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ARTICLE INFO ABSTRACT

Quercetin belongs to the flavonoids family, which is present in most of the plants including fruits, vegetables,
green tea and even in red wine having antioxidant activities. It is available as a food supplement in the market
and has physiological health effects. Quercetin has anti-inflammatory, anticancer and anti-prostate activities
along with its beneficial effects on high cholesterol, kidney transplantation, asthma, diabetes, viral infections,
pulmonary, schizophrenia and cardiovascular diseases. Quercetin possesses scavenging potential of hydroxyl
radical (OH™), hydrogen peroxide (H,0,), and superoxide anion (O, ). These reactive oxygen species (ROS)
hampers lipid, protein, amino acids and deoxyribonucleic acid (DNA) processing leading to epigenetic altera-
tions. Quercetin has the ability to combat these harmful effects. ROS plays a vital role in the progression of
Alzheimer's disease (AD), and we propose that quercetin would be the best choice to overcome cellular and
molecular signals in regulating normal physiological functions. However, data are not well documented re-
garding exact cellular mechanisms of quercetin. The neuroprotective effects of quercetin are mainly due to
potential up- and/or down-regulation of cytokines via nuclear factor (erythroid-derived 2)-like 2 (Nrf2),
Paraoxonase-2, c-Jun N-terminal kinase (JNK), Protein kinase C, Mitogen-activated protein kinase (MAPK)
signalling cascades, and PI3K/Akt pathways. Therefore, the aim of the present review was to elaborate on the
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cellular and molecular mechanisms of the quercetin involved in the protection against AD.

1. Introduction

Quercetin is a polar inhibitor of auxin transport, and named after
quercetum (oak forest, Quercus) since 1857. Quercetin is a member of
the flavonols, compounds belonging to the class of flavonoids with 3-
hydroxyflavone backbone [1]. A number of beneficial health effects of
quercetin acting via modulating signalling pathways and gene expres-
sions have been demonstrated in cell and animal models [2]. In parti-
cular, the antioxidant potential of quercetin studied both in in vitro
(muscle progenitor cells) and in vivo models (rodent models) showed
the effect of increasing the mitochondrial activity along with suppres-
sing atrophic factors (transcript levels of adipogenic markers, such as
peroxisome proliferator-activated receptor-y and fatty acid binding
protein-4) [3]. Structurally, the antioxidant and strong chelating ac-
tions of quercetin are the result of catechol groups in the ring B and free
hydroxyl group (OH™) of the A and/or ring [4]. Moreover, quercetin
has different health or pharmacological actions including anti-
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inflammatory, anticancer, anti-diabetic, neuroprotective, cardiopro-
tective, prophylaxis of osteoporosis and anti-allergic [5].

Scientific community developed a strong interest in studying quer-
cetin mainly due to the fact of its widespread availability amongst
dietary sources and its contribution in about 75% of the total flavonols
intake. Quercetin is mainly found in barks and rinds and is known for
providing characteristic colors to fruits and vegetables [4]. Vegetables,
fruits, and nuts mainly contain quercetin glycosides (quercetin aglycone
conjugated to sugar) [6]. In plants, it exists in various glycosidic forms,
where rutin or quercetin- 3-rutinoside (quercetin-3-rhamnoglucoside) is
the most abundant. Onions contain a good quantity of flavonols, which
is estimated up to 1.3 g/kg d.m [7]. Dietary quercetin is mostly bound
to glucose molecules. For instance, in onions it is found as quercetin-4V-
glucoside and quercetin-3,4V-glucoside, as well as quercetin galacto-
sides and arabinosides in apple and in berries respectively. In addition,
other flavonols are also available such as kaempferol, myricetin and
isorhamnetin in broccoli, berries, and onions respectively [8]. Being a
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good source of quercetin, apple and apple pomace comprises of 3-gly-
cosylated derivatives containing glucose, galactose, rhamnose, xylose
and arabinose at the 3-position of quercetin [9]. Different studies re-
commended various daily intakes, however, as a dietary supplement,
commonly quercetin is taken at 200-1200mg of the daily re-
commended dose. In dietary supplements, recommended daily doses of
quercetin in the form of aglycone is 500 mg commonly, however ex-
ceeding up to 1000 mg, while in functional foods its amount is between
10 and 25 mg per serving. Data on the safety of quercetin highly sup-
ports its inclusion in food items and dietary supplements [2].

