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Abstract: Depressive-like behavior is a highly prevalent worldwide neuropsychiatric disorder that
owns a complex pathophysiologic mechanism. The available pharmacotherapy is ineffective for
most patients and shown several adverse effects. Therefore, it is important to find efficacy and
safe antidepressive compounds. Some phytochemicals compounds regulate the same genes and
pathways targeted by drugs; therefore, diets rich in fruits and vegetables could be considered novel
treatment approaches. Currently, the functional properties of quercetin acquired great interest, due
to its beneficial effects on health. Quercetin is a flavonoid ubiquitously present in vegetables and
fruits, interestingly for its strong antioxidant properties. The purpose of this review is to summarize
the preclinical studies present in the literature, in the last ten years, aimed at illustrating the effects
of quercetin pre-treatment in depressive-like behaviors. Quercetin resulted in antidepressant-like
actions due to its antioxidant, anti-inflammatory, and neuroprotective effects. This pointed out the
usefulness of this flavonoid as a nutraceutical compound against the development of psychological
stress-induced behavioral perturbation. Therefore, quercetin or a diet containing it may become
a prospective supplementation or an efficient adjuvant therapy for preventing stress-mediated
depressive-like behavior.

Keywords: quercetin; depressive-like behaviors; antioxidant; anti-inflammatory; neuroprotection;
antidepressive

1. Introduction

Depressive-like behaviors are a mental disorder that affects approximately 264 million
people around the world. Depression is often characterized by cognitive impairment
and anxiety [1,2]. Furthermore, this condition is known to impair the functions of the
hippocampus and the prefrontal cortex [3]. Both brain structures play an important role in
decision-making processes, therefore dysfunction at this level can induce a greater predis-
position to negative emotions [4]. In these areas are located many glucocorticoid receptors
involved in depressive-like behaviors [5]. Noteworthy, the glucocorticoid receptors mediate
the regulation of the hypothalamic-pituitary-adrenal (HPA) axis through negative feedback
inhibitory mechanisms. The HPA axis promotes the secretion of corticotropin-releasing
hormone that is transported in the anterior pituitary and induces the release of adrenocor-
ticotropic hormone, which in turn stimulates the adrenal cortex to secrete glucocorticoids
such as cortisol which binds to receptors intracellular for glucocorticoids [6]. Moreover,
the HPA axis plays an important role in the response to external stimuli and internal,
such as psychological stresses [7]. Indeed, it was observed that chronic stress induces
depression [8], highlighting the close relationship between oxidative stress and mood dis-
turbance [9]. This condition is characterized by a complex pathophysiological mechanism,
that also involves the reduction of the monoamine system such as neurotransmission of
serotonin, dopamine, and noradrenaline [10]. Additionally, immunological alterations
and excessive inflammation are further pathological events that play an important role in
depression [11,12].
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Most antidepressant drugs aim at correcting the neurotransmitter imbalances involved
in the regulation of the mind and emotions [13]. However, there is a high rate of treatment-
resistant depressed subjects. Additionally, most anti-depressants own a long latency and
numerous side effects. Therefore, the need for new, more efficient and safe antidepressant
drugs is growing. Today, phytotherapy, which promotes the application of plants in the
treatment of diseases [14], represents a useful source for the development of more effective
antidepressants. Several medicinal plants were used in the treatment of various neurologi-
cal diseases [15,16]. Phenolic compounds such as flavonoids represent a promising class
of natural compounds important in neuropharmacology, thanks to their antioxidant and
neuroprotective properties [17]. Fruits and vegetables, important sources in the daily diet,
are reservoirs of these bioactive compounds [18].

Flavonoids are a class of polyphenols, widely distributed in the plant kingdom, thus,
with a normal diet, humans take an average of 1-2 g/day [19]. Among them, quercetin
(3,3 4 ,5,7-pentahydroxyflavone) is the flavonoid most abundant in food and consumed
by humans [20]. Several evidences show that fruit and vegetable thanks to their high
content of quercetin protect brain tissue from neurodegeneration induced by oxidative
stress [21,22]. Quercetin protects neurons from oxidative stress by inhibiting the formation
of hydroperoxide, reducing free radicals and restoring antioxidant enzymes [23,24]. Addi-
tionally, quercetin due to its ability to cross the blood-brain barrier appears in the brain
several hours after administration, thus, exerting its neuroprotective effects [25]. It has also
been shown to exert anxiolytic effects and improve cognitive deficits [26]. Several findings
highlight the protective role of quercetin against depressive-like disorders. Indeed, the
freeze-dried onion powder and Ginkgo biloba leaves, rich in quercetin, have an antidepres-
sant action [27,28]. Moreover, this flavonoid improving behavioral disturbances in mice
and rats with anxiety and depressive-like behaviors induced by the corticotropin-releasing
factor [29,30].

In this regard, the purpose of this review was to provide an overview of quercetin’s
potentials properties in depressive-like behaviors. In the present paper, preclinical evidence
highlighting the antioxidants, anti-inflammatory and neuroprotective effects of quercetin
in this disorder was summarized.

2. Methodology

The aim of this review was to provide an overview of experimental studies that
report quercetin’s functional properties in depressive-like behaviors. In order to write
the paragraph “5. Quercetin and depressive-like behaviors”, the bibliography research in
PubMed was performed using the following keywords: “quercetin” and “depression like
behaviors”. We considered articles published between 2011 and 2021 demonstrating an
antidepressive role of quercetin. In this search, 33 articles were found, as shown in the
Prisma flow diagram (Figure 1). In the “Records screened” section, 4 articles were excluded;
3 were not considered because they were different from the focus of our review. 1 other
article was excluded because there is a corrigendum in the article. In the “Full-text articles
assessed for eligibility” section, 11 articles were excluded; 10 were not described because
they focused on the antidepressive role of other compounds. As this review is intended
to provide an overview of experimental studies, 1 other article was excluded because it
is a review. Finally, in this manuscript there were 18 studies considered that evaluate the
biochemical and molecular mechanisms underlying the antidepressive effects of quercetin
in depressive-like behaviors.
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Figure 1. Prisma flow diagram illustrating the selection methodology of the preclinical studies used for the writing of
the review. There were experimental studies considered that evaluate quercetin’s functional properties in depressive-like
behaviors, highlighting biochemical and molecular mechanisms underlying its beneficial effects (The PRISMA Statement
was published in: [31]).

Animal studies described were performed as set out by the National Institutes of
Health Guidelines on the use of laboratory animals. Moreover, research conducted in
experimental animals needs approval by a properly constituted research ethics committee.
All experiments mentioned in the manuscript were approved by the ethics committee,
reported in Table 1.
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Table 1. Details of the approval by the appropriately constituted research ethics committee (project identification code,

date of approval, and name of the ethics committee or institutional review committee) of studies performed on the animal

models mentioned in the manuscript.

