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ABSTRACT

This study aimed to assess the neuroprotective effectiveness of esculetin in preventing cognitive and emotional
impairments caused by chemotherapy.

In order to cause cognitive impairment in mice, a single intraperitoneal dosage of methotrexate (Mtx) at a concentration of
40 mg/kg was administered. Esculetin (Elt) was administered orally at a daily dose of 40 mg/kg one week before the Mtx
injection. The locomotor activity was assessed using the Pole (PT) and open field (OF) tests. Anxiety-like behaviors were
evaluated using the open field and elevated plus maze (EPM) tests. Depression-like behaviors were assessed using the tail
suspension test (TST). Learning and memory activity was evaluated using the novel object recognition test (NOR).

Mtx did not affect the locomotor activities of mice, but anxiety-like behaviors wete found to be increased in the OF and
EPM tests. It also increased the duration of immobility in the TST, causing a negative discrimination index in the NOR.
Elt alleviated anxiety and depression-like behaviors generated by Mtx and enhanced cognitive function related to learning
and memory. Elt significantly increased the time spent in the center zone in the OF test, the total time spent in the open
arms in the EPM, and the immobility time in the TST. Moreover, it improved the discrimination index in NOR, which had
been reduced by Mtx.

Administering a single dose of Mtx at 40 mg/kg resulted in increased anxiety and deptession-like behaviors, impaired
learning and memory functions. Besides that, supplementing with Elt significantly mitigated the neurological impairments

caused by Mtx.
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Introduction

Adjuvant chemotherapy is frequently used in
malignant diseases and improves the survival rates
of individuals suffering from these diseases.
However, the observation of both short- and
long-term  complications of  chemotherapy,
primarily cognitive and mood disorders, has led to
increased interest in the scientific community to
improve the quality of life of individuals suffering
from these diseases (1,2). Methotrexate (MTX), a
folate analog, is a cytotoxic chemotherapeutic
agent widely used in  childhood acute
lymphoblastic leukemia, breast cancer, and other
malignant diseases (3,4). Cognitive impairment
following the wuse of MTX and/or other
chemotherapeutic drugs is referred to in the
literature as chemotherapy-induced cognitive
impairment or chemobrain (5,6). Therefore,
experimental animal studies have been conducted
for a better understanding of the exact mechanism

of this phenomenon. A recent study in our
laboratory revealed that a single dose of Mtx in
mice causes mood disorders such as anxiety and
depression and that neuroinflammation may play a
role in this physiopathology (7). In our other
study, we reported that Mtx causes behavioral
disturbances in rats and that inflammation,
oxidative stress, and disruption of brain-derived
neurotrophic factor expression and cholinergic
pathway homeostasis play a role in this
complication. (8). Some reports have shown that
Mtx increases lipid peroxidation and suppresses
antioxidant enzyme activity in the prefrontal
cortex and hippocampus, and this has been
associated with cognitive impairment (9,10).
Taken together, considering that oxidative stress
and antioxidant defense systems play an essential
role in Mtx-induced cognitive impairment, the use
of agents with solid antioxidant potential may be
useful in treating or effectively managing this
disorder.
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Esculetin (Elt), a coumarin derivative, is found in
some plants used in traditional medicine and has
an extra hydroxyl group, which inhibits reactive
oxygen species more effectively in pathological
conditions (11). Elt has been shown to be
effective in preventing pathologies such as
cardiomyocyte hypoxia/reoxygenation injury (12),
non-alcoholic fatty liver syndrome in diabetic mice
(13), aluminum chloride-induced reproductive
toxicity (14), lipopolysaccharide/D-galactosamine-
induced acute liver failure (15), the ovarian
ischemia-reperfusion model (11), and lupus
nephritis (16). A recent study reported that Elt
suppressed pentylenetetrazole-induced — seizures
and cognitive impairment, as well as penicillin-
induced epileptic activity, and that prevention of
neuroinflammation was important in this effect
(17). Elt also ameliorated lipopolysaccharide-
induced depressive-like behaviors by preventing

neuroinflammation  (18,19), prevented brain
ischemia-reperfusion-induced cognitive
impairment in mice (20,21), showed

neuroprotective efficacy in a mouse model of
Parkinson's disease (22), and ameliorated restraint
stress-induced cognitive impairment in mice 11
months of age (23). These investigations showed
that Elt's anti-oxidant and anti-inflammatory
properties mediate its neuroprotective effects. We
hypothesized that reducing oxidative stress and
inflammation could ameliorate Mtx-induced
cognitive and mood impairment. This study was
therefore carried out to test whether Elt could
ameliorate the chemobrain phenomenon induced

by Mtx.