Understanding the fate of quercetin in the organism is a major step
towards unraveling the underlying mechanisms of its biological activ-
ities. In this regard, studying the bioavailability, metabolism and
measuring the exposure of the organism to quercetin is important in
determining its physiological functions [10]. Earlier studies suggested
poor oral bioavailability of quercetin after oral administration (~2%),
however, recent studies using radiolabeled quercetin aglycone ad-
ministered to measure the absolute bioavailability estimated it to be
about 44.8% [1]. It has also been reported that conjugation with gly-
cosides considerably facilitates quercetin absorption. Thus, it can be
concluded that increased quercetin glycosides absorption is related to
deglycosylation and/or carrier-mediated transport [11]. Furthermore,
cell-based analysis (Caco-2 cell line) showed that direct absorption of
quercetin glycosides is low because of their hydrophilic nature and high
molecular weight. Iso-quercetin (quercetin 3-O-glucoside) and quer-
cetin-4’-glucoside are mainly hydrolyzed in the small intestine by in-
testinal (3-glucosidases [14]. While other derivatives such as quercetin
rutinosides, rhamnosides, and galactosides, which cannot be hydro-
lyzed in the small intestine, are metabolized by Enterobacteriaceae in
the large intestine. In the small intestine, the free aglycone should be
kept soluble until it passes via enterocytes by passive transport. Its
absorption in the small intestine is influenced by multiple factors, such
as food processing, food matrix, macro-constituents and/or micro-
constituents influence the free aglycone [12,13]. In contrary to this
dietary fats improves quercetin bioavailability probably due to in-
testinal micellization. Generally, as a result of their solubility dietary
quercetin glycosides are much more absorbable than aglycone available
in oral formulations [14].

Since quercetin is a dietary xenobiotic, it undergoes xenobiotic
metabolism, which comprises three phases acting additively and/or
independently to minimize the absorption together with the accumu-
lation of xenobiotic via phase-I (modification), phase-II (conjugation)
and phase-III (elimination) [6]. After absorption, quercetin undergoes
various types of metabolism and produces metabolites, where quer-
cetin-3-O-f-D-glucuronide (Q3GA) is a major metabolite [15]. Phase-II
metabolisms of quercetin aglycone occur in the enterocytes and are
subjected to reactions such as methylation, sulfation and glucuronida-
tion, before entering the portal circulation. Although a small amount is
trapped in the gastrointestinal tract (GIT), quercetin and its metabolites
are subjected to phase-I metabolism in the liver. Mainly, quercetin can
be subjected to reactions like oxidation, reduction, and hydrolysis in
order to produce these metabolites for phase-II metabolism [14]. The
serum albumin bound conjugated quercetin metabolites; total plasma
level is mostly in the nanomolar range, whereas free aglycone and
glycosides of quercetin are rarely available or are below the detection
limit [12]. Yet, brain concentration of alone quercetin is low. In a study
on mice model, it was demonstrated that quercetin-enriched diet sig-
nificantly improved the quercetin and isorhamnetin, its methylated
metabolite level in the brain. Blood-brain barrier (BBB) efflux trans-
porters like P-glycoprotein have quercetin as their substrate, which is
the major factor for its low concentration in the brain [16]. It is also
revealed that quercetin has the potential to cross BBB significantly and
restrain the proliferation of U251 cells and trigger apoptosis. The use of
quercetin conjugated with a-tocopherol may promote to cross BBB
which increase their concentration in the brain to protect brain mi-
crovascular endothelial cells from [(-amyloid; 40-induced toxicity
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[17-19].

A wide range of biological activities of quercetin has been men-
tioned in different studies and most of these activities are attributed to
antioxidant property, which plays a major role from a mechanistic point
of view. Despite large number of studies on the biological activity of
quercetin and its derivatives, the mechanisms of its action are not well
understood. Studies have suggested that quercetin in food products has
a potential protective effect against neurodegenerative diseases. In re-
lation to this, a great number of in vitro and in vivo studies has eval-
uated and reported the potential biological activities of the compound
against neurodegenerative diseases especially Alzheimer's disease (AD).
In this review, we have covered the anti-Alzheimer antioxidant and
molecular mechanisms of quercetin to ameliorate AD.

