Molecular Neurobiology
https://doi.org/10.1007/s12035-024-04499-5

RESEARCH q

Check for
updates

Empagliflozin Dampens Doxorubicin-Induced Chemobrain in Rats: The
Possible Involvement of Oxidative Stress and PI3K/Akt/mTOR/NF-kB/
TNF-a Signaling Pathways

Rania M. Abdelsalam? . Hatem W. Hamam' - Noha M. Eissa' - Ayman E. El-Sahar’? - Reham M. Essam 2

Received: 16 March 2024 / Accepted: 12 September 2024
© The Author(s), under exclusive licence to Springer Science+Business Media, LLC, part of Springer Nature 2024

Abstract

Chemobrain is a cognitive impairment observed in up to 75% of cancer patients treated with doxorubicin (DOX). Cognitive
deficits associated with DOX are complex, and multiple interplay pathways contribute to memory impairment and the loss of
concentration. Empagliflozin (EMPA), a sodium-glucose co-transporter-2 (SGLT-2) inhibitor with neuroprotective potential,
has recently been elucidated because of its regulatory effects on oxidative stress and neuroinflammation. Thus, this study
aimed to explore the protective mechanisms of EMPA in DOX-induced chemobrain. Rats were allocated to four groups:
normal (NC), EMPA, DOX, and EMPA + DOX. Chemobrain was induced in the third and fourth groups by DOX (2 mg/kg,
IP) on the Oth, 7th, 14th, and 21st days of the study, while EMPA was administered (10 mg/kg, PO) for 28 consecutive days
in both the EMPA and EMPA + DOX groups. Behavioral and biochemical assessments were then performed. Rats treated
with DOX exhibited significant memory, learning, and muscle coordination dysfunctions. Moreover, DOX boosted oxidative
stress in the brain, as evidenced by elevated malondialdehyde (MDA) content together with decreased levels of nuclear factor-
erythroid 2-related factor 2 (Nrf2) and heme oxygenase-1 (HO-1) and reduced glutathione (GSH). Neuroinflammation was
also observed as an upsurge of tumor necrosis factor-alpha (TNF-a) and nuclear factor kappa B (NF-kB) (p65). Additionally,
DOX diminished the expression of brain-derived neurotrophic factor (BDNF) and increased phosphoinositol-3-kinase (PI3K),
phosphorylated-Akt (pAkt), and mammalian target of rapamycin (mTOR) content. EMPA exhibited potent neuroprotective
potential in DOX-induced cognitive impairment, attributed to its antioxidant and neuroplasticity-enhancing properties and
suppression of the PI3K/Akt/mTOR/NF-kB/TNF-« signaling pathway.
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Introduction

Chemobrain is a cognitive impairment that affects up to 75%
of individuals who continue experiencing ataxia, dysphasia,
and memory loss even after the treatment is stopped [1].
Doxorubicin (DOX), an anthracycline, is a topoisomerase 11
inhibitor that induces DNA cross-linking, disrupts the cell
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cycle in cancer cells, and eradicates tumors [2]. Despite its
distinctive clinical efficacy, DOX causes multiorgan toxic-
ity, which limits its use [3]. One of the major side effects of
DOX is neurotoxicity and diminished cognitive performance
[4,5].

Cognitive deficits associated with DOX are complex, and
multiple mechanisms play essential roles in memory impair-
ment [6]. It has been suggested that DOX has a restricted
ability to traverse the blood—brain barrier (BBB); however,
numerous studies have shown that DOX can traverse the BBB
via direct membrane interactions with irregular endothelial
basement membranes [7, 8]. Moreover, it has been suggested
that DOX can indirectly cause brain toxicity due to periph-
eral oxidative stress coupled with an upsurge in blood tumor
necrosis factor-alpha (TNF-a), which penetrates the brain
[9]. Therefore, either directly or indirectly, DOX facilitates
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reactive oxygen species (ROS) production, which affects both
microglia and astrocytes. The chemobrain-induced dysregu-
lation of these glial cells leads to the activation and transloca-
tion of nuclear factor kappa B (NF-xB), which stimulates the
transcription of inflammatory cytokines and induces neuro-
toxicity and eventually cognitive impairment [10, 11].