Name of the Ethics Committee or

Project Identification

Authors Names Institutional Review Board Code Date of Approval Reference
Samad N et al. Institutional ethlcs.and animal care ) ) [32]
committee
Institutional Animal Ethics No.
Singh V. et al. Committee (IAEC) 107/GO/ReBi/S/99 27 February 2017 [33]
ommutee /CPCSEA /2017-01
Institutional Animal Ethics
Khan K. et al. Committee (IAEC) No. 1314. - [34]
Institute Animal Ethics Committee in
Mehta V. et al. accordance with the guidelines of - - [35]
CPCSEA, India
Institutional Animal Care and Use
Shen, Z. et al. Committee at Jiaxing University i ) (361
General Project of Science and
Ma Z.X. et al. Technology Development Fund of No. NMUB2019114 - [37]
Nanjing Medical University (Item)
Ethics Committee of University
Donoso F. et al. College Cork - - [38]
. Animal Research Ethics Committee of No: KOU HADYEK
Sahin T.D. et al. Kocaeli University, Turkey 2/9-2017 09/02/2017 (3]
Ethical Committee of the Faculty of
Anggreini P. et al. Veterinary Medicine, No. 2.KE.007.05.2019. - [40]
Universitas Airlangga
Institutional Animal Care and Use
Zhang]. et al. Committee (IACUC) of University of - - [41]
Science and Technology of China.
Medical Ethics Committee of Harbin
Guan etal. Medical University i i [42]
Animal Care and Use committee at
Fang K. etal Anhui Medical University ) ) [43]
Animal Care and Use Committee at the
Sadighparvar S.etal. ~ Urmia University of Medical Sciences, =~ IR.UMSU.REC.1396.316 - [44]
Urmia, Iran
Animal Care Committee of
Wang G. et al. Jinan University No. 2,019,671 - [45]
NIH revised Guidelines for the Care
Merzoug S et al. and Use of Laboratory Animals No. 80-23 i [46]
Local Ethics and Animal Care
Demir E.A. et al. Committee of Necmettin 2013-053 - [47]
Erbakan University
Institutional Ethics Committee of
Holzmann et al. UNIVALL Ttajai, SC, Brazil No.021/13 - [48]
Rinwa P et al. Institutional Animal Ethics Committee IAEC,/282/UIPS/39 30/8/12 [49]

(TAEC) of the Panjab University
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3. Quercetin

Fruits and vegetables thanks to their flavonoid content, acquired considerable scientific
interest. The flavonoid content in fruit and vegetables is influenced by several pre-harvest
factors, such as crop variations, climatic conditions, growing locations, agronomic factors,
and harvest factors, such as maturity stage [50-52]. It has shown that in onions, rich in
flavonols (quercetin), the content of these compounds vary according to the cultivation
as well as within its layers. Indeed, it has reported that the onion’s dry peel shows a
total phenols content 100 times higher than the bulbs and stems [50]. Environmental
factors such as solar radiation, temperature variation and climatic conditions modify
the flavonoid content in fruits and vegetables. Indeed, some researchers observed that
solar radiation during the growing period significantly increases the quercetin content
(from 1.43 to 8.1 mg/100 g fresh weight) [53]. Furthermore, solar radiation in the onion
bulb increased the quercetin concentration from 10 to 50 mg/100 g fresh weight during
the last growth phase [54]. Furthermore, the location and soil type represent important
factors that change quercetin concentrations [55]. The ripeness stage can also influence
the level of phytocompounds. In onions, an early lifting time results in low germination
and a reduced level of quercetin [54]. However, in addition to these pre-harvest factors,
several post-harvest phases affect the content of these phytocompounds within fruits and
vegetables. Conventional transformation processes such as high-pressure pulsed electric
field, ultrasound /sonication, ozone, ultraviolet, and processes such as washing, peeling,
cutting, canning, and drying are known to degrade flavonoid content [56-58]. Microwaving
in the onions induces a 16-18% reduction in the glycoside content of quercetin [59]. Peeling
in the onions also caused a reduction in 79% quercetin glycosides [60]. Similarly, a 60-min
boil causes a reduction of about 44-53% [59]. Therefore, the development of new pre-
and post-technology collections, could be important to improve the accumulation of
phytocompounds in fruit and vegetables.

Flavonoids belong to the large family of low molecular weight phenols which, based
on their molecular structures, are divided into flavones, flavanones, isoflavones, isoflavans,
pterocarpans, coumestans, anthocyanins, flavanols (or catechins), and flavonols [61,62].
Among these flavonols such as kaempeferol, quercetin and myricetin, are the most repre-
sented flavonoids thanks to their functional properties [63].

Fruits and vegetables (e.g., onions, apples, tea and berries, peppers cranberries, apples,
cherries, and grapes) contain a high content of quercetin in the glycone or carbohydrate con-
jugates form. Indeed, the major quercetin-dietary intake consists of quercetin glycosides, a
molecular of quercetin conjugates with one or two glucose residues or with routine. Interest-
ingly, the growing conditions influence the amount of quercetin in food, indeed, compared
to organically grown, conventionally cultivated tomatoes contained a lower amount of
quercetin aglycone [64]. Quercetin is an abundantly represented source in the daily diet.
It has been estimated that the daily intake of quercetin is around 540 mg. Instead, when
quercetin took as a food supplement, the recommended do e is 200-1200 mg [65]. Quercetin
belongs to the flavonols family and owns 3-hydroxyflavone backbone (Figure 2).
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Figure 2. The chemical structure of quercetin. The image of quercetin was created using PubChem
Sketcher V2.4 (https:/ /pubchem.ncbi.nlm.nih.gov/edit3/index.html/, accessed on 21 June 2021).

Quercetin is a powerful antioxidant, due to the catechol group and the hydroxyl
group present in the molecular structure which confers it’s an optimal conformation useful
as a scavenger of free radicals [66]. Indeed, this flavonoid is a powerful inhibitor of
lipid peroxidation, by reducing both cyclooxygenase and lipoxygenase activity. This is
responsible for reducing the formation of inflammatory metabolites [67-69]. Furthermore,
quercetin is also responsible for increasing antioxidant enzymes, preventing the formation
of free radicals [70]. It also has the ability to chelate transition metal ions [71,72]. Due to
its iron-chelating and iron-stabilizing properties, it thus removes the potential factors of
reactive oxygen species (ROS) formation [73].

4. Depressive-Like Behaviors

Depression is a mood disorder triggered by multiple causes: hereditary factors, social
environment, family mourning, work problems, etc. [74]. Several evidence showed that de-
pression should be considered a systemic disease as it causes major alterations in oxidative
stress with repercussions on the entire body [75].

The World Health Organization considers depression, the second cause of disability,
second only to infarction. About 340 million people suffer from depression and the most
affected age range is between 30 and 49 years, most often among women [76]. Unlike
neurodegenerative diseases that are characterized by lesions in specific regions of the
central nervous system, depression involves a very wide neural circuit and many regions
such as cortical districts (regions of the prefrontal cortex and hippocampus); and subcortical
districts (hypothalamus) [3]. There are many types of depression and depending on the
type, the severity of the symptoms and the age of onset can be classified as such: disruptive
mood dysregulation disorder; major depressive disorder; persistent depressive disorder
(dysthymia); and premenstrual dysphoric disorder [77].