2. Oxidative stress and the protective role of quercetin

Oxidative stress is a state of disturbed balance between reactive
oxygen species (ROS) production and biological system's antioxidant
defense mechanisms which act by detoxifying the reactive inter-
mediates or thereby repairing the damage caused [20-22]. ROS, also
referred as free radicals production, causes an imbalance of the normal
cell reduction-oxidation (redox) state by damaging DNA, proteins, li-
pids, and all the other cell components as well as disrupting normal
cellular signalling. Oxidative stress is reported to play a central role in
the onset of numerous human chronic diseases such as diabetes,
atherosclerosis, cardiovascular diseases, myocardial infarction, rheu-
matoid arthritis, chronic inflammation as well as aging and a number of
other neurodegenerative diseases [23,24]. ROS affects the neuro-
transmitters and excitatory amino acids present in the brain. In addition
to that, the brain itself represents a substantial source of oxidative
stress, as brain metabolism serves as a “factory” of ROS which attacks
glial cells and neurons, resulting in neuronal damage which may lead to
oxidative injury and programmed cell death by apoptosis [24-26].
Antioxidants are compounds that scavenge and neutralize free radicals
through either implication of defense enzymes copper/zinc superoxide
dismutase and glutathione peroxidase, or by direct non-enzymatic
modes of action. Quercetin is a bioflavonoid present in many foods and
vegetables including peanuts, soybeans, capers, lovage, apples, mul-
berries, carob, radish, broccoli, onion, and potatoes, etc. In foods,
quercetin is present in a form of glycoside (with sugar groups attached)
and is being deglycosylated to quercetin aglycone prior to absorption
into the small intestine [6]. Quercetin is effective in preventing oxi-
dants-caused endothelial apoptosis and it is more potent compared to
other antioxidant nutrients, such as B-carotene, glutathione and vita-
mins C and E [28,29]. This property might be a consequence of two
antioxidant pharmacophores within the quercetin molecule whose
configuration is optimal for free radical scavenging [30]. Moreover, its
ability to chelate iron and other transition metal ions enables it also to
prevent iron-catalyzed Fenton reaction [26,29]. Additionally, it pro-
tects against liver damage by reducing overexpression of the nitric
oxide synthase induced by different stimuli [31].

