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Purpose: Chronic unpredictable stress (CUS) induces long-term neuronal and
synaptic plasticity with a neurohormonal disbalance leading to the development
of co-existing anxiety, depression, and cognitive decline. The side effects and
delayed onset of current clinically used antidepressants has prompted a quest for
antidepressants with minimum drawbacks. Fraxetin is a natural coumarin
derivative with documented antioxidant and neuroprotective activity though its
effects on stress are unknown. This study therefore aimed to investigate any
possible acute effect of fraxetin in behavioral tests including a CUS paradigm in
correlation with brain regional neurochemical changes.

Methods: Mice were subjected to a series of mild stressors for 14 days to induce
CUS. Furthermore, behavioral performance in the open field test, forced swim test
(FST), Y-maze and elevated plus-maze were evaluated. Postmortem frontal
cortical, hippocampal and striatal tissues were analyzed via high-performance
liquid chromatography (HPLC) for neurochemical changes.

Result: Acute administration of fraxetin (20-60 mg/kg, orally) decreased
depression-like behavior in the FST and behavioral anxiety in both the open
field test and elevated plus-maze. Memory deficits induced during the CUS
paradigm were markedly improved as reflected by enhanced Y maze
performance. Concurrent biochemical and neurochemical analyses revealed
that only the two higher fraxetin doses decreased elevated serum
corticosterone levels while diminished serotonin levels in the frontal cortex,
striatum and hippocampus were reversed, though noradrenaline was only
raised in the striatum. Concomitantly, dopamine levels were restored by
fraxetin at the highest dose exclusively in the frontal cortex.

Conclusion: Acute treatment with fraxetin attenuated CUS-induced behavioral
deficits, ameliorated the increased corticosterone level and restored altered
regional neurotransmitter levels and this may indicate a potential application of
fraxetin in the management of anxiety and depression modeled by CUS. However,
further studies are warranted regarding the chronic effects of fraxetin behaviorally
and neurochemically.
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1 Introduction

Stress is generally a well-recognized and studied global problem
of modern society (Carrasco and Van De Kar, 2003). It can be
categorized as any state/threat, whether actual or perceived which
may alter body homeostasis (Charmandari et al., 2005), and thus
contribute to etiology and repetitive episodes of depression (Lee
et al,, 2002). It is well documented in clinical and preclinical studies
that neuronal atrophy and decreased neurotransmitter levels may
arise due to chronic stress in specific brain areas like the prefrontal
cortex (PFC) and hippocampus, leading to both cognitive, affective
and social decline (Rajkowska et al., 1999; Drevets et al., 2008; Sacher
et al., 2012). Maintaining homeostasis in an aversive situation
(involving stressors) requires the activation of a complex range of
neurochemical, neuroendocrine and genetic factors coupled with
perception and this is collectively termed the stress response. This
results in several physiological and behavioral changes tending to
increase survival chances in unfavorable conditions (Charmandari
etal,, 2005). Increased awareness, improved cognition and increased
analgesia are the behavioral outcomes of acute stress, while increased
cardiovascular tone, respiratory rate, decreased food intake, growth,
immunity, and reproduction represent the physiological effects.
Stress has dual consequences which may either be positive or
negative in nature (Sapolsky et al, 2000; Habib et al, 2001).
Acute stress usually occurs for a brief period and may protect the
individual from any aversive condition by preparing the body for a
“fight or flight” situation. In contrast, persistent and long-term stress
may produce deleterious effects (Gold, 2015), via elevated cortisol
levels that may result in dysregulated emotional, biological, as well as
psychological ailments including anxiety, depression, stress-induced
asthma, cardiomyopathy, irritable bowel syndrome, chronic
headaches, and substance abuse (Stetler and Miller, 2011).

Stress is a normal body response to external or internal stressors
identified by stress mediators implicating the endocrine, nervous
and immune systems. Glucocorticoids and epinephrine play
important roles in body homeostasis i.e., by adapting to the
stressor response (Duman and Aghajanian, 2012). However, if
this response persists for an extended episode, it not only
disrupts normal homeostasis, but also undermines the body’s
ability to cope with the stressor ultimately leading to chronic-
stress illnesses like anxiety, depression, and cognitive deficits
(Nestler et al, 2002; Bondi et al, 2008). In this context,
unpredictable stressful events may even predispose individuals to
the development of neuropsychiatric disorders (Nestler et al., 2002;
Moghaddam and Javitt, 2012).