Although the causes of depression can be multiple, the psychological factor such
as experiences, emotions. and strongly negative feelings experienced in the duration of
your life can make you vulnerable to depression. Moreover, there is a greater genetic
predisposition, as well as some inheritance, towards depression [78]. There seems to be
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a relationship between specific genes and the vulnerability to depression. Indeed, it was
observed that people with altered levels of neuronal transporter gene SLC6A15 in specific
brain regions involved in emotional regulation are more vulnerable to depression or other
stress-related emotional issues [79].

Typical symptoms of depression are fatigue, difficulty in concentration and memory,
loss of energy, nervousness, sleep disturbances (insomnia or hypersomnia), loss or weight
gain, and lack of sexual desire [80]. Cognitive symptoms are mental enumeration, dif-
ficulty in making decisions and solving problems, catastrophic thought and pessimistic
thought, self-criticism, and self-assessment. Many of these symptoms are to be attributed
to the association between monoamine neurotransmitters (serotonin, noradrenaline, and
dopamine) and depression. In depressed patients, there is a synaptic alteration that in-
volves synergistically neurotransmitters: dopamine-noradrenaline-serotonin [81]. Thus, a
decrease in noradrenaline may be associated with loss of alertness, attention, energy, and
interest in life. A reduction in serotonin induces anxiety, obsessions, and compulsions;
contrarily, a decrease in dopamine from the prefrontal cortex to loss of motivation and
pleasure [82]. Indeed, increased dopamine transporter levels and decreased dopamine
levels were observed in patients with the major depressive disorder [83,84].

Depression has also related to immune mechanisms and the biological molecules
involved in these processes termed cytokines (Figure 3) [11]. Indeed, depressed subjects
show high levels of pro-inflammatory cytokines such as interleukin (IL)-1, IL-2, IL-6, and
tumor necrosis factor-alpha (TNF-«) [85,86]. The activation of the inflammatory immune
system inhibits neurogenesis, resulting in a reduction in the prefrontal cortex and hip-
pocampus in depressed subjects [87]. Moreover, cytokines, are also humoral mediators
of innate and adaptive immunity and are also important mood modulators. Indeed, pro-
inflammatory cytokines exalt the HPA axis, inducing a powerful increase of glucocorticoids
into the bloodstream [88]. Especially, severe forms of depression are characterized by
a constant over-activity of the HPA axis and a dysregulation of the autonomic nervous
system [89]. Specifically, the activation of HPA stimulating the hypothalamic secretion
of the corticotropic release hormone and stimulation of the adrenal medulla to produce
catecholamines with consequent release of cortisol and ROS [86]. This highlights the rela-
tionship between oxidative stress and depressive-like behaviors [90]. Another important
mediator involved in the physiopathology of depressive disorder is glutamate. This ex-
citatory neurotransmitter is involved in the function of memory, cognition, learning, and
training processes of neural networks. Elevated levels of glutamate inducing excessive
stimulation of N-methyl-D-aspartate (NMDA) receptors, responsible for an increased influx
of calcium and nitric oxide (NO) [91].

Moreover, it was observed relationships had been noted between depression and
the anterior cingulate cortex in the modulation of emotional behavior [92]. The principal
neurotrophin that is responsible for neurogenesis is the brain-derived neutrophic factor
(BDNFEF). It was demonstrated that the level of BDNF in the serum of depressed subjects
was reduced. Conversely, antidepressant treatment increased the blood level of BDNF.
Although decreased serum BDNF is found in other mental disorders, there is notable
interest in its links to depression and the action of antidepressants [93]. It is known that
impairment of BDNF as well as compromising Transforming-Growth-Factor-1 (TGF-
1) signaling and aberrant TNF-« signaling are common pathophysiological events that
have been identified in depression and Alzheimer’s disease. Indeed, several pieces of
evidence highlighted the link between depression and Alzheimer’s disease [94]. TGF-1
is an anti-inflammatory cytokine that promotes protection against neurodegeneration
induced by amyloid-f3, and it has a key role in memory formation and synaptic plasticity.
Interestingly, TGF-31 plasma levels are reduced in major depressed patients and this is
related to depression severity. Moreover, TGE-3, regulating Th1 and Th2 cytokines, could
induce beneficial for later response to antidepressive treatment [95,96].
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Figure 3. Inmune mechanisms and biological molecules involved in the depressive-like behaviors. The figure was drawn
using the vector image bank of Servier Medical Art by Servier (available at http://smart.servier.com/, accessed on 21 June
2021). Licensed under a Creative Commons Attribution 3.0 Unported License (https://creativecommons.org/licenses/by/
3.0/, accessed on 21 June 2021).

Treatment of depression is often multimodal and includes both pharmacological and
non-pharmacological interventions. The classes of antidepressants including monoamine ox-
idase (MAOQ) inhibitors, irreversible inhibitors of MAO enzymes responsible for monoamine
metabolism [97]. The selective serotonin reuptake inhibitors (SSRI) block muscarinic,
adrenergic, and serotoninergic receptors, selectively bind to serotonin transporter (SERT or
5-HTT), thus inhibiting serotonin reuptake and increasing serotonergic transmission [98].
Tricyclic Antidepressants (TCA) are another class of antidepressants that bind to recep-
tors for the reuptake of both serotonin and noradrenaline, inhibiting them [99]. Selective
Noradrenaline Reuptake Inhibitors (NARI) inhibit the norepinephrine reuptake and act
selectively to bind the norepinephrine carrier, thus promoting a longer stay of the neuro-
transmitter in the synaptic spine. The serotoninergic and Noradrenergic Specific Antide-
pressants (NASSA) acting indirectly on the receptors for the reuptake of noradrenaline
and serotonin, they act as antagonists of «2 adrenergic receptors and 5-hydroxytryptamine
(5-HT) serotonin receptors [100]. Instead, serotonin reuptake inhibitors and norepinephrine
(SNRI) inhibitors, bind to SERT and norepinephrine transporter (NET) receptors inhibit-
ing their reuptake [101]. Finally, the dopamine and norepinephrine reuptake inhibitors
(DNRI), are antidepressants class that selectively inhibits the reuptake of dopamine and
noradrenaline [102].
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However, most antidepressant drugs own several side effects, including weight gain,
migraines, and sexual disorders [103]. Therefore, the natural compounds contained in
fruits and vegetables, arouse the interest of researchers due to their functional properties,
their rapid onset of action, and their low ability to induce adverse events.