3. Antioxidant activities and modulation of pathways
3.1. a-Nuclear factor (erythroid-derived 2)-like 2 pathway

The nuclear factor (erythroid-derived 2)-like 2 (Nrf2) is a member of
the Cap'n'collar (CNc) subfamily of basic region leucine zipper (bZip)
transcription factors [32]. It regulates anti-oxidative stress enzymes and
drug-metabolizing enzymes (DMEs), such as glutathione S-transferase
(GST) and NAD (P) H: quinone oxidoreductase 1 (NQO1). Its activity is
induced by binding to an NFE2-binding motif within cis-acting en-
hancer termed antioxidant response element (ARE) in the promoter
region of antioxidant enzymes encoding genes [33,34]. Moreover, the
Nrf2 gene contains two ARE-like sequences, allowing for Nrf2 auto-
regulation and potential sustention of ARE-mediated gene expression
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[35]. Nrf2 pathway plays regulatory roles in energy metabolism, mi-
tochondrial function, and control of cellular redox balance as Nrf2 is a
master regulator of inducible antioxidant responses [32,34]. Saw et al.
[36] studied the role of quercetin and two other flavonoids (kaemp-
ferol, and pterostilbene) abundant in berries and its cancer prevention
potential due to their oxidative properties. In the DPPH assay, all three
assessed compounds demonstrated strong activity against free radical
scavenging, while the DCFH-DA assay and consequent calculation of
combination index suggested attenuation of intracellular ROS levels
with the synergistic effect upon combined treatment of all the three
flavonoids. Furthermore, combination treatment also resulted in upre-
gulation of micro ribonucleic acid (miRNA) levels and increased protein
expression of protein corresponding to Nrf2-regulated genes. Last but
not the least, quercetin, pterostilbene and kaempferol induced ARE-
luciferase activity in vitro when applied both individually and in
combination. Lee et al. [37] investigated the anti-oxidative role of
quercetin with respect to oxidative damage induced by the che-
motherapeutic drug, cisplatin in malignant mesothelioma (MM) MSTO-
211H and H2452 cancer cells. Treatment with quercetin inhibited cell
growth and increased Nrf2 expression at the level of both mRNA and
protein. In support, analysis of nuclear Nrf2 levels, Nrf2 ARE-binding
assay, Nrf2 promoter-luciferase assay and real-time PCR on Nrf2-
regulated genes, heme oxygenase-1 demonstrated induced Nrf2 to be
transcriptionally active. On the other hand, small interfering-RNA
(siRNA)-mediated Nrf2 knockdown exhibited higher cytotoxicity upon
induction of apoptosis, evidenced, inter alia, by an increased level of
pro-apoptotic Bax and reduced levels of anti-apoptotic Bcl-2 with en-
hanced cleavage of caspase-3 and PARP proteins. In addition to that,
Nrf2 knockdown MM cells showed enhanced sensitivity to cisplatin,
presumably by potentiating the cisplatin-induced oxidative stress, as
demonstrated by the increase in generated cellular ROS. A recent study
by Xu et al. [38] demonstrated that phospholipid complex of quercetin
(quercetin-PC), a pharmaceutical formulation of quercetin with im-
proved solubility and enhanced bioavailability, has greater protective
effects against oxidative stress-induced insults in ARPE-19 cells. With
the use of 200 uM of quercetin-PC induced Nrf2 nuclear translocation
and increased the expression of targeted genes involved in antioxidant
defense (HO-1, NQO-1, and GCL), as demonstrated at the level of both
mRNA and protein. Another study by Ramyaa et al. [39] demonstrated
cytoprotective effects of quercetin against ochratoxin-A (OTA)-induced
oxidative stress and redox-signalling. It has been shown that OTA-in-
duced ROS generation, NF-kB activation and expression together with
calcium release have been ameliorated in HepG2 cells pretreated with
quercetin. Moreover, quercetin-induced Nrf-2 translocation from the
cytoplasm to the nucleus upon oxidative stress stimulus and its sub-
sequent expression are shown in Fig. 1.

On the other hands, in murine Nrf2, NLS1, NLS2, and NLS3 contain
residues 42-53 (RQKDYELEKQKK) in the Neh2 domain, 494-511
(RRRGKQKVAANQCRKRK) in the Neh6 domain and 587-593
(PKSKKPD) in the Neh3 domain respectively [40,41].

3.2. b-Paraoxonase-2 pathway

Paraoxonase 2 (PON2), together with PON1 and PONS3, belongs to
the paraoxonase family of genes that encode mammalian calcium-de-
pendent lactone-hydrolyzing enzymes [42]. PON2 is a ubiquitously
expressed enzyme localized primarily in the astrocytes of dopaminergic
regions, while subcellular distribution is mainly restricted to mi-
tochondria [43], which supports its antioxidative role, as mitochondria
are the dominant source of O, . Antioxidant effects of PON2 have also
been supported by findings in HelLa cells that binding to coenzyme Q10
was associated with mitochondrial complex III and by induction of
superoxide release from the inner membrane of mitochondria, without
any effect on other radicals, such as hydrogen peroxide and peroxyni-
trite [44,45]. Costa et al. [46] demonstrated that the region of the
mouse brain with the highest mRNA and protein levels of PON2 is the
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striatum. Quercetin pre-treatment significantly mitigated ROS produc-
tion (PON2*/+ and PON2 ™/~ in striatal neurons and striatal astrocytes
were 180% and 600%, and 130% and 500% respectively) induced by
both H,0, and DMNQ, utilized as oxidants to induce oxidative stress.
Upon the previously published study on polyphenols from pomegranate
juice in relation to PON2 [47], the proposed mechanism of quercetin
action involves activation of the c-Jun N-terminal kinase (JNK)/acti-
vator protein-1 (AP-1) pathway. Furthermore, the neuroprotective ef-
fect of quercetin was significantly lower in cells derived from knockout
mice model of PNO2, as assessed by cytotoxicity assay. Another study
by the same authors showed that the lack of PON2, as in the knockout
mice model or sex-specific lower levels of PON2 increases susceptibility
to toxicity induced by oxidative stress. Interestingly, male mice have
been shown to have higher PON2 levels and its lactonase activity than
the female counterparts, which has been attributed to the positive
modulatory effect of estrogen [43].