Material and Methods

Study Design and Group Formation: This
research was performed on 8-10-week-old male
mice seized from the Aksaray University
Experimental Animal Research and Application
Center. The Experimental Animal Unit was
approved by the relevant ministries and provided
standardized conditions for laboratory animals
(temperature, lighting, ventilation, etc.). Mice had
unlimited access to routine mouse chow and tap
water. At the beginning of the study, all mice were
randomly grouped and placed in cages of similar
size. One week was waited for acclimatization, and
our study started after obtaining permission from
the local ethics committee. The project was
carried out on a total of 28 mice, with seven mice
in each group, and the formation of the groups
and the procedures performed are as follows:

The first group (CON) consisted of control mice,
which received no treatment but received the
same volume of the drug solvent and the same
injection route as the other groups.

The second group (MTX) was treated with
methotrexate (Metoart Con, Kocak Farma Drug
and Chemical Industry A.S., Istanbul, Turkey). On
the seventh day of the study, 40 mg/kg Mtx was
injected intraperitoneally (i.p.) as a single dose and
1 hour after vehicular administration (24).

Mice in the third group (MTXELT) was
administered both Elt and Mtx. Elt [Esculetin (sc-
200486) Santa Cruz Biotechnology, Inc., Dallas,
TX, USA) was administered at 40 mg/kg for seven
days. One hour after Elt administration on the
seventh day, 40 mg/kg Mtx was injected (19).

Mice in the fourth group (ELT) received only Elt
treatment, and the same volume of saline was
injected instead of Mtx. All injections were
performed by the same investigator at the same
time of day.

Behavioral Tests: The same researcher
performed behavioral tests that started 24 hours
after the Mtx injection and lasted for two days.
The mice were brought into the test room one
hour before the procedure and allowed to
acclimate to the environment. Maximum effort
was made to avoid external factors (noise, odot,
lighting, etc.) affecting the behavioral tests. The
testing arena was wiped off using a 70% alcohol
solution after ever mouse trial.

Pole Test: The test is designed to evaluate the
mouse's ability to grip a pole and sink into the
bottom of the cage in order to evaluate its motor
coordination. A 55 cm long, 1 cm in diameter
wooden pole was employed for this purpose, and
it was positioned vertically inside a cage. The
mouse was placed at the top of this pole with its
head facing upwards. The total time from the
mouse was placed on the pole until it came down
was recorded. This test was repeated four times at
5-minute intervals, and the mean times per mouse
were compared between the groups (25).

Open Field Test: The open field test (OF) was
used to evaluate locomotor activity and analyze
anxiety-like behaviors in experimental animals. An
empty 40 x 40 x 40 cm water-resistant black wood
arena was used for this purpose. The floor of the
arena was marked with lines in 16 equal squares.
The four squares located in the central zone were
labeled as "center," while the remaining squares
were referred to as "periphery." During the
experiment, mice were introduced into the central
zone of the OF arena and given 5 minutes to
explore the arena. Their motions were captured on
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camera simultaneously. The number of times they
crossed each line was used for locomotor activity.
Total time spent in the center area and rearing
were used as anxiety behaviors (20).

Elevated Plus Maze Test: An additional test
used to assess anxiety-like behaviors was the
elevated plus maze (EPM) test. A specifically
manufactured black wood device, measuring 35
cm in length and 5 cm in width and with two open
and two closed arms, was employed. It was
positioned 50 cm above the field. The mice were
settled at the intersection of the arms and agreed
to explore the maze freely for 5 minutes. The
number of times the mice entered the open arm
and the total time spent in the open arms were
recorded and compared across the groups (27).