The quinone moiety in the DOX structure generates
large amounts of ROS, which triggers lipid peroxidation
and diminishes the antioxidant defense mechanisms [12].
The nuclear factor-erythroid 2-related factor 2 (Nrf2) sign-
aling pathway plays a vital role in the redox regulatory
system, and alterations in Nrf2 expression are involved in
the pathophysiology of several neurological disorders [13].
In response to oxidative stress, Nrf2 translocates into the
nucleus. It stimulates the transcription of downstream target
genes that encode antioxidant enzymes, such as heme oxy-
genase-1 (HO-1) and enzymes involved in the synthesis of
reduced glutathione (GSH) [14-16].

Empagliflozin (EMPA), a sodium-glucose co-trans-
porter-2 (SGLT-2) inhibitor, is an anti-diabetic medication
[17]. SGLT-2 inhibitors pass through the brain and activate
SGLT-2 receptors in different brain areas [18]. Studies have
considered using EMPA in neurological diseases because
of its regulatory effects on several redox, inflammatory, and
apoptotic pathways [19, 20]. Thus, the authors hypothesized
that EMPA’s antioxidant and anti-inflammatory properties
might confer protection against DOX-induced chemobrain.

The phosphoinositol-3-kinase (PI3K), protein kinase B
(Akt), and mammalian target of rapamycin (mTOR) signal-
ing pathways play critical roles in the central nervous sys-
tem [21, 22]. Activation of PI3K and subsequent stimulation
of Akt and mTOR have been reported to have a regulatory
effect on protein synthesis and brain function and could
influence learning and memory [6]. Moreover, under patho-
logical conditions, PI3K/Akt/mTOR signaling modification
is linked to increased ROS production and inflammation,
which may result in aberrant neuronal signal transmission
and cognitive deterioration [23].

Thus, this study aimed to investigate the protective effect
of EMPA on DOX-induced anomalies in oxidative balance,
inflammation, and synaptic plasticity, as well as its influence
on the PI3K/Akt/mTOR signaling pathway in rat brains.

Material and Methods

Animals

Thirty-two male Wistar rats at 7-8 weeks of age and weigh-
ing 180-200 g were used in this study. Animals were pur-
chased from and housed at the Faculty of Pharmacy-Cairo

University Animal Unit. All animals were kept under con-
stant environmental conditions: humidity (60 + 10%), room
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temperature, and a light/dark cycle of 12/12 h. Rats were
allowed access to food and water ad libitum throughout the
experiment.

All experimental procedures were performed in accordance
with the recommendations of the Research Ethical Committee
of the School of Pharmacy, Newgiza University (Giza, Egypt),
with approval number PT-0005. All precautions were taken to
reduce the pain and suffering of the animals.

Drugs and Chemicals

Empagliflozin (EMPA) was obtained from Eva Pharma
(Cairo, Egypt). Doxorubicin hydrochloride (DOX) was pro-
cured from Khandelwal Laboratories Pvt. Ltd. (Mumbai,
India). All tested agents were freshly dissolved in sterile
saline before injection.

Induction of Chemobrain in Rats

Chemobrain was induced in rats by DOX (2 mg/kg, IP)
injection once every week for 4 successive weeks on days
0,7, 14, and 21 [24].

Experimental Design

The rats were randomly distributed into four groups (n=_8)
and treated as follows.

Group I: normal control (NC) group: Rats were admin-
istered EMPA solvent (saline) orally once daily for 28
consecutive days, in addition to an intraperitoneal saline
injection on days 0, 7, 14, and 21.

Group II: EMPA group: Rats were administered EMPA
(10 mg/kg, PO) once daily for 28 consecutive days [25],
along with an intraperitoneal saline injection on days 0,
7,14, and 21.

Group III: DOX group: Rats were orally administered
EMPA solvent (saline) once daily for 28 consecutive
days, in addition to DOX (2 mg/kg, IP) injected on days
0,7, 14, and 21 of the study.

Group IV: EMPA 4+ DOX group: Rats were administered
EMPA (10 mg/kg, PO) once daily for 28 consecutive
days, together with DOX (2 mg/kg, IP) injected on days
0,7, 14, and 21.