5. Quercetin in Animal Models of Depressive-Like Behaviors

Animal models of depressive-like behavior are important to elucidate the patho-
physiology of this disorder and evaluate the mechanism of action of antidepressant com-
pounds [104,105]. It appears difficult to create an animal model that perfectly mimics the
symptoms of depression in humans, although efforts have been made to establish several
animal models [106]. Animal models based on surgery, such as olfactory bulbectomy [107],
or acute models, such as tail suspension or forced swimming were the most widely used
animal models [108,109]. The bulbectomized rat showed an agitated, hyposerotonergic
depression-related phenotype [110]. However, these models are invasive and ineffective.
Pharmacological models are used to evaluate responsiveness to antidepressants and char-
acteristic symptoms of depression. The common compounds used are Reserpine, which
induces locomotor hypomotility and decreases body temperature in animals, or the Trypto-
phan, able to enhance the synaptic concentration of serotonin increasing the behavioral
syndrome [111]. The psychostimulant withdrawal paradigm is another pharmacological
approach used, that induces behavioral changes similar to some aspects of depression in
humans [112]. Instead, the genetic approach, using genetically engineered mice are useful
for identifying the genetic cause of depressive-like behavior and to create models that meet
clinical expectations [113]. Another strategy in genetics is selective breeding, which takes
advantage of differences in the individual responsiveness to depression [114]. However,
exposure to stress or to traumatic life events represents valid strategies able to reproduce
behavioral changes similar to depressive-like behaviors [115]. Consequently, the majority
of animal models used to reproduce depressive-like behaviors are based on exposure to
various types of acute or chronic stressors that, also, are less invasive, more effective and
reliable [116-118]. Exposure of animals to chronic stress induces mood changes, impaired
memory and cognitive function [119]. Unpredictable stress is responsible for the increase in
the activity of the serotonergic and noradrenergic systems [120]. Stress induces a decrease
in neurogenesis in the hippocampus [121], brain damage in the limbic regions and in the
cortex [122], alteration of the HPA [123], activation of the inflammatory cytokine cascade
and consequent activation of the microglia [124,125].

In order to assess depressive-like behavior in animal models, the most widely used
paradigm is the forced swim test (FST). FST is a behavioral test used for the measurement
of the efficacy of antidepressant drugs and of new compounds, as well as represents an
experimental manipulation in order to induce or prevent depressive-like states and assesses
learned helplessness, a feature of depressive-like behavior in rodents [126].

5.1. Quercetin Effects in Animal Models Exposed to Chronic Stress

Several evidence showed that quercetin improves stress and depressive-like symp-
toms enhancing antioxidant enzymes [127,128]. Quercetin, due to its ability to cross the
blood-brain barrier, appears in the brain after several hours of administration, playing
an important role in the central nervous system and induces neuronal survival [25]. It is
known to improve stress-induced behavioral dysfunction decreasing oxidative stress in
the hippocampus [29,35]. Additionally, quercetin ameliorated serotonergic and cholinergic
functions following repeated treatment [129]. In this regard, Samad N. et al. evaluated
the effects of repeated administration of quercetin on cognitive function, stress responses,
cholinergic function, and serotonin metabolism in animals following 2 h of immobilization
stress. Immobilization stress was performed by pressing the forelegs of the rats through
the gaps in the metal grids and taping them together with zinc oxide plaster tape, in
order to mimics potent physical and psychological stress. Results showed that quercetin
treatment (20 mg/mL/kg), for 14 days, ameliorated stress-induced anxiety and depres-
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sion. Quercetin reduced the stress-induced lipid peroxidation and increased antioxidant
enzymes such as superoxide dismutase (SOD), catalase (CAT), and glutathione peroxi-
dase (GPx). Moreover, quercetin significantly increased acetylcholine (Ach) levels in the
brain of stressed than unstressed mice. After 2 h the immobilization stress increased 5-HT
and 5-hydroxyindoleacetic acid (5-HIAA) levels in untreated and treated stressed mice.
However, quercetin pre-treatment reduced 5-HIAA levels, showing how quercetin may
ameliorate 5-HT function abnormalities under stress. In conclusion, pre-treatment with
quercetin mitigated stress-induced behavioral deficits at least in a part due to its antioxi-
dant functional properties. Also, this compound, induced antidepressant and anxiolytic
properties, reducing the activity of the serotonergic and cholinergic systems [32].