The clinically used antidepressants increase the monoamine
levels in the synaptic cleft, and they include, selective serotonin
reuptake inhibitors (SSRIs), serotonin and noradrenaline reuptake
inhibitors (SNRIs), monoamine oxidase inhibitors (MAOIs), and
tricyclic antidepressants (TCAs). However, they have a slow onset of
action, poor tolerability and severe adverse effects including
insomnia, dependency, a withdrawal syndrome, weight gain,
migraine and suicidal tendencies (Blackburn, 2019). These
limitations necessitate the development of newer antidepressants
with improved efficacy, fast onset of action, safety, tolerability,
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reduced or no withdrawal syndrome and a contribution to
overall mental health (Blackburn, 2019).

In this respect, plant-based natural products may provide an
alternative solution and one such phytochemical class are the
coumarins with recognized therapeutic potentials in multiple
neuropsychiatric illnesses through antioxidant, neuroprotective,
neuromodulator and antidepressant actions(Skalicka-Wozniak
et al., 2016; Abu-Aisheh et al., 2019; Pruccoli, 2019; Daliev et al.,
2021; Koyiparambath et al., 2021; Sharifi-Rad et al., 2021; Kilig,
2022). One particular coumarin derivative, fraxetin, is an
O-methylated coumarin (An et al, 2020), present in many
functional foods as well as several dietary supplements with a
documented neuroprotective profile mediated primarily through
inhibition of oxidative stress (Pruccoli, 2019; Qin et al., 2019; Zhang
et al,, 2021a). Although the antioxidant, anti-inflammatory, and
neuroprotective activities of fraxetin have been described (Zhang
et al, 2021a), its effects on stress have not been reported in the
literature and remain unknown. Consequently, the present study
was undertaken to investigate the effect of fraxetin (20, 40, and
60 mg/kg) in the CUS model which is a widely used animal model to
investigate depressive-like behavior. The behavioral activity in the
current study was then correlated with brain regional neurochemical
parameters in mice.

2 Materials and methods

2.1 Animals

Adult male BALB/c mice (n = 6/group) ranging in weight from
22 to 26 g) were used during experimentation. All animals were kept
at room temperature (22 + 2°C) on a 12/12 h of light/dark cycle and
access to food and water was available ad libitum. The experimental
protocol and animal welfare were approved by the Ethical
Committee COMSATS University Islamabad, Abbottabad
campus (ethical approval number PHM.Eth/CS-M01-017-1017)
with guidelines adherence to UK Animals (Scientific Procedures)
Act 1986.

2.2 Chemicals

Fraxetin (CAS: 574-84-5) was purchased from Shandong
Chuangying Chemical Co., Ltd. China. Fluoxetine (A.R. No: FP/
FX/1905002) was gifted by Palam Pharma PVT. Ltd.

2.3 Experimental design

Fraxetin (20, 40 and 60 mg/kg) (Li et al.,, 2011; Murali et al,
2013) as well as fluoxetine (10 mg/kg), Kryst et al. (2022) were
administered orally (p.o.) in a single dose 5 h after day 14 of the CUS
protocol. All
administration.

the drugs were freshly prepared prior to

Animals were randomly allocated to the

following six treatment groups (n = 6/group): 1) Non-stressed +
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TABLE 1 14 days schedule of stressors in the chronic unpredictable stress
model.

Days Stressor Duration
1 Restrain 1.5h

2 Cold Swim (15°C) 10 min
3 Wet sawdust bedding/box housing tilted (45°) 16 h

4 Inversion of light/dark cycle 16 h

5 Tail pinch 10 min
6 Swim (25°C) 6 min
7 Restrain 1.5h

8 Food and water deprivation 16 h

9 Cold swim (15°C) 10 min
10 Wet sawdust bedding/box housing tilted (45°) 24h
11 Inescapable shock (0.7 mA, 0.5 s/min) 3 min
12 Inversion of light/dark cycle 16 min
13 Tail pinch 10 min
14 Inescapable shock (0.7 mA, 0.3 s/min) 3 min

normal saline, 2) stressed + normal saline (CUS model group) 3)
stressed + fluoxetine (10 mg/kg), 4) stressed + fraxetin (20 mg/kg),
5) stressed + fraxetin (40 mg/kg) and 6) stressed + fraxetin
(60 mg/kg).

2.4 Chronic unpredictable stress procedure

The CUS protocol was composed of different stressors applied
daily at a variable times of the day over a 14-day period and it was
designed to avoid the predictability of each stressor (Table 1). There
were two groups of animals; CUS (stressed) and control (non-
stressed) mice. During the 14 days, non-stressed animals were
kept in their home cage according to the standard protocol while
the stressed animals underwent 14 days of the variable stress
paradigm. On day 14, all the stressed groups received fraxetin,
fluoxetine, or vehicle except for the CUS only model group and
subsequently, behavioral parameters were assessed (Moretti et al.,
2012). Separate groups were subjected to behavioral testing, one
hour after acute administration of fluoxetine, fraxetin or vehicle. In
addition, the dosing and testing procedure was executed 5 h after of
the last stressor, in order to avoid any additional stress experienced
during behavioral testing which occurred.