Body weights were recorded weekly on days 0, 7, 14, 21,
and 28 (Table 1). Training on the rotarod and Morris water
maze (MWM) apparatus was performed on the experiment’s
25th, 26th, and 27th days. On the 28th day, behavioral test-
ing, namely Y-maze, rotarod, and MWM, was done starting
with the least stressful test, Y-maze, and ending with the
MWM (Fig. 1).
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Table 1 Change in body weight per week (days 0, 7, 14, 21, and 28), final brain weight, and ratio of brain/body weight (brain index)

Group Ratno Body weight Body weight Body weight ~ Body weight =~ Body weight ~ Brain Brain index (%)
(grams) Day  (grams) Day  (grams) Day (grams) Day (grams) Day weight
0 ) (14) ey (28) (grams)
Normal control (NC) 1 180 190 200 215 220 1.21 0.55
2 187 195 199 210 217 1.22 0.56
3 181 190 194 200 205 1.21 0.59
4 179 185 190 198 209 1.15 0.55
5 200 205 209 215 225 1.2 0.53
6 180 189 195 201 209 1.2 0.57
7 195 201 210 215 220 1.15 0.52
8 202 210 219 220 223 1.2 0.54
Empagliflozin 1 185 190 200 202 212 1.21 0.57
(EMPA)
2 187 192 199 202 215 1.07 0.50
3 202 208 215 217 225 1.15 0.51
4 189 195 199 209 230 1.25 0.54
5 195 205 209 217 223 1.2 0.54
6 192 197 207 218 223 1.2 0.54
7 195 202 210 215 219 1.11 0.51
8 205 210 220 222 228 1.2 0.53
Doxorubicin (DOX) 1 195 199 204 209 220 1.21 0.55
2 195 195 199 207 215 1.22 0.57
3 180 190 194 200 205 1.21 0.59
4 202 185 190 195 202 1.11 0.55
5 199 205 210 220 225 1.2 0.53
6 182 189 195 201 209 1.18 0.56
7 195 201 210 215 220 1.21 0.55
8 200 210 215 220 230 1.2 0.52
Doxorubicin+empa- 1 200 205 214 220 225 1.21 0.54
gliflozin
(DOX+EMPA)
2 180 190 193 210 222 1.15 0.52
3 185 200 206 216 230 1.22 0.53
4 179 189 194 199 215 1.22 0.57
5 205 210 221 225 235 1.2 0.51
6 195 200 215 219 229 1.25 0.55
7 195 201 210 215 220 1.15 0.52
8 202 210 219 220 223 1.2 0.54

The body weights of animals in different groups were recorded weekly on days 0, 7, 14, 21, and 28, and at the end of the experiment, brain

weights were measured and brain index was calculated for each animal

Behavioral Assessment
Morris Water Maze (MWM)

Long-term memory and spatial learning were evaluated
using the MWM. It is a circular, 40-cm-deep pool filled
with tap water and divided into four quarters. An 8-cm
ladder (the target quadrant) is in the middle of one of
these quarters. Three training sessions were performed

on the apparatus on days 25 to 27. The rats could navi-
gate the maze for 2 min, find the ladder, and remain
on it for 10 s during each attempt. Rats that could not
locate the ladder were guided and kept on it for 30 s.
The ladder was eliminated in the probe test (28th day),
and the behavior of the rats in the pool was assessed for
2 min. The latency time to enter the target quarter, the
time spent, and the number of entries to find the ladder
were recorded [26].
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Fig. 1 Experimental timeline
denoting the allocation of ani-
mals into the four groups. NC,
normal control; EMPA, empa-
gliflozin; DOX, doxorubicin
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Y-Maze Test

The Y-maze test was used to measure short-term memory.
As rats have an innate interest in exploring new places,
spontaneous alternations test spatial working memory. The
Y-maze is an equiangular, three-armed apparatus (A, B,
and C); each arm is 35 cm in height, 40 cm in length, and
12 cm in width. Animals were placed in the middle of the
maze and allowed to roam for 5 min. The total number of
entries into different arms and the number of alternations
(triads formed from the three letters ABC, CAB, BAC,
etc.) were recorded. To eliminate lingering scents, maze
arms were cleaned with alcohol after each rat was tested
[26]. The spontaneous alternation percentage (SAP) was
calculated using the following equation:

SAP (%) = [(number of alternations)/(total arm entries — 2)] x 100

Rotarod Test

The rotarod test was used to assess balance and muscle coor-
dination. All animals underwent three training sessions on
3 successive days on the rotarod apparatus that was 3 cm in
diameter and rotated at a constant speed (20 rpm). On the
assessment day, the rats were positioned on the rod for a
maximum of 2 min, and the falling time was recorded [27].

Tissue Sampling

Twenty-four hours after behavioral testing, on the 29th day,
animals were administered thiopental (50 mg/kg, IP) for
anesthesia and then sacrificed by decapitation [28]. Brains
were carefully removed, chilled on ice-filled glass plates,
and weighed, and brain index % was calculated [(Brain
weight/Body weight) x 100] (Table 1).
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Each brain (n=28) was divided into two hemispheres,
where three hemispheres from each group were used for
western blotting, and the rest were homogenized in ice-cold
saline for colorimetric and ELISA assessments. Nuclear
extraction was done for proteins whose active forms are
mainly expressed in the nucleus, including NF-kB and Nrf2,
according to the method described by Ward et al. [29].