Singh V. et al.,, evaluated the effects of quercetin (10 or 20 mg/kg) and quercetin
4’-O-glucoside (10 or 20 mg/kg) isolated from Allium cepa in a mouse model of unpre-
dictable mild chronic stress-induced depressive behavior. In order to induce the depression
model, mice were subjected to several stress regimes of different duration and severity
in an unpredictable manner for 3 weeks. After 24 h of the last stressor, both compounds
demonstrated a decrease in immobility time in the FST and an enhancement of the locomo-
tor activity in the open field test compared to the control group. These findings highlighted
the antidepressant effect of these compounds. However, quercetin 4’-O-glucoside showed
comparable antidepressant action to the fluoxetine (20 mg/kg) treated group. For this rea-
son, the action of quercetin 4’-O-glucoside (10 and 20 mg/kg) was further investigated in a
depressive-type mouse model induced by unpredictable mild chronic stress. For 2 weeks,
the animals were subjected to various stresses once a day 30 min after administering the
treatments. Quercetin 4’-O-glucoside at both doses restored ROS levels such as thiobarbi-
turic acid reactive species (TBARS) and GSH, reduced monoamine oxidase-A (MAO-A)
activity, and increased 5-HT levels in the brain. Therefore, the antidepressant action of
quercetin and its glucoside may be linked to their antioxidant action, ability to inhibit
MAO-A and restore 5-HT levels [33]. In the same animal model of depression, Khan K. et al.
showed that quercetin administered for 28 days, 2 weeks after the onset of stress, induced
antidepressant effects such as fluoxetine. Indeed, quercetin (25 mg/kg), albeit to a lesser
extent than fluoxetine (10 mg/kg), improved the locomotor activity of animals subjected to
unpredictable mild chronic stress. In line with the previous study, the antidepressant action
of quercetin can be linked to its ability to significantly increase the levels of antioxidants
such as SOD, GSH, and CAT and restore the levels of 5-HT in the brain tissue of mice.
Additionally, the researchers also showed that quercetin significantly decreased IL-6 and
TNF-o levels in brain tissues, which were increased following model induction. Since
an excessive inflammatory response is also often responsible for the increased release of
glutamate; quercetin also reduced this excitatory synaptic neurotransmitter. Thus, in addi-
tion to antioxidant activity, this flavonoid is also capable of exerting an anti-inflammatory
action and reducing excitotoxicity [34]. Likewise, Mehta V. et al., observed that orally
quercetin treatment (30 mg/kg), for 21 days, reduced anxiety in animals subjected to
unexpected stress, attenuated anhedonia, and improved short- and long-term memory
deficits. Quercetin reduced the expression levels of total thiol, TBARS, and NO; conversely,
it increased the levels of the antioxidant enzyme CAT. Noteworthy, quercetin treatment also
reduced hippocampal gene expression levels for TNF-«, IL-6, IL-1$3, and Cyclooxygenase-2
(COX-2). The cresyl violet staining showed that the hippocampal neurons of the stressed
animals showed marked signs of neuronal damage. Conversely, stressed mice treated with
quercetin owned neuron morphology similar to the control group. Thus, quercetin may be
improving anxiety, depression, and cognitive dysfunction stress-induced, preventing neu-
ronal damage and attenuating oxidative and pro-inflammatory responses [35]. In a similar
way to quercetin, quercetin-3-«-l-arabinofuranoside (Avicularin), a glycoside of quercetin
exerted an anti-depressant effect on a mouse model of depression induced by chronic un-
predictable mild stress. Administration of Avicularin (1.25, 2.5, or 5.0 mg/kg) via gavage for
21 days significantly decreased the immobility time of mice, in a dose-dependent manner. It
exerted similar effects obtained in the fluoxetine (20 mg/kg) group. Avicularin significantly
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reduced the TNF-«, IL-6, IL-1f3, inducible NO synthase, and COX-2 that instead were
higher in the hippocampi of stressed mice. Moreover, Avicularin exerted anti-inflammatory
effects inhibiting the activation of MEK/ERK/nuclear factor-xB (NF-«B) signaling pathway;
conversely, it was activated significantly in mice exposed to stress. Similar to fluoxetine,
this glycoside of quercetin reduced Bax and Caspase-3 levels, in a dose-dependent manner,
thus reducing neuroinflammation and apoptosis in hippocampus [36]. Ma Z.X. et al. in-
vestigated the molecular mechanisms underlying the neuroprotective and antidepressant
effects of quercetin in a murine model of unpredictable mild chronic stress. The chronic
unpredictable mild stress was induced exposing mice to nine different stressors (physical
restraint; horizontal oscillation, noise; clip tail; fasting; crowding; water deprivation; 45°
inclined cage; and overnight illumination) for 21 days. Treatment with quercetin (15 and
30 mg/kg), administered via gavage for 21 days, improved depressive-like behaviors.
Indeed, the treatment restored stress-induced weight loss, improved locomotor activity
in the open field test, and reduced immobility time in the FST. Furthermore, quercetin
improved anhedonia, which is important in depressive-type behaviors. Besides, quercetin
could induce maturation and survival of neural progenitor cells as demonstrated through
immunohistochemical examination of the hippocampus. Indeed, it was observed an in-
crease of the number of doublecortin (DCX)-positive and BrdU/NeuN-double-positive
cells, in a dose-dependent manner. Furthermore, this flavonoid raised the protein levels of
Forkhead box transcription factor G1 (FoxG1), p-CREB, and BDNF in the hippocampus,
which had been downregulated following stress. Therefore, the FoxG1/CREB/BDNF
signaling pathway could be used by quercetin to promote adult hippocampal neurogene-
sis [37]. Also, Donoso F. et al. demonstrated that dietary polyphenols such as quercetin
improved dysregulation of HPA in the maternal separation model. Maternal separation is
a valid model to investigate the negative effects of early life stress on brain function and
structure, related to depressive-like behaviors and anxiety. To induce this stress model,
pups were separated from mothers for 3 h, every day for 12 days. After 8 weeks from
exposure to early-life stress and 56 days of quercetin dietary (20 mg/kg), the levels of
plasma BDNF increased. Also, dietary ameliorated dysregulation of the HPA axis, low-
ering the baseline levels of plasma corticosterone compared to the maternal separation
model group. In this way, the quercetin diet ameliorated depressive-like behaviors [38].
Consistent with the aforementioned studies, also Sahin T.D. et al. showed that quercetin
ameliorated depressive-like behavior in rats subjected to unpredictable chronic mild stress
for 5 weeks. Indeed, intraperitoneally injections with quercetin (30 mg/kg) or resveratrol
(20 mg/kg) for 35 days simultaneously to stress exposure, decreased immobility time and
increased sucrose consumption. Not unsurprising that the anti-depressive effects of this
flavonoid are due to its antioxidant and anti-inflammatory properties. Indeed, quercetin
treatment, as also resveratrol, reduced MDA level and increase antioxidant enzymes such
as SOD, CAT, and GSH, which are dysregulate in stress conditions. Both flavonoids re-
duced the NF-kB, IL-6, TNF-x, and IL-1(3 expression levels. Moreover, the researchers
showed that the decreased serum corticosterone levels, restoring the HPA axis could be
another mechanism of action used by these flavonoids to exert antidepressive effects [39].
However, also an acute quercetin (50 mg/kg) treatment (3 days) along with predatory
stress induction ameliorated depressive-like behaviors. In order to stress induce, three
mice were placed in the small cage, and the cat, used as a predator/stressor, was placed
in the large cage. Mice were exposed to stress for 15 min for 3 consecutive days. Acute
treatment reduced immobility time and improved spatial working memory and voluntary
exploration of mice [40].

Zhang]. et al. examined the effects of quercetin-enriched diets, started before, after, or
at the same time as exposure to stressors. A quercetin-enriched diet (2 g/kg) for 14 days
before exposure to stress prevented depressive-like behaviors. The mice were also treated
with a dose of quercetin (0.5 g/kg) comparable to that contained in a diet rich in fruits and
vegetables. Also, this quercetin dose, before stress exposure, improved depressive-like
behaviors. Additionally, the quercetin diet started before stress increased neuronal activity
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in the medial prefrontal cortex and hippocampus. Indeed, compared to mice fed a nor-
mal diet, the quercetin-enriched diet increased the frequencies of spontaneous excitatory
and inhibitory postsynaptic currents both in the medial prefrontal cortex and in the hip-
pocampus. Furthermore, the quercetin-enriched diets prior to stress exposure inhibited
the expression of genes related to microglia and astrocyte activation in both the medial
prefrontal cortex and hippocampus. Conversely, quercetin-enriched diets administered
concurrently and after exposure to stress did not trigger the same antidepressant effects
triggered by a long-term diet. Therefore, the data results demonstrate that a long-term diet
rich in quercetin or a diet rich in fruits and vegetables could induce antidepressant effects
and prevent the damage induced by chronic stress. Furthermore, inhibition of astrocytes
and microglia could be a mechanism used by quercetin to regulate neuronal activity and
improve depressive-like behaviors [41]. Recently, Guan et al. studied the antidepressant-
like effects and potential mechanism of quercetin in chronic unpredictable mild stress
rats, measuring the changes of serum elements. Rats were treated with different doses of
quercetin (10 and 50 mg/kg). After 8 weeks of exposure to chronic unpredictable mild
stress, the serum of rats was collected in order to analyzed enzyme indicators, antioxidant
indicators, and inflammatory cytokines by inductively coupled plasma mass spectrometry.
Quercetin (50 mg/kg) treatment increased the sucrose preference of depressed rats and
decreased pro-inflammatory cytokines serum levels. Moreover, compared with the control
group, depressed rats showed increased levels of iron, copper, and calcium in serum while
the levels of magnesium, zinc, selenium, and cobalt significantly decreased. Treatment
with quercetin at a dose of 50 mg/kg restored the level of these elements. Thus, quercetin,
due to its antioxidant and anti-inflammatory properties, exerts regulatory effects on serum
elements [42].