2.5 Behavioral assessment

All behavioral tests were evaluated manually from video
recordings by an experimenter who was blind to the treatments.

2.5.1 Locomotor activity boxes (open field test)

The open-field test is a simple method used to assess underlying
exploratory behavior in rodents. Each animal displayed simple
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movement or ambulation in an open field or more complex
behaviors like rearing or thigmotaxis. Locomotor activity was
assessed by placing the mice individually in an arena comprised
of wooden monitor boxes divided internally by lines on the floor into
equivalent quadrants 22.8 cm” each and surrounded externally by a
45.6 cm high wall. The locomotor activity of the test animals was
measured for 30 min. A digital CAT-I camera installed 230 cm
above the locomotor arena was used for locomotion recordings
and locomotor activity (simple ambulation) was assessed in activity
monitoring boxes (45.6 x 45.6 cm x 30 cm), internally divided into
four quadrants measuring 22.8 cm* with floor line markings. After
cleaning the arena with 70% alcohol, animals were introduced to the
center of box, and the activity was recorded by a video camera
mounted 230 cm above the box. The number of lines crossed in
30 min was noted (Moretti et al., 2011; Arif et al., 2022).

2.5.2 Elevated plus maze (EPM)

This method is used to investigate anxiogenic and anxiolytic
drug effects in laboratory animals and it is based on the survival
instinct that rodents are generally aversed to open spaces because of
increased exposure risk to predation.

The apparatus consisted of a “plus-shaped” maze elevated above
the floor with alternating open and enclosed arms and an open
central area. The method relies on the fact that rodents are generally
aversed to exploration in open spaces. Single animals were gently
placed in the central area, allowed to roam freely for 5 min and the
time spent in open and enclosed arms was recorded (Handley and
Mithani, 1984).

2.5.3 Y-maze test (Y-maze)

The Y-maze is a widely used technique to study learning and
short-term memory in rodents and it incorporates spontaneous
alternation as a measure of spatial working memory.

The apparatus consisted of three equal-length arms positioned at an
angle of 120° (21 cm long x 8.5 cm wide x 40 cm height). Each animal
was positioned at the midpoint of the apparatus and permitted to freely
explore all arms for 5 min. The time spent in each arm was recorded
using a video camera and between each animal procedure, the
apparatus was swabbed with 70% ethanol. Brain areas including the
prefrontal cortex, hippocampus and basal forebrain are considered to be
involved in this type of memory process. Following animal placement in
the maze and consecutive arm entry, the percentage alternation between
arms was calculated as follows:

% alternation = (total number of alternations) / (no of entry in each arm) x 100 (1)

Distance, speed, and time spent in every arm was also recorded
using a CAT-I video camera (Golub et al., 2015).

2.5.4 Forced swimming test (FST)

This test was originally developed by Porsolt et al. (1977) to
screen compounds for prospective antidepressant activity in
rodents. Mice were introduced individually into a cylindrical
container (30 cm in height x 10 cm in diameter) and filled with
water to a depth of 15cm thereby presenting them with the
challenge of forced swim. The test procedure is based on the
assumption that under a stressful situation, each animal expresses
escape mobility eventually adopting a characteristic immobile state
that is readily identifiable and time recorded. The test was modified
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such that animals were allowed to swim for 6 min only, the first
minute instead of 2 min being considered an acclimatization period
while the remaining 5 min were regarded as the test time (Porsolt
et al,, 1977) and only immobility was recorded.

2.5.5 Analysis of corticosterone serum
concentration in parallel with behavioral
assessment

The animals were euthanized by cervical dislocation and then
decapitated  to
anticoagulant. All the animals in the groups were used to obtain

collect trunk blood in vacutainers without
blood samples and brain tissue. Since cervical dislocation was
employed, cortical function and biological processes were inhibited as
rapidly as possible i.e., 5-10 s (Cartner et al., 2007). Samples were allowed
to clot undisturbed for 30-60 min. The clot was removed by
centrifugation at 1,500 x g for 15min at 4°C (5418 R centrifuge,
Eppendorf, Hamburg, Germany). Serum samples were assayed
-20°C  for