Biochemical Parameters

Colorimetric Assessment of Brain Malondialdehyde
and Reduced Glutathione

Malondialdehyde and reduced glutathione were assessed
using colorimetric kits from Biodiagnostic (Egypt) catalog
numbers MD2529 and GR2511, respectively. The manufac-
turer’s instructions were followed for every procedure.

Reduced Glutathione This method is based on the reduction
of 5,5'-dithiobis (2-nitrobenzoic acid) (DTNB) with GSH to
produce a yellow compound. The reduced chromogen con-
centration was directly proportional to GSH concentration,
and its absorbance was measured at 405 nm using a spectro-
photometer (Shimadzu, USA) [30].

Malondialdehyde Thiobarbituric acid (TBA) reacts
with MDA in an acidic medium at 95 °C for 30 min to form
a thiobarbituric acid reactive product, and the absorbance of
the resulting pink product was measured at 534 nm using a
spectrophotometer (Shimadzu, USA) [31].

Biomarkers Measured in the Brain Using ELISA

Using the sandwich enzyme-linked immunosorbent assay
(ELISA) method, commercial kits were used to quantify
TNF-a (cat no. SG-20127, Sinogeneclon Co., Ltd., Hang-
zhou, China) and NF-xB (cat no. SG-20807; Sinogeneclon
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Co., Ltd., Hangzhou, China), brain-derived neurotrophic
factor (BDNF; cat no. SG-20200, Sinogeneclon Co., Ltd.,
Hangzhou, China), mTOR (cat no. abx257382, Abbexa Co.,
Ltd., Cambridge, UK), HO-1 (cat no. MBS764989, MyBio-
Source, San Diego, USA), and Nrf2 (cat no. MBS752046,
MyBioSource, San Diego, USA). All measurements were
performed following the manufacturer’s instructions.

Biomarkers Estimated in the Brain Using Western Blot
Analysis

Nuclear factor kappa B (p65) (NF-xB (p65)), PI3K, and phos-
phorylated-Akt versus total Akt (pAkt/tAkt) protein expression
were estimated by western blotting using the ReadyPrepTM
protein extraction kit provided by Bio-Rad Inc., USA (cat no.
163-2086), and according to the manufacturer’s instructions.
Briefly, the brains were homogenized in lysis buffer and centri-
fuged at 10,000 rpm for 15 min. Proteins were separated based
on their molecular weights on polyacrylamide gel using the
TGX Stain-Free™ FastCast™ Acrylamide Kit (SDS-PAGE)
from Bio-Rad Inc., USA (cat no. 161-0181). B-Actin was
used as a control or housekeeping protein. Overnight incu-
bation of the blots at 4 °C with each primary antibody solu-
tion, anti-NF-xB (p65) (ab16502, Abcam, USA), anti-PI3K
(MBS9700448, MyBioSource, USA), anti-pAkt (MBS633092,
MyBioSource, USA), and anti-tAkt (MBS9400291, MyBio-
Source, USA), antibodies against the blotted target protein, was
performed. A chemiluminescent substrate (Clarity™ Western
ECL substrate, Bio-Rad cat. no. 170-5060) was applied to the
blot, and chemiluminescent signals were captured using a CCD
camera-based imager.

Total Protein Assay

The total protein content of the brain homogenates was
evaluated using the Bradford Protein Assay Kit (cat no. CB-
P005-K; Creative Biolabs). All procedures were performed
according to the manufacturer’s instructions.

Statistical Analysis

The Shapiro—Wilk test was used to test normality. All para-
metric parameters were analyzed using a one-way analysis of
variance (ANOVA), followed by Tukey’s post hoc comparison
test. The results were shown as mean + SD. The Kruskal-Wal-
lis test, followed by Dunn’s post hoc comparison test, was used
to assess the non-parametric parameters, the number of entries
in the MWM, and the Y-maze as well as rotarod falling time.

Significant signs were set as follows: non-significant,
ns; significant at P <0.05%, P<0.01**, P <0.001***, and
P <0.0001**** GraphPad Prism software did the statisti-
cal analysis and the graphical illustration design (GraphPad
Software; version 9).

Results

In all tested parameters, no statistical significance was
observed between the NC group and the EMPA group.