5.2. Quercetin Effects in Animal Models Exposed to Acute Stress

Inflammation is an important pathogen mechanism involved in the development of
depression [130]. Indeed, depressed subjects show elevated levels of pro-inflammatory
markers, such as C-reactive protein, IL-6, and a reduced level of BDNF [131,132]. Also, in
depressed subjects, a decrease of BDNF/ tropomyosin receptor kinase B (TrkB) signaling
pathway and impaired neuronal plasticity play an important role in the pathogenesis of
depressive disorders [133]. In this context, Fang K. et al. evaluated the effects of quercetin
(95% of purity), on lipopolysaccharide (LPS)-induced depressive-like behavior and its
mechanism of action. LPS is used to induce inflammatory stimuli; however, LPS-treated
rats have been shown to exhibit depressive-like behavior. Researchers demonstrated
that both quercetin (40 mg/kg) and ibuprofen (240 mg/kg) administered via gavage for
14 days improved body-weight gain in rats and ameliorated the impaired LPS-induced
neuropsychiatric behaviors including anxiety, depression, and memory impairment. This
data highlights the close relationship between inflammation and depression. Moreover,
treatment with LPS reduced the protein expression of BDNF, p-TrkB/TrkB, triggering
receptors expressed on myeloid cells (TREM) 1, Copine 6, and synapsin-1, both in the
hippocampus and prefrontal cortex; conversely, the expression of TREM2 was increased.
However, quercetin treatment reversed the expression levels of these proteins, similarly to
groups treated with ibuprofen and fluoxetine (5 mg/kg). So quercetin could exert these
anti-depressive effects reduced neuroinflammation response and enhancing neuroplas-
ticity [43]. Also, in a model of depressive-like behaviors induced by cancer, quercetin
combined to exercise training mediated the anti-depressive effects, reducing inflammatory
cytokines, which in turn, in the prefrontal cortex, enhanced BDNF/TrKB/ 3-catenin axis,
a major signaling pathway with anti-depressive action. Indeed, after the last injection of
1,2-dimethylhydrazine (DMH) to induce cancer, mice received quercetin (50 mg/kg) and
exercise training for 84 days. The combination of quercetin and exercise ameliorated the
DMH-induced depressive-like behaviors. Indeed, compare to mono-treatment groups, this
combination treatment reduced the immobility time and enhanced ambulation and rearing
counts. The combination treatment also reduced the IL-1f3 and TNF-« serum and tissue
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levels, which instead increased following DMH injections [44]. In this regard, Wang G.
et al. investigated the role of the BDNF-TrkB signaling pathway in hippocampal tissues
of estrogen receptor « deficiency-female mice, that induced behaviors similar to depres-
sion. Oral administration of quercetin (100 mg/kg) for 70 days improved the depressive
responses in mice. Furthermore, estrogen receptor o deficiency induced a decrease in
the number of hippocampal neurons compared to the control group; which conversely,
increased following treatment with quercetin. This flavonoid also reduced apoptosis by
increasing anti-apoptotic proteins, such as Bcl-2 and reducing pro-apoptotic proteins, such
as activated Bax and cleaved caspase-3. Immunoblotting analysis in hippocampal tissue
demonstrated that the deficit of the estrogen receptor « significantly decreased BDNF levels
and the phosphorylation of its downstream targets such as TrkB, protein kinase B (Akt), and
extracellular regulatory protein kinase 1/2 (ERK1/2). Conversely, quercetin significantly
increased the expression levels of these proteins, highlighting that the antidepressant effect
of quercetin could be mediated by modulation of BDNF-Akt/ERK1/2 signaling [45], as
also observed in the study described above [44].

Quercetin is also able to reduce plasma cortisol levels, improving memory deficits and
alleviating stress-induced disorders [30,134]. Furthermore, as a response to stress, quercetin
is able to activate the HPA axis, decreasing the levels of the corticotropin-releasing factor,
closely related to the development of factors similar to depression [30]. In this regard,
Merzoug S. et al. investigated the benefit of quercetin on depressive-like and anxiety-like
behaviors caused by a chemotherapeutic agent that activates the HPA axis, Adriamycin.
Quercetin (quercetin dihydrate; 60 mg/kg) was intraperitoneally administered 24, 5, and
1 h before the behavioral tests. Quercetin pre-treatment ameliorated the anxiety-depressive-
like behavior induced by Adriamycin, reducing immobility and increasing swimming
time. Moreover, Adriamycin increased the plasma corticosterone concentration. Con-
versely, quercetin restored the corticosterone level, highlighting that, at least in part, its
antidepressive effects are due to HPA axis modulation. Moreover, the effect of quercetin
could be also associated with its ability to stabilize high levels of glutathione (GSH) and to
reduce glutathione-S-transferase (GST) and malondialdehyde (MDA) levels. Additionally,
quercetin treatment reversed leucopenia and attenuated lymphopenia and monocytosis
in rats pre-treated with Adriamycin, restoring stress-induced immune alterations [46].
Contrary to the results obtained in the previous studies [38,46], Demir E.A. et al. showed
that the antidepressant effects of quercetin in diabetics are not due to the involvement of
the HPA axis. Streptozotocin-induced diabetes increased the immobility time of mice in
the FST, as observed in depressive-like behavior. After 21 days of treatment quercetin at a
dose of 50 mg/kg improved depressive-like behaviors. However, quercetin did not change
plasma concentrations of adrenocorticotropic hormone and corticosterone. Instead, the
higher dose of quercetin (100 mg/kg) had not exerted antidepressant effects [47].

Holzmann et al. investigated the antidepressant effects of quercetin in an animal
model of depression based on bilateral destruction of the olfactory bulb. Ablation of the
olfactory bulb consists of bilateral destruction of the olfactory bulb, that induces behavioral
changes similar to depressive symptoms. After 14 days from model induction, the animals
were treated with quercetin (25 mg/kg) or fluoxetine (10 mg/kg) by mouth for two weeks.
Quercetin, like fluoxetine, showed antidepressant effects by reducing hyperactivity in the
open field test, immobility in the forced swim and tail suspension tests, and it improved
anhedonic behavior in the splash test. The antioxidant effect of quercetin may be related to
its ability to restore lipid hydroperoxide levels in the hippocampus, which increased follow-
ing olfactory bulbectomy. In order to evaluate the involvement of N-methyl-D-aspartate
(NMDA)receptors and the L-arginine-NO-cyclic guanosine monophosphate (cGMP) path-
way in the antidepressant effect of quercetin, animals not undergoing olfactory bulbectomy
were treated with L-arginine, methylene blue, NMDA, 7-nitroindazole, and sildenafil.
Treatment with NMDA and L-arginine inhibited the antidepressant effect of quercetin.
Moreover, researchers demonstrated that inhibition of NMDA receptors and NO synthesis
may mediate the antidepressive effects of quercetin [48]. Also, in the study performed
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by Rinwa P. et al. treatment with quercetin (40 and 80 mg/kg) for 14 days significantly
prevented the behavioral changes induced by olfactory bulbectomy. In this study, quercetin
reduced oxidative/nitrosative stress markers such as nitrite and MDA; instead, it increased
the levels of GSH, SOD, and CAT. It also reduced neuroinflammation significantly attenuat-
ing TNF-o and IL-6 levels in both the cerebral cortex and hippocampus. Chronic treatment
with quercetin significantly, also, reduced caspase-3 activity. Furthermore, this flavonoid
decreased the levels of microglial cells, compared to the group of animals undergoing
olfactory bulbectomy. Therefore, the antidepressant effects of quercetin could be mediated
by the inhibition of microglia. To support this hypothesis, the researchers evaluated the
combined effects of quercetin (20 and 40 mg/kg) with minocycline (25 mg/kg), a known
inhibitor of microglia. Results’ data demonstrated that combined treatment significantly
enhanced their antidepressant effects compared to mono-treatment. Therefore, quercetin
could attenuate the neuroinflammatory-apoptotic and oxidative-nitrosative stress cascade
associated with depressive-like behaviors through inhibition of the microglia pathway [49].
In conclusion, the results of these in vivo studies, summarized in Table 2, showed that
quercetin and its glycosides, exerted potential antidepressant effects in several models of
depressive-like behaviors, induces by different types of acute or chronic stress (Figure 4).