Corticosterone concentrations were determined using an ELISA kit

immediately or stored at subsequent  analysis.
(Cayman Chemical Company, Ann Arbor, United States, catalogue
number 501320), having an assay range of 8.2-5000 pg/ml and a
sensitivity (80% B/B,) of 30 pg/ml. The corticosterone concentrations
in the samples were compared with a standard curve. All samples were
thawed on ice and diluted 20-fold in ELISA buffer. A volume of 100 uL
ELISA buffer was added to NSB wells (non-specific binding) and 50 uL
to By (maximum binding). A 50 pL corticosterone ELISA standard was
then added to each well, followed by 50 uL of corticosterone AChE
(Acetylcholinesterase) tracer except for the TA (total activity) and Blk
(blank) wells. Finally, a 50 pL corticosterone antiserum was added to each
well except for the TA, the NSB and the Blk wells. The plate was covered
with plastic film (item No. 400012) and incubated overnight at 4°C. After
incubation, each well was emptied and rinsed five times with wash buffer.
Next, the wells were filled with Ellman’s Reagent at a volume of 200 uL
and 5 pL of tracer to the TA well. The plates were again covered. An
orbital shaker equipped with a large flat cover was used to allow the plate
to develop in the dark. After 120 min of incubation, the plates were read
at 405 nm using a spectrophotometer (T80 + UV/VIS Spectrometer, PG
Instruments Limited, Leicestershire, United Kingdom). For standard
curve fitting and sample data analysis, a Cayman computer spreadsheet
available at (www.caymanchem.com/analysis/elisa) and GraphPad
Prism version 8.0 for Windows (GraphPad Software, San Diego,
California, United States) were used.

2.6 Neurochemical analysis via high pressure
liquid chromatography (HPLC)

2.6.1 Biological sample preparation

After behavioral experimentation, the mice were euthanized by
cervical dislocation and decapitated. The post mortem brain regions
(frontal cortex, striatum, and hippocampus) were dissected on ice
chilled plates where they were accurately weighed and stored at
-80°C. The tissues were homogenized via a Teflon-glass
homogenizer (Ultra-Turax"T-50) in 0.2% ice-cold perchloric acid
with rpm of 12,000. Eventually all samples were cold centrifuged
(4°C) at 12,000 rpm (DLAB Scientific). Later, the supernatant was
filtered with 0.45 mm filter (CNW technologies), which was then
placed for analysis in an HPLC auto-sampler (Rehman et al., 2020).
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FIGURE 1

The action of fraxetin (20, 40, and 60 mg/kg, p.o.) or fluoxetine
(STD; 10 mg/kg, p.o.) on CUS reduced locomotor activity compared to
the vehicle alone treated animal group (saline). Values were expressed
as mean + SEM (n = 6/group), *p < 0.05, ****p < 0.0001 vs. CUS.
One-way ANOVA was applied followed by post hoc Tukey's test.

2.6.2 Chromatographic conditions

Chromatography ~ was  performed  (Waters  Alliance
€2695 separations module with 2998 PDA UV detector, and
auto-sampler, United States), using a C18 stainless steel column
(250 x 4.6 mm) (Waters X Select” HSS Ireland) with 5 um particle
size. The composition of mobile phase was methanol: HPLC grade
water (DAEJUNG; Korea: 8585-2304) in a ratio of 5:95 v/v, plus
20 mM monobasic sodium phosphate (DAEJUNG; Korea: CAS:
7558-80-7) as a buffer. The detection wavelength was 280 nm with
isocratic elution. The column temperature was 35°C and flow rate
was 0.5 mL/min (Hou et al., 2019; Rehman et al., 2020).

2.6.3 Standard preparation

A standard stock solution of 1.0 mg of dopamine, serotonin, or
norepinephrine was prepared by dissolving in 10 mL HPLC grade
water. Five different concentrations of 100, 200, 300, 400, 500 ng/mL of
stock solution of each neurotransmitter were made by serial dilutions,
and then used for the calibration curve. Samples were placed in an
HPLC auto-sampler with an injection volume of 20 uL set by software
(Empower™). By using linear regression analysis, the calibration curve
was plotted using the peak area of dopamine, serotonin, and
noradrenaline (y) against the concentration of dopamine, serotonin,
and norepinephrine (x) respectively (Rehman et al., 2020).

2.7 Statistical analysis

Results were evaluated using GraphPad Prism (version 8).
Mean + SEM was calculated for each group (n = 6/group).
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FIGURE 2

Action of fraxetin (20, 40, and 60 mg/kg, p.o.) or fluoxetine

(10 mg/kg, p.o.) on CUS inhibited open arm entry compared to the
vehicle alone treated control group (saline) in the EPM test. Values
were expressed as mean + SEM (n = 6/group), ****p < 0.0001 vs.
CUS. One-way ANOVA was applied followed by post hot Tukey's test

Analysis of variance, one-way ANOV A was used followed by post
hoc Tukey’s test. p < 0.05 was considered as a significant value.