EMPA Ameliorated DOX-Induced Behavioral
Alterations in Rats

DOX administration modified the rats’ behavior in the
MWM, Y-maze, and rotarod tests compared to NC rats.
In the MWM, rats subjected to DOX started manifesting
increased escape latency compared to NC rats, beginning on
the second day of MWM training and reaching significant
values by the third and fourth days (Fig. 2A). Remarkably,
the administration of EMPA demonstrated improved learn-
ing performance in reaching the platform from day 26 and
continuing to the probe test. Twenty-four hours after the
final training session, the probe test was conducted without
the platform and the following parameters were recorded:
latency time, number of entries to the target quadrant, and
the time spent in the target quadrant. Rats treated with DOX
exhibited an elevation in the latency time by 119%, together
with a decrease in both total entries and the time spent in the
target quadrant by 37% and 41%, respectively, compared to
the values in the NC group. Furthermore, DOX reduced total
arm entries count and percentage alteration in the Y-maze
test by 74% and 58% of that in the NC group, respectively.
Motor coordination, measured as the time spent on the
rotarod, was also hampered in the DOX group to approxi-
mately 44% of that in the NC group (Fig. 2).

Co-administration of EMPA showed protective potential
against DOX-induced behavioral changes. In the MWM
group, the number of entries and the time spent in the tar-
get quadrant increased to approximately 180% and 170% of
that in the DOX-treated group, respectively. Meanwhile, the
number of arm entries in the Y-maze and the percentage of
spontaneous alterations were elevated by 176% and 120% of
those in the DOX-treated group, respectively. Additionally,
the time spent on the rotarod increased by 83% compared
with that in the DOX group (Fig. 2).

EMPA Counteracted DOX-Induced Aberration
in Brain Oxidative Stress Biomarkers

DOX injection was combined with a dramatic oxidative
stress status, observed as an increase in lipid peroxidation
coupled with diminished antioxidant moieties. Lipid peroxi-
dation measured as MDA was increased by 24% compared
to that in NC. Meanwhile, GSH, HO-1, and Nrf2 levels were
lowered by approximately 51%, 69%, and 68% respectively,
compared to NC. Treatment with EMPA showed antioxi-
dant properties, observed as a reduction in MDA to 90%,
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Fig.2 EMPA ameliorates DOX-induced behavioral alterations in
rats. Animals were divided into four groups: groups 1 and 3 were
given saline; meanwhile, EMPA (10 mg/kg, PO) was administered to
groups 2 and 4 once daily for 28 consecutive days. Chemobrain was
induced in groups 3 and 4 by DOX (2 mg/kg, IP) injected on days O,
7, 14, and 21 of the study. EMPA ameliorated DOX-induced altera-
tion in animals’ behavior, including latency time in the MWM (A, B),
number of entries in the target quadrant in the MWM (C), time spent
in the target quadrant in the MWM (D), number of entries in the
Y-maze (E), spontaneous alteration percentage (SAP%) in the Y-maze

simultaneously with an escalation in brain GSH, HO-1, and
Nrf2 by 62%, 146%, and 82%, respectively, compared to the
DOX group (Fig. 3).

EMPA Alleviated DOX-Induced Inflammatory
Indicators and Brain-Derived Neurotropic Factor
Alterations in the Brain

DOX-induced chemobrain coincided with inflamma-
tion, observed as an elevation in both NF-xB and its iso-
form (p65) by 63% and 306% of the values in the NC,
respectively. The activation of NF-xB led to its transloca-
tion into the nucleus and increased the transcription of
TNF-a by 163% that of the normal rats, hence increasing
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test (F), and time spent on the rotarod (G). Results were expressed
as mean+SD (n=5-8). One-way ANOVA, followed by Tukey’s
post hoc test, was used for statistical analysis of all tested parameters
except for some entries in the MWM and Y-maze as well as time
spent on the rotarod, in which data were analyzed using the Kruskal—
Wallis test followed by Dunn’s post hoc comparison test. Signifi-
cant values were set at ns, non-significant; *P <0.05; **P<0.01;
##%P <0.001; and ****P <0.0001 except for the timeline of MWM
escape latency (A) where the significance signs denoted an asterisk
(*) vs NC at P<0.05 and a number sign (#) vs DOX at P <0.05

inflammation which contributed to reduced neurogenesis
as evidenced by a 35% decrement in BDNF content. Com-
pared to the DOX group, co-treatment with EMPA exhib-
ited an anti-inflammatory potential where it decreased
TNF-a, NF-kB, and NF-xB (p65) by 51%, 29%, and 51%,
respectively. This was reflected in the brain BDNF content
which reached 130% of that in the DOX group, thus dem-
onstrating the neuroprotective power of EMPA (Fig. 4).

