utilized in this study. The RT-PCR procedure was conducted
on an iCycler iQ5 system, a thermocycler manufactured by Bio-Rad, a
reputable company based in Hercules, California, United States. The
synthesis of primers was performed utilizing a proprietary software
developed by Integrated DNA Technologies. The RT-PCR experiment
was performed utilizing Bio-Rad’s Advanced SYBR Green Supermix
with the specified parameters: an initial denaturation step at 95°C for
30 s, followed by 40 amplification cycles consisting of denaturation at
95°C for 5s, and annealing/extension at 57°C for 30s. Duplicate
samples were meticulously prepared, and a rigorous triad of tests
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TABLE 1 Primers utilized in the study.

Gene Sequence (5'-3") Length (bp)
GluAl Forward: GCCAGATCGTGAAGCTAGAAA 80
GluAl Reverse: CTCCGCTCTCCTTGAACTTATT
NR2A Forward: GGAGGAGGTTGGGTCATTTAT 86
NR2A Reverse: AGTAGGCACTTGGGACTTTAC
NR2B Forward: GAGGAACCAGGCTACATCAAA 83
NR2B Reverse: GGTCACCAGGTAAAGGTCATAG
GAPDH Forward: ACTCCCATTCTTCCACCTTTG 104
GAPDH Reverse: CCCTGTTGCTGTAGCCATATT

was conducted. After the completion of plate-setting, the acquired
data were subjected to automated processing utilizing the AiraMx
software for the purpose of comparative quantification. The gene
expression levels were standardized relative to the reference gene
GAPDH, which is commonly used as a housekeeping gene. The
quantification of mRNA expression alterations was determined
through the estimation of transcript abundance per gene in relation
to the reference gene GAPDH (Table 1).

2.8 ELISA

Brain samples from the rats in the DOX and control groups that
were treated with N-PER and used for BCA were subjected to ELISA
for GluAl, Bax, and caspase-3 levels using commercially available
kits (MyBioSource Company, San Diego, CA, United States of
America) according to the protocols of the manufacturers. The
absorbance at 450 nm was read using a BIO-TEK Absorbance
Microplate Reader (BioTek, Winooski, VT, United States of
America). The data were then subjected to statistical analysis.

2.9 Statistical analysis

Data from DOX-treated and control rats were compared utilizing a
two-tailed unpaired Student’s t-test in GraphPad Prism 10.0.0.153
(GraphPad Prism Software, San Diego, California, United States of
America). When p was smaller than 0.05, a difference was found using
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FIGURE 4
Effects of acute doxorubicin (DOX) treatment on rat survival.
Only 50% of rats in the DOX group survived after 5 days of treatment
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FIGURE 5

Effects of DOX on rat body weight. The study lasted for 5 days.
The DOX-treated rats had significantly reduced body weights. *p <
0.05, **p < 0.01.

every parametric statistic. Both the mean and the standard error of the
mean (SEM) are shown for these results.

3 Results

3.1 DOX increases the mortality rate of rats
50f 10 (50%) rats administered DOX died after 5 days of therapy

(Figure 4).

3.2 DOX decreases body weight of rats

The body weight of DOX-treated rats was substantially lower
than that of control rats (Figure 5).

3.3 DOX impair cognitive function in the
Y-maze test

The number of entries and time spent in the novel arm reflect
the ability of an animal to discover a new unexposed arm. The
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quantity of rat entries within the DOX group exhibited a statistically
notable drop (p < 0.05) when related to the control group’s rat
entries. (Figure 6).

3.4 Effect of DOX on rat behavior in the
novel object recognition test

The exploration time reflects the ability of an animal to recall a
previously exposed object. The exploration time of rats in the DOX
group was significantly lower (p < 0.05) that of the control rats (Figure 7).

3.5 Effect of DOX on rat behavior in the fear-
conditioning memory test

The freezing time reflects the ability of an animal to recall a previously
exposed context. The freezing time of rats in the DOX group was notably
lower (p < 0.01) than that of the control rats (Figure 8).

3.6 DOX therapy elevates mRNA and protein
expression of GluAl of AMPARs

The assessment of mRNA expression pertaining to GluAl-
containing  AMPARs was conducted subsequent to a 5-day
administration of DOX treatment. As depicted in Figure 6, the
rats subjected to DOX treatment demonstrated a notable elevation
in the levels of GluA1 mRNA expression in comparison to the levels
observed in the control rats.

3.7 DOX upregulates the mRNA expression
of NMDAR subunits NR2A and NR2B

The levels of NR2A and NR2B mRNA expression were assessed
5 days after DOX administration. The DOX-treated rats exhibited a
significant elevation of NR2A and NR2B mRNA expression
compared to those in control rats, which indicated the potential
toxic effects of DOX (Figure 9).

3.8 DOX upregulates NF-xB, MDA, COX-2,
and TNF-a expression

The expression levels of NF-kB, MDA, COX-2, and TNF-a were
assessed 5 days following DOX administration. The brain of DOX-
treated rats demonstrated significantly increased levels of NF-«B, COX-
2, MDA, and TNF-a compared with that of the controls (Figure 10).