3 Results
3.1 Behavioral analysis

3.1.1 Open field test

There was a substantial decrease in the locomotor activity
evoked in the animals exposed to CUS compared to the vehicle
alone control treated group (saline) However, this CUS
locomotor activity suppression was at least partially restored
to levels approaching those of controls by the CUS group co-
administered fraxetin 40, and 60 mg/kg F (5, 30) =29.43 and p <
0.0001. In contrast, there was no significant difference in the
degree of locomotion expressed between the animal groups
standard

administered  fluoxetine (10 mg/kg) as a

antidepressant or fraxetin (20 mg/kg) (Figure 1).

3.1.2 Elevated plus maze (EPM)

In the animal group that underwent CUS, there was an almost
total abolition of any time spent in the open EPM arms in
comparison with the vehicle-treated controls (saline), and this
outcome remained unmodified in the CUS animals co-treated
with fraxetin (20 mg/kg). However, combined treatment with
fluoxetine (STD) or the two higher doses of fraxetin partially but
significantly (Figure 2: F (5, 30) = 98.13 and p < 0.0001) restored
the CUS inhibition of entry time in the EPM open arms
indicating an antianxiety-like effect.

Frontiers in Pharmacology

10.3389/fphar.2023.1135497

40 * * *
* * * *
* * * *
3 * * *
30+

No. of Alternations

FIGURE 3

Action of fraxetin (20, 40, and 60 mg/kg, p.o.) or fluoxetine

(10 mg/kg, p.o. STD) on CUS evoked reduction in spontaneous
number of alternations compared to the vehicle alone treated control
group (saline) in the Y-maze. Values were expressed as mean +

SEM (n = 6/group), *p < 0.05, ***p < 0.001, ****p < 0.0001 vs. CUS.
One-way ANOVA was applied followed by post hot Tukey's test

3.1.3 Y-maze test (Y-maze)

In the animal group that experienced CUS, there was an
extensive reduction in the number of spontaneous alternations
versus the vehicle alone treated controls (saline) in Y-maze
performance indicating an impairment of short-term working
memory. Conversely, the CUS repressed incidence of Y-maze
arm alternation was significantly redressed by concomitant
administration of fluoxetine (STD; 10 mg/kg) and all three doses
of fraxetin 10, 20, and 40 mg/kg (Figure 3: F (5, 30) = 35.11 and p <
0.0001) reflecting an improvement of spatial memory.

3.1.4 Forced swim test (FST)

In the animal group that was subjected to CUS, it was observed
that there was an extensive increase in the duration of immobility
time (s) versus the vehicle alone treated controls (N/S or vehicle) in
the forced swim test, indicating an increase in the behavioral despair.
This immobility time duration was markedly reduced by fluoxetine
treatment (STD, 10 mg/kg) and totally restored by all three doses of
fraxetin to levels that were not significantly different from vehicle-
treated controls (saline) Figure 4: F (5, 30) = 94.73 and p < 0.0001).

3.2 Neurochemical analysis via high-
pressure liquid chromatography (HPLC)

3.2.1 Action of fraxetin on brain regional serotonin
levels

In the CUS exposed group, serotonin levels in the frontal cortex,
hippocampus and striatum were decreased significantly as
compared with saline-treated non-stressed animals. However,
fraxetin (40, and 60 mg/kg) and fluoxetine (10 mg/kg) caused an
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FIGURE 4

Action of fraxetin (20, 40, and 60 mg/kg, p.o.) or fluoxetine

(10 mg/kg, p.o. STD) in the forced swim test (FST): immobility time
compared to the vehicle alone treated control group (saline) in the
forced swim test. Values were expressed as mean + SEM (n = 6/
group), ****p < 0.0001 vs. CUS. One-way ANOVA was applied
followed by post hoc Tukey's test.

upsurge in CUS repressed serotonin level in the frontal cortex and
striatum F (5, 30) = 50.77 and p < 0.0001, while in the hippocampus,
fluoxetine (10 mg/kg) and only the highest dose of fraxetin
(60 mg/kg) F (5, 30) = 49.92 and p < 0.0001 elevated serotonin
concentration compared with the CUS group (Figures 5A,B,C).