EMPA Mitigated DOX-Induced Modifications in PI3K/
Akt/mTOR Signaling Pathway in Brain

The inflammatory reaction induced on the administration
of DOX could be attributed, in part, to the activation of the
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Fig.3 EMPA counteracted
DOX-induced aberration in
brain oxidative stress biomark-
ers. Animals were divided into
four groups: groups 1 and 3
were given saline; meanwhile,
EMPA (10 mg/kg, PO) was
administered to groups 2 and
4 once daily for 28 consecu-
tive days. Chemobrain was
induced in groups 3 and 4 by
DOX (2 mg/kg, IP) injected
on days 0, 7, 14, and 21 of the
study. EMPA counteracted
DOX-induced aberration in
brain oxidative stress biomark-
ers such as malondialdehyde
(MDA) (A), reduced glutathione
(GSH) (B), heme oxygenase-1
(HO-1) (C), and nuclear factor
erythroid 2-related factor 2
(Nrf2) (D). Results were pre-
sented as mean+ SD (n=5-6).
Statistical analysis was done
using one-way ANOVA fol-
lowed by Tukey’s post hoc
test in all tested parameters.
Significant values were set at
ns, non-significant; *P <0.05;
##P<0.01; **¥*P <0.001; and
kP <0.0001
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pro-inflammatory PI3K/pAkt/mTOR axis which promotes
the expression of NF-kB and the release of inflammatory
cytokines. The brain expression of PI3K, pAkt/tAkt, and
mTOR was upsurged following DOX administration by
244%, 140%, and 196%, respectively, compared to that in the
NC group. However, EMPA succeeded in halting the expres-
sion of these inflammatory kinases (PI3K/pAkt/mTOR) by
33%, 22%, and 40%, respectively, compared with the DOX
group thus adding to the anti-inflammatory capabilities of
EMPA (Fig. 5).

Discussion

Chemobrain and cognitive impairment have been reported
in patients undergoing DOX treatment. Although EMPA,
an SGLT-2 inhibitor, was initially recognized for diabetes
management, its beneficial effects on diabetic complications
including neurological dysfunction were highlighted [32].
Furthermore, previous studies demonstrated that EMPA
has no adverse effect on normal animals and did not induce
hypoglycemia in normoglycemic rats [20, 33]. Thus, the
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present study focused on the possible neuroprotective poten-
tial of EMPA against DOX-induced chemobrain.

In agreement with former studies, the present study
observed no significant difference between the normal con-
trol and EMPA groups in all assessed parameters; thus, all
comparisons were done against the NC group [34, 35].

In the present study, DOX-treated rats suffered from
memory deterioration that simulated the clinically
reported cognitive dysfunction. Increased latency time,
diminished time spent, and number of entries in the target
quadrant in the MWM test were noted in the DOX group.
Additionally, the spontaneous alteration percentage and
the number of entries were reduced in the Y-maze test.
These results align with earlier research showing altered
spatial learning and short-term memory in DOX-treated
rats [36, 37].

@ Springer

Several studies demonstrated that DOX-induced chemo-
brain is associated with several behavioral dysfunctions,
such as anxiety-like behavior, deterioration of locomotion,
and exploratory activities [38, 39], as well as cognitive
and memory impairment [1, 24]. Our results showed that
memory impairment in the DOX group was associated with
diminished central muscle coordination and rapid falling
from the rotarod apparatus, which can be attributed to the
fact that the rotarod test assesses motor learning [40, 41].
EMPA administration improved the performance of rats in
all the tests mentioned above compared to the DOX group.
These results agree with an earlier study that reported that
EMPA remarkably ameliorated impaired motor activity in
hyperglycemic rats [42]. Furthermore, Lin et al. showed
that EMPA drastically slowed the progression of cogni-
tive impairment in diabetic mice, an effect attributed to the
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Fig.5 EMPA mitigated DOX-induced modifications in PI3K/Akt/
mTOR signaling pathway in brain. Animals were divided into four
groups: groups 1 and 3 were give saline; meanwhile, EMPA (10 mg/
kg, PO) was administered to groups 2 and 4 once daily for 28 con-
secutive days. Chemobrain was induced in groups 3 and 4 by DOX
(2 mg/kg, IP) injected on days 0, 7, 14, and 21 of the study. EMPA
mitigated DOX-induced modifications in phosphoinositol-3-ki-

diminution of cerebral oxidative stress and increased brain
BDNEF levels [43].