Tail Suspension Test: Depression-like behaviors
were assessed by a tail suspension test (TST). For
this purpose, a maze made of black wood with a
height of 50 cm and divided into 20 cm intervals,
in which four mice were tested simultaneously,
was used. The mice were attached by their tails to
the top of the maze with the help of a tape, and a
video was recorded for 6 minutes. The
immobilization time—the amount of time the
mice stayed motionless during the final 4 minutes
of the video recording—was measured and
compared between the groups (28).

Novel Object Recognition Test (NOR): The
novel object recognition test (NOR) was used to
assess mice's learning and memory activity. This
test used an open-field arena and was performed
one day after OF. The OF was considered the
familiarization phase of this test. The next day,
two equivalent objects were fixed to the floor of
the open field arena (with double-sided tape), and
all mice freely explored these two identical objects
for 5 minutes. After 1.5 hours, one of the objects
was replaced with a novel object, and the mice
were allowed to search the arena for 5 minutes.
The total time the mice were interested in the
novel object and the usual object was recorded.
Touching the objects and coming within 2 cm of
the objects with their noses were considered of
interest. The discrimination index was calculated
from these times and compared between the
groups. Discrimination index = (time of interest
in the novel object - time of interest in the
familiar object) / (time of interest in the novel
object + time of interest in the familiar object)
(29).

Statistics: This study, planned as an experimental
animal study, employed the resource equation
method, and the minimum and maximum values
for the number of subjects (n) were determined

using the notation [20/4+1 > n > 10/4+1].
Accordingly, the number of subjects per group
was calculated to be between 16 and 24. To
account for potential dropouts, a total of 28
subjects were used in the study, with 7 subjects
assigned to each group (30). Kolmogorov-Smirnov
and Shapiro-Wilk tests were used to test of
normality. IBM SPSS Statistics for Windows,
Version 26.0. was used to evaluate the data
obtained in the research. Differences between the
means of four independent groups were evaluated
by the one-way analysis of variance technique, and
Tukey's HSD multiple comparison tests were used
to determine the groups that created the
difference. Mean differences were indicated using
indices placed on descriptive statistics, presented
as mean t SD. For results where p<0.05 was
considered statistically significant, groups sharing
the same letter index showed no significant
difference, while those with different letter indices
were statistically different (p<<0.05). And the post
hoc power for the primary outcome variable,
“center”, was calculated as 0.952.

Results

General toxicity and body weight changes:
During the 9-day study, general health checks of
the mice were performed every day, and there was
no loss in all groups. The weights of the mice
were recorded at the beginning and the end of the
study. At the beginning of the study, the weights
of the mice were similar, and there was no
important difference between the groups (Fig. 1A,
p > 0.05). According to the weight changes
measured at the end of the study, no difference
was observed between the MTX, MTXELT, and
ELT groups, but the difference between the CON
group and the MTXELT group was statistically
significant (Fig. 1B, p= 0,011).

Mtx had no effect on the locomotor activity of
mice.: The locomotor activity of the mice was
assessed by the number of crossings in the OF
and the time it took to descend from the wooden
bar in the pole test. According to the one-way
ANOVA test, there was no significant disparity
between all groups in the time to descend in PT or
by the number of crossings in the OF test (Fig.
1C-D, p > 0.05). The fact that neither MTX
treatment as a single dose of 40 mg/kg nor Elt
changed locomotor activity in mice in our study is
an essential result in terms of showing that the
data obtained in behavioral tests were not related
to locomotor weakness but were realized by the
effect of the drugs administered in the study.
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Fig. 1. Effects of Mtx and Elt on body weight and
locomotor activity of mice. (A) Body weights before
Mtx administration, (B) Body weights at the end of the
study, (C) Time to descend from the pole to the cage
in the pole test, (D) Number of crossings in open field
test. The data are expressed as the means = SD. There
was no difference between the averages expressed with
the same letter index, while the group averages
expressed with different letter indices were statistically
different (one-way ANOVA followed by Tukey’s post
hoc test).
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Fig. 2. Effect of esculetin on Mtx-induced impaired
anxiety-like behaviors on the open field data:, the time
spent in central zone (A), rearings numbers (B) and on
the elevated plus maze data:, the time spent in open
arms (C), the number of open arms entries in male
mice. Data were expressed as mean * SD. There was
no difference between the averages expressed with the
same letter index, while the group averages expressed
with different letter indices were statistically different
(one-way ANOVA followed by Tukey’s post hoc test).