3.2.2 Action of fraxetin on brain regional dopamine
levels

In the group subjected to CUS, dopamine levels in the frontal
cortex, hippocampus and striatum were significantly diminished
compared with saline-treated non-stressed animals. There was no
statistically significant change in the dopamine level in the striatum
and hippocampus after treatment with either fraxetin (20, 40, and
60 mg/kg) or fluoxetine (10 mg/kg) in the CUS group, (Figures
6B,C). In contrast, fraxetin (60 mg/kg) and fluoxetine (10 mg/kg)
both increased CUS suppressed dopamine concentrations in the
frontal cortex to levels which were comparable to the non-stressed
animals (Figure 6A: F (5, 30) = 80.58 and p < 0.0001).

3.2.3 Action of fraxetin on brain regional
norepinephrine levels

In the CUS model group, norepinephrine levels in the frontal
cortex, hippocampus, and striatum were markedly decreased
compared with the saline-treated non-stressed animals. However,
after treatment with fraxetin (40, and 60 mg/kg), norepinephrine
levels were elevated in the striatum only (Figure 7B: F (5, 30) =
66.16 and p < 0.0001) while fluoxetine 10 mg/kg raised
norepinephrine concentrations in both the hippocampus F (5,
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30) = 79.26 and p < 0.0001 and striatum (Figures 7B,C)
compared to the CUS positive control group (Figure 7B).

3.3 Corticosterone serum concentration
parallel to behavioral assessment

There was a very highly significantly increased serum
concentration of corticosterone in the CUS group compared to
the non-stressed control animal group. However, this augmented
level of corticosterone was significantly reversed by fraxetin
(40 mg/kg and 60 mg/kg) but not by the 20mg/kg dose
(Figure 8: F (5, 30) = 19.51 and p < 0.0001).

4 Discussion

In the present study, our findings showed that fraxetin
significantly attenuated CUS-induced anxiety and depressive-like
behaviors in the open field test, elevated plus maze and forced swim
test. Moreover, fraxetin also significantly improved spatial learning
and working memory in the Y-maze.

(CUS) can induce an

impairment of cognition and adversely affect emotional

Chronic unpredictable stress
aspects such as anxiety, depression, and irritability in addition
to diminishing social interaction. Altered serotonergic activity
occurring during stress in the central nervous system is a primary
and crucial factor contributing to these symptoms. Moreover, a
combination of autonomic symptoms including gastrointestinal
problems, hyperactivity, restlessness plus paresthesia, and more
centrally-mediated symptoms such as binge eating and sleep
disorders may also develop. Stressful events are responsible for
the release of corticotrophin-releasing factor (CRF) from the
hypothalamic paraventricular nucleus (PVN) which in turn
(ACTH) from the

pituitary and ultimately stimulates the adrenal cortex to

releases adrenocorticotropic hormone
secrete cortisol in humans and corticosterone in rodents. In
addition, stress can lead to perturbation of the blood-brain
barrier (BBB) and induction of cellular and neuronal damage,
leading to neuronal and cellular inflammation and ultimately
death. All of these crucial can be
instrumental in the disruption of cognitive processes
(O’connor et al., 2000; Hughes et al., 2016; Santha et al,
2016). The stress response is a consequence of sympathetic

influential elements

nervous system activation largely dependent on the intensity
and duration of stressful events and also through activation of
stress pathways in the hypothalamic-pituitary-adrenal axis
(Mcewen, 2000; Kim and Diamond, 2002; Sdntha et al., 2016;
Cameron and Schoenfeld, 2018). Additionally, acute stress may
increase memory consolidation by increasing glutamatergic
neurotransmission thereby improving spatial memory (Lupien
et al., 2002; Roozendaal et al., 2006). In this context, separate
run for acute

groups each behavioral test and

administration of fluoxetine, fraxetin or vehicle was given

were

after 5h of the last stressor in order to avoid any additional
stress experienced during behavioral testing.

Coumarins and their derivatives have recently attracted much
attention regarding their diverse biological and pharmacological
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FIGURE 5

(A,B) and (C). Action of fraxetin (20, 40, and 60 mg/kg p.o.) and fluoxetine (10 mg/kg p.o.) on serotonin levels in (A) frontal cortex, (B) striatum and (C)
hippocampus in mice subjected to the CUS model. Data were expressed as mean + SEM (? = 6/group). *p < 0.05, **p < 0.01, ***p < 0.001 and ****p <
0.0001 compared with the CUS model group. One-way ANOVA was applied with post hoc Tukey's test.

properties. On one hand, they offer microbial resistance against
pathogens in plants while on the other hand in humans, they are
thought to possess aptitude against cancer, pain and inflammation
in addition to acting as antimicrobials, anti-Alzheimer, and anti-
Parkinsonian agents (Hussain et al., 2019).