Multiple brain growth factors, such as BDNF, regulate
synaptic plasticity, which plays a significant role in neu-
ronal maturation, cell differentiation, and enhancement of
learning and memory [44]. BDNF orchestrates a multitude
of biological functions through the engagement and acti-
vation of specific tropomyosin-related kinase (Trk) recep-
tors. The activation of TrkB by BDNF instigates the PI3K/
Akt pathway, culminating in anti-inflammatory outcomes.
Furthermore, BDNF is instrumental in a variety of synaptic
remodeling activities, encompassing the genesis and suste-
nance of dendrites and dendritic spines [45, 46].

In line with previous studies, DOX hampered the BDNF
brain content which plays a vital role in sustaining syn-
aptic plasticity, memory, and learning [10, 47]. Interest-
ingly, the current results illustrated that EMPA treatment
raised brain BDNF levels. It has been postulated that the
enhanced BDNF levels and antioxidant properties of EMPA
are responsible for its protective effects against cognitive
impairment [48, 49].

nase (PI3K) (n=3) (A), phosphorylated-Akt/total Akt (n=3) (B),
and mammalian target of rapamycin (mTOR) (n=6) (C). Results
were expressed as mean+SD. Statistical analysis was performed
using one-way ANOVA followed by Tukey’s post hoc test for all
tested parameters. Significant values were set at ns, non-significant;
*P<0.05; **P<0.01; ***P <0.001; and ****P <0.0001

Although DOX-associated cognitive abnormalities are
complex, oxidative impairment is one of the main events in
their etiology and progression [50]. The current investiga-
tion observed DOX-induced oxidative stress as increased
lipid peroxidation and reduced GSH, Nrf2, and HO-1 levels.
These observations align with previous studies demonstrat-
ing that DOX-induced neurotoxicity might result from lipid
peroxidation, with subsequent unbalanced pro-oxidant-anti-
oxidant ratios and cellular injury [51, 52].

Additionally, DOX downregulated GSH/Nrf2/HO-1 lev-
els in cardiac tissues, resulting in severe oxidative damage
[53]. The DOX structure has a quinone moiety that under-
goes several redox cycling conversions, generating large
amounts of ROS that interact with polyunsaturated fatty
acids to produce lipid hydroperoxides that initiate lipid-
radical chain reactions and oxidative damage [12, 54]. The
overproduction of free radicals and cytotoxic aldehydes,
such as MDA, elicits oxidative stress in cellular mitochon-
dria and diminishes antioxidant GSH levels, thereby induc-
ing neuronal degeneration and cognitive impairment [55].
Additionally, increased production of ROS leads to the
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downregulation of Nrf2 and augmentation of cellular oxida-
tive stress. Nrf2 is a vital regulator of antioxidant protective
mechanisms that facilitates cell survival and enhances the
production of antioxidant enzymes and proteins through its
downstream ROS-detoxifying enzyme, HO-1 [56, 57].

In the current study, EMPA ameliorated DOX-induced
oxidative stress, reduced MDA levels, and increased brain
tissue GSH, Nrf2, and HO-1 levels. Several studies have
shown that EMPA has pleiotropic actions which include
direct and indirect mechanisms. Maintaining glucose
homeostasis through the inhibition of SGLT-2 guards the
brain against glucose-induced oxidative stress which halts
the production of free radicals, suppresses pro-oxidants,
and enhances antioxidant systems [42, 58] which could,
in part, highlight the direct protective role of EMPA [59].
On the other hand, EMPA indirectly diminishes oxidative
stress in the heart and vascular tissues [20, 42]. Moreover, in
patients with type-2 diabetes, the expression of antioxidative
enzymes in leukocytes was augmented by EMPA [60]. Fur-
thermore, EMPA protected against myocardial fibrosis partly
through its antioxidant properties by boosting Nrf2 nuclear
translocation and stimulating the Nrf2 signaling pathway in
a type 2 diabetic mouse model [61] and non-diabetic neuro-
degenerative experimental model [49].