3.9 DOX upregulates Bax and caspase-3
expression

The expression of Bax and caspase-3 was evaluated 5 days after
DOX therapy. Rats in the DOX group exhibited a prominent
elevation in the levels of caspase-3 and Bax in the brain
compared with the controls (Figure 11).
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FIGURE 6

The impact of DOX on rat behavior in the Y-maze test shall be elucidated. (A and B) The impact of DOX administration on the quantity of entries and
duration of stay in the novel arm. (C) The cumulative count of participants across all treatment groups. The data presented in this study is represented by
bars, which indicate the mean value plus or minus the standard error of the mean (SEM). (*p < 0.05).
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FIGURE 7

The impact of DOX on rat behavior within the context of the

novel object recognition test. The impact of DOX administration on
the duration dedicated to the investigation of the novel object. The
datais represented by bars, which indicate the mean value plus or
minus the standard error of the mean (SEM) (*p < 0.05).

Discussion

In this study, we observed the impact of DOX on glutamatergic
system-induced neuronal toxicity and cognitive impairment in a rat
model. The results revealed that DOX caused neurotoxicity via
overactivation of the glutamatergic system, thereby inducing
apoptosis. DOX administration also significantly reduced body
weight, accompanied by a decrease in spatial memory, as
evidenced by a reduction in the number of entries in the Y-maze.
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FIGURE 8

Effect of DOX on rat behavior in the fear-conditioning memory
test. Effects of DOX treatment on freezing time. Bars indicate the
mean + SEM (**p < 0.01)

Additionally, DOX administration resulted in a decrease in
exploration time in the NOR test, a decline in freezing time in
the fear-conditioning memory test, significantly elevated levels of
the mRNA/protein expression of the glutamate subunit of AMPARSs
containing GluAl, and elevated mRNA expression levels of the
glutamate subunit of NMDARs, which together resulted in
neurotoxicity and memory impairment. Previous studies have
shown that chronic DOX treatment causes cognitive impairment.
One
neurogenesis (Kitamura et al., 2015; Alharbi et al., 2020; Usmani

proposed mechanism involves reduced hippocampal
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Effects of DOX on the expression levels of NF-kB, COX-2, MDA, and TNF-a in the brain. (A—D) DOX-treated rats showed significantly higher COX-2
(A), NF-kB (B), TNF-a (C), and MDA (D) expression than the controls. Bars symbolize the mean + SEM (*p < 0.05)

et al, 2023). The Y-maze and novel object recognition tests, in
addition to elevated plus maze tests, in our previous research, have
also shown that chronic DOX treatment impairs memory function
(Alharbi et al, 2020; Alsaud et al, 2023). In this study, we
investigated acute DOX treatment by evaluating spatial memory
impairment using the Y-maze and NOR tests and other methods of
memory impairment by assessing fear conditioning memory, which
functions through a distinct pathway (amygdala-dependent learning
memory), and the involvement of AMPARs and NMDARs in
cognitive impairment as well as neuroinflammation, oxidative
stress, and apoptosis.

Alterations in AMPA and NMDA receptors can cause
changes in neuronal function, which in turn alters the
function of the central nervous system and can lead to
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cognitive impairment (Li and Tsien, 2009; Alhowail, 2021).
These results support the hypothesis that DOX induces
cognitive impairment in patients administered DOX. The
GluAl subunit protein and mRNA expression was upregulated
in the brains of DOX-treated rats, which caused overactivation of
neurons, increased Ca?* influx, and increased Ca** concentration,
leading to neuronal toxicity. Furthermore, our latest research
involving the hippocampus of nude mice has uncovered the
detrimental effects of chronic (Figure 12) DOX treatment on
cognitive function. It was observed that this treatment led to a
decrease in the presence of GluAl subunit-containing AMPA
receptors, which are crucial for proper brain function (Alhowail
et al., 2021). Nevertheless, the evaluation of the current study,
which utilized an acute dose of DOX, demonstrated a noteworthy
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rise in the presence of the GluAl subunit within the AMPA
receptor. Thus, it is speculated that the variation in results may be
attributed to the utilization of the entire brain for protein
expression assessment. Furthermore, the initiation of DOX
treatment leads to an increase in GluAl, which in turn
triggers apoptosis. Nevertheless, extended periods of treatment
may lead to neuronal degeneration.

In addition, NMDARs play a vital role to synaptic plasticity
and cognitive function (Brothwell et al., 2008; Suzuki et al., 2023).
In cases of prenatal nicotine or alcohol exposure, NMDAR
expression is reduced, resulting in memory deficits and
impaired LTP (Alhowail et al., 2021; Alhowail, 2022; Polli and
Kohlmeier, 2022). Similarly, blocking NMDAR expression
reduces LTP induction and results in memory impairment
(Yang et al,, 2018). In contrast, NMDAR overactivation can
increase Ca** entry into neurons, leading to neuronal toxicity
and initiation of apoptosis (Dong et al., 2009; Ndountse and
Chan, 2009). These results agree with a recent finding that post-
treatment with DOX can elevate glutamate levels owing to
decreased clearance in the frontal cortex of rodent models
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(Thomas et al., 2017), which increases glutamate receptor
expression.