Fraxetin, a natural derivative of coumarin, is present in
many functional foods and various dietary supplements (Gaur
2017).
biological

et al, Furthermore, it displays neuroprotective,

scavenger/antioxidant, anti-hyperglycemic,
antibacterial actions, and also inhibits platelet aggregation
along with anti-osteoporotic properties (Sdnchez-Reus et al.,
2005; Kuo et al., 2006; Wang et al.,, 2020). Fraxetin readily
crosses the blood-brain barrier, maintaining permeability and
its antioxidant activity may well have potential in
neurodegenerative disorders that stem from oxidative stress
(Ng et al., 2000; Cui et al., 2022).

Bearing in mind its neuroprotective and antioxidant profile

along with antidepressant properties, the effects of fraxetin were

Frontiers in Pharmacology

investigated in the CUS plus FST model for depression.
Accordingly, CUS exhibited depressive-like behavior in the FST
which was disclosed as an increase in the duration of immobility
time. Subsequently, acute treatment with fraxetin reversed CUS
induced depressive-like behavior as shown in (Figure 4). This
finding may suggest that its pharmacological activity might have
an overlap with fast-acting antidepressants such as ketamine and
brexanolone rather than more conventional monoaminergic-based
drugs (Li, 2020). The approval of fast-acting antidepressants
i.e., S-ketamine and brexanolone by the FDA in 2019, has
provided new insight into treating depression with new targets
such as NMDA and GABA, agents (Li, 2020). NMDA receptors
(NMDARSs) are associated with glutamate-gated ion channels
throughout the
providing excitatory synaptic neurotransmission. NMDARs are

expressed entire central nervous system

heteromeric complexes comprising many homologous subunits
(Neyton and Paoletti, 2006; Ide and Ikeda, 2020). In this

connection, ketamine delivers a rapid and sustained
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(A,B) and (C). Action of fraxetin (20, 40, and 60 mg/kg, p.o.) and fluoxetine 10 mg/kg, p.o.) on dopamine levelin (A) frontal cortex, (B) striatum and (C)
hippocampus in mice subjected to the CUS model. Data was expressed as mean + SEM (? = 6/group). *p < 0.05, **p < 0.01, ***p < 0.001 and ****p <
0.0001 compared with the CUS model group. One-way ANOVA followed by Tukey's Post hoc multiple comparison test was applied for statistical analysis

antidepressant effect which is achieved primarily via NMDA
receptor antagonism and this mechanism may well be shared
by fraxetin during its acute antidepressant-like activity in the
FST. This assertion is further substantiated by the fact that
computationally, fraxetin is an NMDA antagonist at the
glutamic acid position 236 and 106 and arginine at position
115 via hydrogen bonding, a possible consequence of which is
that fraxetin’s fast-acting antidepressant-like property might be
ascribed to a selective antagonistic effect at the NMDA receptor
(supplementary file attached).

The neuroprotective profile of fraxetin is well documented
(Wang et al, 2020), and our findings confirm that acute
treatment with all three doses of fraxetin (20, 40, and
60 mg/kg)
observed in Y-maze performance (Figure 3). The elevated

attenuated CUS-induced memory impairment

plus maze (EPM) is a simple method used to assess anxiety,
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and what is more, it can also be used for the anxiogenic-like
effect of pharmacological agents, hormones, and drugs of abuse.
In the present study, acute administration of fraxetin (40 and
60 mg/kg) ameliorated CUS-induced anxiety-like behavior in
the elevated plus-maze (EPM) implying the possible modulation
of GABAergic neurotransmission (Figure 2). In relation to this
finding, not only does CUS exacerbate memory loss and the
accumulation of hippocampal senescent cells but CUS treatment
with a senolytic cocktail containing another phytochemical
agent, quercetin, alleviates this cognitive deficit (Lin et al., 2021).

The OFT is a classical approach/avoidance paradigm in which
the novel environment concomitantly evokes both anxiety and
exploration (Guo et al., 2009). Acute treatment with fraxetin
allayed the anxiety-like behavior expressed by the CUS model
and there was no stimulant effect of fraxetin on its own in naive
mice (unpublished data) (see Figure 1).
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FIGURE 7

(A,B) and (C). Action of fraxetin (20, 40, and 60 mg/kg p.o.) and fluoxetine (10 mg/kg p.o.) on norepinephrine level in (A) frontal cortex (B) striatum
and (C) hippocampus in mice subjected to the CUS model. Data were expressed as mean + SEM (? = 6/group). *p < 0.05, **p < 0.01, ***p <
0.001 compared with CUS model group. One-way ANOVA was applied followed by Tukey’'s multiple comparison test.