Neuroinflammation is another pivotal process contrib-
uting to DOX-induced cognitive dysfunction. Consistent
with past studies, in the present research, DOX treatment
markedly elevated NF-xB and TNF-a levels in rats [37, 51].
DOX-induced ROS overproduction increased the expres-
sion of NF-kB, a redox-responsive transcription factor that
amplifies the production and the release of inflammatory
cytokines as TNF-a [62]. This inflammatory status stimu-
lates microglia and astrocyte activation which disrupts the
BBB integrity and cerebral circulation, as well as hinders
the growth of new neuronal cells and synaptic transmission
[63]. In parallel, the reduction of BDNF after the injection
of DOX also halts the process of neurogenesis [64]. Addi-
tionally, persistent neuroinflammation is responsible for the
permanent cognitive deterioration in aging and neurodegen-
erative illnesses [65].

In the current study, EMPA suppressed brain NF-kB-
mediated inflammation and the subsequent release of
TNF-a. In agreement with our findings, SGLT-2 inhibitors
hindered the formation of inflammatory markers and coun-
teracted cognitive decline in obese rats [66]. There is abun-
dant evidence from animal studies that described the anti-
inflammatory effects of EMPA and its ability to reduce the
expression of pro-inflammatory cytokines, including TNF-a
[67, 68]. Furthermore, it was underlined that EMPA-related
alleviation in intracellular glucose accumulation downregu-
lates the activities of the NF-kB pro-inflammatory pathway
in renal proximal tubular cells [69]. EMPA has been shown
to downregulate pro-inflammatory transcription factors in
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macrophages, which play a crucial role in cognitive impair-
ment due to the initiation of vascular oxidative stress and
disruption of BBB permeability [70, 71]. Moreover, the
antioxidant properties of EMPA might counteract the over-
expression of NF-kB and TNF-a.

In the current investigation, DOX enhanced the expres-
sion of PI3K, pAkt, and their downstream kinase mTOR.
These results agree with a previous study demonstrating that
DOX increased PI3K/Akt signaling protein content in car-
diac tissue and ovarian cancer cells [72, 73].

Similarly, DOX was shown to elevate the cardiac expres-
sion of PI3K and Akt, with a drop in phosphatase and ten-
sin homolog (p-PTEN) levels, a PI3K/Akt signaling path-
way inhibitor [74]. In contrast, diminished PI3K, Akt, and
mTOR in cardiac tissues of DOX-treated mice have been
reported [75]. Several reports have demonstrated that PI3K
has pro-inflammatory properties through the activation of
Akt and mTOR, thus promoting the expression of NF-kB
and the release of cytokines [76, 77]. It has been previously
shown that PI3K and its downstream factor mTOR facili-
tate the production of inflammatory cytokines, as observed
in lipopolysaccharide-induced inflammation in the in vitro
models [78, 79]. Another study on the effects of flagellin, a
bacterial antigen associated with increased cytokine expres-
sion in mouse macrophages, proposed that the activated
PI3K/Akt/mTOR pathway triggers NF-xB transit to the
nucleus and promotes TNF-a expression, thereby initiating
an inflammatory reaction, which agrees with our findings
[80].

It is believed that regulating mTOR stimulation would
benefit metabolic and cognitive impairment syndromes. In
the present study, EMPA restored the brain’s PI3K, pAkt,
and mTOR levels. In line with our results, it was shown that
SGLT-2 inhibitors can restore mTOR levels and decrease
the cognitive impairment associated with metabolic diseases
[81], and the administration of EMPA has been shown to
reduce acetic acid-induced ulcerative colitis by inhibiting
the PI3K/pAkt/NF-kB/TNF-« inflammatory pathway [82].

The present work has several limitations that warrant
attention. While the present investigation demonstrates the
neuroprotective potential of EMPA against DOX-induced
chemobrain in healthy rats, more in-depth molecular
mechanisms should be investigated in animal models
that better reflect the clinical setting, such as those with
comorbid conditions like cancer or diabetes. Additionally,
assessing the long-term impacts and exploring the influ-
ence of EMPA on other chemotherapeutic agents known to
cause cognitive impairment would provide a more compre-
hensive understanding of its therapeutic potential. Moreo-
ver, future investigations employing advanced neuroim-
aging and electrophysiological techniques could provide
more detailed insights into the structural and functional



Molecular Neurobiology

changes in the brain underlying the observed cognitive
improvements.

In conclusion, EMPA exhibits neuroprotective effects
against DOX-induced cognitive impairment. Our results
showed that EMPA halted DOX-induced oxidative stress and
suppressed the activation of the PI3K/Akt/mTOR/NF-kB/
TNF-a inflammatory pathway. These findings may open new
prospects for further experimental and clinical investigations
using EMPA in chemobrain management.
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