Table 2. Summary of the preclinical studies that evaluate functional properties of quercetin its glycosides in depressive-like

behaviors. Specifically, the table lists the animal models used in the studies, used compounds, the type of treatment, the

dosage and the obtained results.

Models

Compounds Quercetin Dose Treatments Results Ref.

Chronic Stress

Depressive-like

Quercetin induced antidepressant and
anxiolytic effects through the reduction
of the stress-induced lipid peroxidation

behaviors model Daily di d antioxid
induced by . intraperitoneal and increased antioxidant enzymes
immobilization- Quercetin 20 mg/kg injections for such SOD, CAT and GPx. Moreover, [32]
stressed in Albino 14 days quercetin significantly increased Ach
Wistar mice and reduced 5-HIAA levels in the brain
of stressed mice, ameliorating
serotonergic and cholinergic functions.
Quercetin and quercetin 4’-O-glucoside
exerted their antidepressive activity
Depressive-like through decreasing immobility time in
behaviors model . ‘ the FST and improve locomotor activity.
induced by Quercetlr} or Dallly. orallly Moreover., ina mot}se modgl of
unpredictable mild Quercetin 10 and 20 mg/kg  administration un'predlctable l’l’llld‘ chronic [33]
chronic stress in 4'-O-glucoside for 7 or 21 days stress-m.duced depresglve behayior,
Swiss Albino mice quercetin 4’-O-glucoside exhibited
anti-depressive effects, increasing 5-HT
levels in the brain and reducing ROS
levels and MAO-A activity.
L Treatment with quercetin significantly
l];)e ﬁfﬁjﬁ‘;ﬁigﬁ increased SOD, GSH, catalase and 5-HT
induced by Quercetin or Dai.Iy. orallly levels as well as rev.ersed glutamate
unpredictable mild fuoxetine 25mg/kg administration and increase pro-inflammatory [34]
for 28 days cytokines TNF-« and IL-6 levels

chronic stress in
Swiss Albino mice

induced by unpredictable chronic
mild stress.
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Models Compounds Quercetin Dose Treatments Results Ref.
Quercetin reduced anxiety in animals,
mitigated anhedonia and ameliorated

Depression-like the short- and long-term memory

behaviors model Dailv orally ad- deficits. It also decreased levels of total
induced by chronic Quercetin 30 me/k miiistrat?on thiol, TBARS and NO; conversely, it [35]
unpredicted stress 8758 P increased CAT levels. Additionally,

- . or 21 days .

in Swiss treatment reduced hippocampal gene

Albino mice expression levels for TNF-«, IL-6,
IL-13, COX-2, and protected neurons
from stress-mediated damage.
Quercetin, at both doses, ameliorated
the depressive-like behaviors, restoring
stress-induced weight loss, improving
Depressive-like locomotor activity, decreasing

pres . immobility time and improving

behavior model Daily . .
induced b Quercetin or administration anhedonia. It also could induce
. Y . 15 and 30 mg/kg . maturation and survival of neural [37]
unpredictable mild fluoxetine via gavage for . .
. . progenitor cells hippocampus.
chronic stress in 21 days . .

ICR mice Moreover, this compound increased
levels of FoxG1, p-CREB and BDNF,
thus it could induce antidepressive

effects via FoxG1/CREB/BDNF
signaling pathway.

Earlv life Quercetin dietary raised the levels of
stress—ii]l duced plasma BDNE. It also improved HPA
depressive like Dietary axis dysregulation, reducing

behgvior in pUDS Quercetin 20 mg/kg intervention corticosterone plasma levels. Quercetin  [38]
Sora utf p for 56 days also prevented depressive-like
Da vl\;r) le gmice behaviors induced by maternal
Y separation.
Quercetin and resveratrol reduced
immobility time and increased sucrose
Depressive-like consumption, exerting anti-depressive
behsvior induced Intraperitoneally  effects. Both flavonoids enhanced
by unpredictable Quercetion or injection for antioxidants defense (SOD, CAT, and
Chi‘]onifmil d stress resveratrol 30 mg/kg 35 days along GSH) and reduced MDA levels. These  [39]
in Wistar with stress flavonoids also reduced NF-kB and
albino rats induction pro-inflammatory cytokine (IL-6,
TNF-«, and IL-13) expression levels.
They also restored the HPA axis
decreasing serum corticosterone levels.
After 3 days of predatory stress
Psychological Intraperitoneally exposure, quercetin reduced the innate
stress model injection for fear induced by stress. Also, treatment
induced by Quercetin 50 mg/kg 3 days along improved locomotory immobility time  [40]
predatory stress in with stress and spatial working memory and
ICR mice induction voluntary exploration of mice as

demonstrated by the Y maze paradigm.
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Table 2. Cont.
Models Compounds Quercetin Dose Treatments Results Ref.
A quercetin-enriched diet (2 g/kg) for
14 days before exposure to stress
ameliorated depressive-like behaviors
Depressive-like and increased neuronal activity in the
behaviors induced Oral medial prefrontal cortex and
by chronic social Quercetin 0.5and 2 g/kg administration hippocampus. Moreover, [41]
defeat stress in via the diet quercetin-enriched diets inhibited the
C57BL/6N mice expression of genes related to microglia
and astrocyte activation in both the
medial prefrontal cortex and
hippocampus.
Quercetin (50 mg/kg) treatment
Model of . increased the sucrose preference of
. Daily
depression administration depressed rats and decreased
induced by chronic Quercetin 10 and 50 mg/kg . pro-inflammatory cytokines serum [42]
. . via gavage for .
unpredictable mild 8 weoks levels. Moreover, it regulated serum
stress in rats levels of iron, copper, calcium,
magnesium, zinc, selenium, and cobalt.
Acute stress
Quercetin improved ameliorated the
impaired LPS-induced
Depressive-like neuropsychlatrlc b.ehawors including
. . anxiety, depression and memory
behaviors model . Daily . . .
. Quercetin, .. . impairment. Moreover, treatment with
induced by . administration . . . .
. . ibuprofen or 40 mg/kg . quercetin exerted its anti-depressive [43]
intraperitoneal a . via gavage for . . .
N . uoxetine actions regulating the protein
injection of LPS in 14 days . ¢ K K
Sprague-Dawley rats expression of BDNF, p-TrkB/TrkB,
P TREM1/TREM?2, Copine 6, and
synapsin-1, both in the hippocampus
and prefrontal cortex.
Quercetin reduced the immobility time
and enhanced ambulation and rearing
. . counts, improving the DMH-induced
Depressive-like . Lo . .
o Daily orally depressive-like behaviors. Quercetin
behaviors induced . L7 . . .
L Quercetin 50 mg/kg administration exerted antidepressive effects [44]
by DMH injections .. .
in Wistar rats for 84 days decreasing inflammatory cytokines,
such as IL-1p and TNF-«; which in
turn upregulated
BDNEF/TrKB/ 3-catenin signaling.
Treatment ameliorated the depressive
responses in estrogen receptor o
deficiency-female mice. It also
Depressive-like increased the number of hippocampal
behaviors induced . neurons and reduced apoptosis.
Daily orally ..
by estrogen . e . Moreover, quercetin increased the
Quercetin 100 mg/kg administration . . [45]
receptor « for 70 days expression levels of BDNF and of its