3.3. c-JNK-mediated pathways

The JNK pathway is one of the major signallings within mitogen-
activated protein kinase (MAPK) signalling pathway. JNKs are family of
threonine protein kinases consisting of three genes JNK1, JNK2 and
JNK3 that altogether encodes ten splice variants [48]. JNK1 and JNK2
are widely expressed throughout various tissues and have been shown
to play a key role in the development of obesity-induced insulin re-
sistance [49-51], while JNK3 is specifically expressed in the central
nervous system and therefore shows therapeutic potential in neurode-
generative diseases such as Parkinson's disease, AD and other CNS
disorders (Fig. 1) [52,53]. Activation of JNKs is achieved by phos-
phorylation on threonine and tyrosine residues, while the inactivation
of the JNKs occurs through a negative feedback loop, induced by MAPK
phosphatases [54]. Protective features of quercetin against oxidative
stress have been explored related to type 2 diabetes [55]. Upon H,0,-
induced oxidative stress in INS-1 insulin-secreting (3-cells, p38 MAPK
phosphorylation was found to be regulated positively by extracellular
signal-regulated kinasel/2 (ERK1/2) and negatively by JNK, together
with JNK pathway inhibitory effects on ERK1/2 activation and insulin
secretion. The oxidative stress-protecting effects of quercetin, therefore,
appear to be consequent to ERK1/2 hyperactivation and dependent on
the balance between ERK1/2 and JNK activation (Fig. 1). Abdominal
aortic aneurysms (AAAs) are another condition in which the anti-
oxidant activity of quercetin has been studied [56]. In CaCl2-induced
AAA mouse model, quercetin treatment has been shown to inhibit
generation of ROS, and it attenuates the expression of JNK and its
phosphorylated form as well as diminished activation of the activator
protein (AP)-1 transcription factor. Furthermore, Ishikawa and Kita-
mura [57] reported that quercetin inhibited apoptosis induced by H,0,
in mesangial cells via mediation of the AP-1 pathway. Moreover, they
showed that H,O, activated ERKs and JNK kinase by their rapid
phosphorylation, which was attenuated by pretreatment with quer-
cetin. In addition, in many cell types, JNK and its substrate c-Jun have
been referred to as mediators of apoptotic cell death [58]. Quercetin
was also shown to attenuate the activation of JNK induced by 4-hy-
droxy-2-noneal, the end product of lipid peroxidation, in RL34 cells.
Inhibition of enzymes involved in the HNE-triggered stress signalling
pathways, particularly protein kinase-C (PKC) has been proposed as the
possible mechanism responsible for the inhibitory effects of quercetin
[59]. Furthermore, the implication of quercetin in the JNK signalling
pathway has also been demonstrated in macrophages, in relation to its
anti-inflammatory activity. Currently, Park et al. [60] demonstrated
anti-inflammatory properties of a glycoside derivative of quercetin,
quercetin n-3-O-fB-D-glucuronide (QG), in LPS-challenged RAW264.7
macrophage cells, by attenuating JNK phosphorylation in a con-
centration-dependent manner.
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Fig. 1. Role of quercetin to up-regulate and down-regulate cellular cytokines helping in ameliorating AD.