The impact of Esculetin on anxiety and
depression-like behaviors in mice treated with
Mitx: OF and EPM tests were used to evaluate the
anxiety-like behavior of mice. The OF test
assessed the time spent in the central zone and the
frequency of rearings. In the EPM test, the total
time spent in the open arms and the frequency of
entry into the open arms were analyzed. It was
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Fig. 3. Effect of esculetin on Mtx-induced impaired
depression-like behaviors and learning and memory
activities. Immobility time (A) in tail suspension test
and discrimination index (B) in novel object
recognition test. Data were expressed as mean £ SD.
There was no difference between the averages
expressed with the same letter index, while the group
averages expressed with different letter indices were
statistically different (one-way ANOVA followed by
Tukey’s post hoc test).

found that mice receiving Mtx spent less time in
the central zone in the OF test compared to
control mice (Fig 2A, p= 0.001). Elt treatment
ameliorated this Mtx-induced reduction (Fig. 2A,
p= 0.001). There was no statistical difference
between the CON, MTXELT, and ELT groups in
terms of total time spent in the central zone (Fig.
2A, p > 0.05). There was no substantial disparity
in the number of rearings between all groups in
the OF test (Fig. 2B, p > 0.05). The EPM test
revealed a considerable reduction in the duration
of time spent in the open arms due to Mtx
medication (Fig. 2C, p= 0.001). ELT treatment
ameliorated this Mtx-induced reduction (Fig. 2C,
p= 0.001) but was lower than in control mice (Fig.
2C, p= 0,001). The number of open-arm entries in
the EPM test was significantly lower after Mtx
treatment compared to all other groups (Fig. 2D,
p= 0,002). Elt treatment ameliorated this Mtx-
induced decrease (Fig. 2D, p= 0.002) and brought
it to the level of control mice.

Mtx-induced impaired cognitive activity
treated with Esculetin: To identify Mtx-induced
alterations in learning and memory activity, a
NOR test was employed. This study examines
whether  mice inherently like  unfamiliar
environments over ones they are acquainted with.
It is anticipated that a mouse exposed to the new
object after encoding the familiar object will recall
the former and spend more time examining the
latter. In our study, Mice treated with Mtx
exhibited reduced curiosity towards the unfamiliar
object and spent less time interacting with it
compared to mice that were not treated; as a
result, the discrimination index was much lower
(Fig. 3B, p= 0.001). Elt supplementation restored
the Mtx-induced decreased discrimination index
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closer to the control group and ameliorated the
impaired learning-memory activity. The
discrimination index of CON, MTXELT, and
ELT groups was close to each other, and no
statistically significant difference was found (Fig.
3B, p > 0.05).

Discussion

This study evaluated the protective effect of Elt
on chemotherapy-induced cognitive and mood
impairment in mice. Mtx treatment at a single
dose of 40 mg/kg increased anxiety and
depression-like behaviors and impaired learning
and memory activity in mice. Mtx did not affect
locomotor activity in the OF and PT tests. It
decreased the total time spent in the central zone
in the OF test, the total time spent in the open
arms, and the number of entries into the open
arms in the EPM test. Furthermore, it reduced the
discrimination index in the NOR test. Elt was
administered orally at 40 mg/kg daily, starting one
week before the Mtx injection. Elt has a
preventive impact on the Mtx-caused impaired
anxiety and depression-like behaviors and learning
and memory activity.