deficiency in
female mice

phosphorylation downstream targets
such as TrkB, Akt, and ERK1/2,
showing that it could exert
antidepressive effects modulating
this pathway.
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Table 2. Cont.

Models Compounds Quercetin Dose Treatments Results Ref.
. Quercetin ameliorated the
Anxiety- ; L .
T anxiety-depressive-like behavior,
depressive-like . .
. . restoring the plasma corticosterone
behavior model Single . . .
induced b intraperitoneal | concentration and reducing oxidative
intra eriton}éal Quercetin 60 mg/kg in'ectPi)ons ato4  Stress. In detail, quercetin restored the ~ [46]
oP ] " GSH, GST, and MDA levels. Moreover,
injection of 5and1h -
. . quercetin treatment reversed
Adriamycin in .
. leucopenia and attenuated
Wistar rats . .
lymphopenia and monocytosis.
Quercetin treatment at a dose of
Depressive-like 50 mg/kg ameliorated depressive-like
behavior model . behaviors; conversely, the higher dose
. Daily . . -
induced by intraperitoneal did not induce antidepressant effects.
intraperitoneal Quercetin 50 and 100 mg/kg in'eE tion for Quercetin did not change the plasmatic  [47]
injection of ]21 davs level of adrenocorticotropic hormone
streptozotocin in y and corticosterone, showing that this
Wistar Albino rats flavonoid exerted antidepressive effects
independent of the HPA axis.
Quercetin exerted antidepressant
effects reducing lipid hydroperoxide
levels in the hippocampus. These
Quercetin, antidepressive effects were reversed
Depression fluoxetine following treatment with NMDA,
induced by L-arginine, Daily orally L-arginine, and sildenafil. The
olfactory methylene blue, 25 mg/kg administration =~ administration of methylene blue and  [48]
bulbectomy in NMDA, for 14 days 7-nitroindazole, in combination with
Wistar rats 7-nitroindazole, quercetin, showed a quercetin-like
sildenafil antidepressant effect, highlighting that
anti-depressive effects of quercetin
could be linked to inhibition of NMDA
receptors and NO synthesis.
Quercetin ameliorated behavioral
alterations induced by olfactory
bulbectomy, restoring
oxidative/nitrosative stress markers
Depression (such as nitrite, MDA, GSH, SOD, and
induced by Quercetin Daily orally CAT). It also reduced
20, 40 and 7. . . . .
olfactory and/or 80 me/k administration neuroinflammation reducing TNF-« [49]
bulbectomy in minocycline 8/58 for 14 days and IL-6 levels in both the cerebral

Wistar rats

cortex and hippocampus. Quercetin
also reduced caspase-3 activity.
Quercetin could exert its
anti-depressive effects by reducing
microglial activation.

SOD, superoxide dismutase; CAT, catalase; GPx, glutathione peroxidase; Ach, acetylcholine; 5-HIAA, 5-hydroxyindoleacetic acid; FST;
forced swim test; ROS, reactive oxygen species; 5-HT, 5-hydroxytryptamine; MAO-A, monoamine oxidase-A; IL, interleukin; TNF-«, tumor
necrosis factor-o; TBARS, thiobarbituric acid reactive species; NO, nitric oxide; COX-2, Cyclooxygenase-2; NF-«kB, nuclear factor-«B; GSH,
glutathione; GST, glutathione-S-transferase; MDA, malondialdehyde; LPS, lipopolysaccharide; TrkB, tropomyosin receptor kinase B; TREM,
triggering receptors expressed on myeloid cells; BDNF, brain-derived neutrophic factor; DMH, 1,2-dimethylhydrazine; Akt, protein kinase
B; ERK1/2, extracellular regulatory protein kinase 1/2; FoxG1, Forkhead box transcription factor G1; HPA, Hypothalamic-Pituitary-Adrenal;
NMDA, N-methyl-D-aspartate.
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’ ANIMAL MODELS OF DEPRESSIVE-LIKE BEHAVIORS

Acute stress ‘ Genetic model ‘ Chronic stress
Bul‘bgcto.my; Unpredictible mild chronic stress;
LPSinjections; Social stress defeat;

Streptozotocin; &) * Maternal separation;

1,2-dimethylhydrazine { ' , Predatory stress

PR 1
QUERCETIN TREATMENT

Modulation of neurotransmitters
activity of the serotonergic system| ;
Ach?; MAO-A, Glutamate |; Antioxidant effects
Oxidative markers l; Antioxidant

enzymes activity f; NO4

Neuroprotective effects
BDNF/TrkB/B-Catenin 1;
Akt, ERK1/2, p-CREBT Anti-inflammatory action

Pro-inflammatory cytokines like NF-kB,

Restoration of HPA axis dysfunction TNF-a, IL-1B, IL-6, COX-2{;
Reduce the excessive secretion of
corticosterone

DEPRESSIVE EFFECTS

Figure 4. The image graphically summarizes the main mechanisms of action proposed to mediate the antidepressive effects
of quercetin. The image of quercetin was created using PubChem (https://pubchem.ncbi.nlm.nih.gov/edit3/index.html/,
accessed on 21 June 2021). Ach, acetylcholine; MAO-A, monoamine oxidase-A; NO, nitric oxide; BDNF, brain-derived
neutrophic factor; TrkB, tropomyosin receptor kinase B; Akt, protein kinase B; ERK1/2, extracellular regulatory protein
kinasel/2; NF-«B, nuclear factor-«kB; TNF-«, tumor necrosis factor-«; IL, interleukin; COX-2, Cyclooxygenase-2; HPA,
Hypothalamic-Pituitary-Adrenal.

6. Conclusions

Quercetin exerts its antidepressant effects by modulating the levels of neurotrans-
mitters. This flavonoid protects against stress, stimulating neurogenesis and neuronal
plasticity increasing the BNDF/TrkB signaling activity. Moreover, quercetin improves
depressive-like behaviors attenuating inflammatory response, enhancing the activity of
antioxidant enzymes, decreasing markers of oxidative stress, and improving alterations of
the HPA axis. These findings suggest that natural compounds such as quercetin could be
supportive therapy for improving motor and cognitive activity in depressed states.
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