DOX administration leads to enhanced expression of
proinflammatory mediators, including TNF-a, in the brain
(Keeney et al., 2018). NF-kB activates the TNF-a gene to
enhance the transcription and translation of proteins (Coelho-
Santos et al., 2015). The proinflammatory cytokine TNF-a may
cross the blood-brain barrier and result in central inflammation
in the brain (Huang et al., 2020). The results of the current study
revealed that DOX causes neurotoxicity by enhancing the
production of proinflammatory mediators TNF-a and COX-2
in the brain, leading to neuroinflammation. These results were
evident from the significantly elevated levels of TNF-a, NF-kB,
and COX-2 in the brain samples from the DOX-treated rats
compared to those in the controls. Furthermore, the DOX-
induced elevated neuroinflammation was linked to oxidative
stress due to increased levels of MDA in the brain, causing
cognitive impairment.

Furthermore, it is imperative to note that the adequate
expression and optimal functioning of Bax are indispensable
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for maintaining the regular cellular processes and promoting
proper cellular development (Hardwick and Soane, 2013). Bax,
an indispensable participant in the process of apoptosis, assumes
a crucial function in the activation of caspase signaling through
the release of cytochrome C from the mitochondria (Wang and
Youle, 2009). The upregulation of Bax expression elicits the
release of cytochrome C, thereby instigating the process of
apoptosis through the activation of caspase-3 (An et al., 2004;
Mizuta et al., 2007). Moreover, the pathogenesis of various
disorders, including Alzheimer’s and Parkinson’s disease, can
lead to the upregulation of Bax and caspase-3 expression,
ultimately resulting in neurodegeneration (Long et al., 2021;
Wolfrum et al, 2022). In a similar vein, chemotherapeutic
agents, such as DOX, have been observed to enhance the
expression of Bax and caspase-3, leading to the induction of
apoptosis (Sharifi et al., 2015; Singh et al., 2019). The results of
the present study revealed notable differences in the expression
levels of caspase-3 and Bax between the group treated with DOX
and the control group. Specifically, it was observed that these
levels exhibited an increase subsequent to DOX therapy. Hence,
the administration of acute DOX therapy has the potential to
enhance the process of apoptosis through the upregulation of Bax
and caspase-3 expression, ultimately leading to the initiation of
apoptosis. Additional investigations pertaining to Bax and
caspase-3, along with their associated signaling proteins
situated  both
extracellular signal-regulated kinase and the generation of

upstream and  downstream, including
reactive oxygen species, are imperative in order to gain
comprehensive insights into the modifications induced by
DOX in the expression of Bax and caspase-3.

This study is subject to specific strengths and limitations. To the
utmost extent of our comprehension, this investigation represents
the primary endeavor to combine the impact of DOX on the

intricate interplay of oxidative stress, neuroinflammation, and the
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excessive stimulation of the glutamatergic system. The animal
subjects utilized in this investigation were of identical strain and
age, and all experimental procedures were carried out concurrently
across the study cohorts to mitigate the influence of confounding
variables. Additionally, the utilization of cancer-free rats was
employed to assess the direct impact of DOX treatment, thereby
minimizing any potential confounding effects originating from the
presence of cancer. Moreover, it should be noted that one aspect of
concern relates to the administration of a solitary dose to the animal
subjects, consequently resulting in a partial replication of the dosing
regimen observed in human individuals. However, the selection of
this specific dosage was made with the intention of investigating its
impact on survival rates and the underlying mechanisms of
cognitive impairment. An additional limitation concerns the
exclusive evaluation of mRNA levels pertaining to NMDARs
subunits NR2A and NR2B, without simultaneous examination of
protein expression in the brain. However, it is important to note that
the aforementioned situation can be ascribed to the inherent
limitations imposed by the existing laboratory infrastructure.

In conclusion, our findings supported the hypothesis that
DOX induces cognitive impairment by altering glutamate
receptor expression, leading to neurotoxicity. Furthermore, the
molecular mechanism underlying cognitive impairment was
investigated, and the results suggested that DOX increased the
expression of the GluAl subunit of AMPARs and NR2A and
NR2B subunits of NMDARs. This was associated with neuronal
toxicity via activation of inflammatory and oxidative stress
mediators, such as NF-kB, COX-2, MDA, and TNF-a, and
pro-apoptotic protein (Bax, and caspase-3) signaling, which
resulted in apoptosis and decreased cognitive performance.
Additional research is required to examine the expression and
function of AMPAR and NMDAR subunits following acute DOX
exposure. A comprehensive understanding of the mechanisms
underlying chemotherapy can help elucidate the pharmacological
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management required to mitigate the cognitive impairment
caused by chemotherapy (Figure 13).
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