Our results from behavioral experiments indicated
that Mtx treatment increased anxiety and
depression-like  behaviors  while  impairing
learning-memory activity in mice. The findings are
consistent with previous experimental studies in
our laboratory (7,8). In our previous studies, we
focused more on the mood disorders of Mtx,
whereas here we also evaluated learning and
memory functions, in which MTX group mice
exhibited a negative discrimination index in the
NOR test, indicating that the mice were unable to
discriminate between novel and usual objects in
the final phase of the NOR test. Chemotherapy-
induced cognitive impairment is closely associated
with the disruption of the equilibrium between the
production and scavenging of reactive oxygen
species, as well as the occurrence of
neuroinflammation (8-10).  indicated Another
recent study found that Mtx raised MDA levels in
brain tissue while decreasing SOD, glutathione
(GSH), and glutathione peroxidase activity, as well
as increasing inflammatory markers. The authors
reported that these Mtx-induced changes were
associated with impaired cognitive function as
assessed by the Nor and Morris water maze (31).
On the other hand, Mtx causes damage to organs
other than the brain. Experimental studies have
shown that Mtx treatment causes oxidative stress
and inflammation in the liver (32,33), kidney (33),

oral mucosal tissue (34), ovarium and uterus (35),
lung (36), small intestine (37), and heart (38). The
indirect contribution of systemic inflammation to
neuroinflammation and ultimately to cognitive and
mood disorders is an important issue that should
not be overlooked, as pro-inflammatory cytokines
such as TNF-alpha produced in systemic tissues
by Mtx or any other agents can not only cause
damage to the tissues in which they are produced
but can also enter the brain via the bloodstream
and cause neuroinflammation(39). Therefore,
targeting oxidative stress and inflammatory
processes, which play an essential role in the
physiapathogenesis of Mtx-related behavioral
disorders, would be the most reasonable approach
to treating and/or controlling these disorders.

Elt is a chemically simple coumarin derivative with
an additional hydroxyl group found in some plants
(such as Artemisia scoparia, Artemisia capillaries,
Ceratostigma willmottianum and Citrus limonia)
used in traditional medicine (40). Elt has been

shown to prevent neuroinflammation-induced
mood  disorders in mice by decreasing
hippocampal  lipid peroxidation, increasing
antioxidant activity, and regulating cytokine

homeostasis (18). Furthermore, Elt decreased the
increased inactivity time observed in the forced
swim test (FST) to acute restraint stress in 11-
month-old mice and reversed the impaired
contextual memory in the passive avoidance test,
suggesting that this effect of Elt was mediated by
the prevention of acute stress-induced oxidative
stress (23). In the middle cerebral artery occlusion
mouse model, Elt ameliorated neurological deficits
by reducing infarct volume (20), while in the
transient bilateral cerebral artery occlusion mouse
model, Elt improved cognitive impairment by
regulating hippocampal oxidative stress and
preventing inflammation (21). In a study
evaluating the effect of Elt on LPS-induced
depressive behavior in mice, Elt reduced LPS-
induced inactivity time in the TST and FST but
did not alter locomotor activity in the OF test. A
reduction in the of LPS-induced
inflammatory cytokines was effective in this effect
of Elt (19). Considering these studies, it is
understood that the results obtained are consistent
with our study and that oxidative stress and
neuroinflammation play an essential role in the
neuroprotective effect of Elt. In our study, Elt
supplementation reduced Mtx-induced anxiety and
depressive behaviors and improved impaired
learning and memory activity. According to our
findings, we do not know whether oxidative stress
and/or neuroinflammation mediate the

amount
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mechanism of action of Elt, which constitutes the
main limitation of our study. However, the first
indication of the neuroprotective effect of Elt on
Mtx-induced cognitive and mood impairment
could encourage further studies in this area,
ultimately conduce to the understanding of the
phenomenon of chemotherapy-induced cognitive
impairment.

This study was carried out to determine whether
Elt has a protective effect against Mtx-caused
anxiety and depression-like behaviors, as well as
impaired learning activity. The results showed that
a single dose of Mtx administered at 40 mg/kg
increased anxiety and depression-like behaviors
and impaired learning and memory functions, as
measured by the NOR test. However, Elt
supplementation effectively ameliorated these
Mtx-induced neurological deficits.
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