Altered monoaminergic neurotransmission involving
serotonin, norepinephrine, and dopamine in the initiation and
development of various disorders, especially
has 2004;

Krishnan and Nestler, 2008), and antidepressants tend to

psychiatric
depression, been well-documented (Elhwuegi,
operate either directly or indirectly to restore monoamine
levels (Krishnan and Nestler, 2008). The present study was
intended to investigate the acute effect of fraxetin in the CUS
model of depression for both behavioral as well neurochemical
profiling. For this reason, the levels of serotonin, norepinephrine
the
hippocampus, and striatum in animals exposed to CUS

and dopamine were quantified in frontal cortex,
compared to those cotreated with fraxetin. These brain regions
and neurotransmitters were selected for study because they are
known to be involved in the pathogenesis of depression (Drevets

et al., 2008).
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It was found that in the CUS model, the levels of serotonin,
the
hippocampus and striatum were all significantly decreased

norepinephrine and dopamine in frontal cortex,
and these outcomes are consistent with earlier published
findings (Yu et al., 2013; Natarajan et al., 2017; Malta et al,,
2021). Furthermore, fraxetin and fluoxetine have been reported
to activate the Akt/PKB signaling pathway, a serine/threonine-
protein kinase that is a critical regulator of cell survival and
proliferation including nutrient metabolism, cell growth and
apoptosis. Additionally, regulation of this pathway also plays a
of
neurotransmission with the function of genes linked to
disorders of the CNS (Mo et al., 2019; Kitagishi et al., 2012;
Beaulieu, 2012).

Acute treatment with fraxetin tended to restore CUS suppressed

role as an integrator serotonin and dopamine

serotonin levels in the frontal cortex, striatum and hippocampus.

frontiersin.org


https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2023.1135497

Ahmed et al.

*k k%

30

Corticosetrone (ng/ml)

FIGURE 8

The effects of acute fraxetin (20 mg/kg, 40 mg/kg or 60 mg/kg)

on 14 days chronic unpredictable stress on the serum corticosterone
levels in mice. The data expressed as the means + SEMs (N = 6/group).
GraphPad Prism was used to analyze the data. p < 0.05 was the
significance vale

Serotonergic pathways throughout the CNS are altered in CUS and
there is an imbalance between serotonin levels and receptor densities
(Lages et al.,, 2021). The hippocampus is the main region where
alteration of key neurotransmitter pathways and specified protein
levels CUS the differential
neurotransmitter modification is reflected by variable levels of

occur in response to and
behavioral expression (Zhang et al, 2021b). Additionally, it was
notable that a similar behavioral and neurochemical pattern was
seen with standard fluoxetine. These results confirm that acute
fraxetin has a significant effect on brain serotonin levels in the
frontal cortex, hippocampus and striatum at higher doses and this
may explain its
Additionally

concentrations in the striatum, but not in the frontal cortex or

antidepressant-like behavior in the FST.
fraxetin also  increased  norepinephrine
hippocampus, while at the same time, only at the highest dose, it did
produce an upsurge in dopamine levels in the frontal cortex.
Furthermore, sub-acute and chronic studies are warranted to
investigate the effects of fraxetin and its interactions with
serotoninergic, noradrenergic and dopaminergic receptors to
further probe a more precise mechanism.

Together with the neurotransmitter alterations, there was a
raised serum concentration of corticosterone in the CUS group
compared to non-stressed animals, however, this augmented
level of corticosterone was reversed by the higher doses of
fraxetin. It is well documented that persistent and prolonged
elevation of cortisol in humans can decrease levels of serotonin
and a model of depression that has been employed in preclinical
studies involves the use of cortisol. Conversely, the finding that
fraxetin raised the CUS-suppressed serotonin level may in turn
have had an effect resulting in a decline of serum corticosteroid in
mice (Figure 8) (Moretti et al., 2012).
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5 Conclusion

The identification of fast-acting antidepressants with minimal
side effects has recently gained special attention in the treatment of
depression. A worthwhile approach of this study was an
investigation of antidepressant-like properties of fraxetin that
might share a possible underlying mechanism with fluoxetine.
Thus, we showed that acute fraxetin treatment can attenuate not
only depressive- and anxiety-like behavior in the OFT, EPM,
Y-maze, and FST paradigms, but also the raised corticosterone
along with suppressed serotonin levels subsequent to a CUS
protocol. Further, studies are warranted to explore the chronic
effect of fraxetin at the molecular level in brain areas associated
with depression, anxiety and stress.
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