3.4. d-PKC pathway studies demonstrated the relationship between PKC family members
and oxidative stress in cardiovascular diseases, such as the increase of

PKC is a family of serine-threonine kinases comprised of 11 iso- intracellular ROS leads to PKC-8 activation [64] and loss of ROS for-
zymes that are subgrouped into three classes based on their structure mation in PKC-8 knockout mice are resistant to H,O5 induced cell death
and cofactor of their regulation, amongst which the best characterized [65]. Additionally, obesity induces oxidative stress and increase ROS
are a and two alternatively spliced variants (3-I and B-II [61]. They production in adipocytes, as evident by PKC( activation upon in-
regulate a number of cellular responses including gene expression, cell tracellular ROS increase due to high glucose levels [66]. Effect of
proliferation, protein secretion and inflammatory response [62]. ROS quercetin on ROS and PKC activity has also been investigated in cancer
have been demonstrated to trigger PKC through redox signalling, where cells, as PKC contributes to cancer progression, while the prevention of
PKC is activated by oxidation of their cysteine residues [63]. Several cancer could be mediated by antioxidants as shown in (Fig. 1) [67].
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Recent studies on ascites cells of Dalton's lymphoma-bearing mice
showed that quercetin modulated the expression of almost all PKC
isozymes (classical, atypical and novel) and down-regulated the ex-
pression levels of PKCa. In addition to the reduction of oxidative stress,
quercetin has been demonstrated to facilitate differential localization of
the TNFR1 level in ascites cells and subsequently induce apoptosis
mediated by death receptors. The antioxidant effect of Quercetin has
also been investigated related to mania since antimanic drugs possess
antioxidant activity or PKC inhibitory effects. In those terms, quercetin
resembles the effects of lithium, which is most commonly used for the
treatment of mania in bipolar disorder. In the animal model of mania,
chronic treatment with quercetin in 10 and 40 mg/kg body weight
doses has been shown to block methylphenidate-induced hyperloco-
motion as well as attenuate the increase in the methylphenidate-in-
duced oxidative stress indices [68]. These results confirm antimanic-
like effects of quercetin, similar to the ones of lithium.

3.5. e-MAPK signalling cascades

MAPKs are a family of highly conserved protein kinases with serine/
threonine activity, that can be classified into conventional MAPKs and
lesser-studied, atypical kinases. Conventional include the ERK1/2 or
p44/42, the JNK1-3/stress-activated protein kinases (SAPK1A, 1B, 1C),
the p38 isoforms (p38a, B, v, and 8), and ERK5, while atypical are
Nemo-like kinase (NLK), ERK3/4, and ERK7/8 [69]. Briefly, the MAPK
cascade includes the chain of proteins to amplify the signal and starts
with the activation of MAPKK kinases (MAPKKKSs) by a broad range of
extracellular stimuli. These kinases further impose downstream effects
by phosphorylation and activation of MAPK kinase (MAPKK), leading to
the activation of MAPKs. Subsequently, they phosphorylate and acti-
vate specific MAPK-activated protein kinases that mediate numerous
fundamental cellular processes such as proliferation, differentiation,
motility, stress response, apoptosis and survival (Fig. 1) [70]. Several
studies investigated the antioxidant properties of quercetin in relation
to MAPK pathway with confounding results on the pathway activation.
Most of the studies reported MAPK pathway activation upon quercetin
treatment, e.g. in HepG2 cells quercetin has been shown to activate
phosphorylation of JNK, p38 and phosphoinositide 3-kinase (PI3K)/Akt
and enhance Nrf2 DNA-binding activity, resulting in the expression of
metallothionein (MT) proteins that protect against metal toxicity in the
liver [71]. Another study that supports these findings revealed quer-
cetin-mediated protection of human hepatocytes from oxidative stress
induced by activation of HO-1 via MAPK signalling pathways through
p38 and Nrf2 translocation into nuclei mediated by ERK [72]. More-
over, in BV-2 microglial cells challenged with oxidative stress by LPS
treatment, quercetin treatment has been shown to increase phospho-
p38 MAPK expression and subsequently inhibit NO (nitric oxide) pro-
duction [73]. On the contrary, another study reported that quercetin
inhibits MAPK signalling pathways resulting in down-regulation of anti-
apoptotic factor Mcl-1 in cell lines of leukemia and B-cells isolated from
chronic lymphocytic leukemia [74]. To conclude, quercetin may exert
both positive and negative effects on MAPK pathway activation, which,
if occur in a wrong cell or inappropriate space-time window, may lead
to proliferative stimulus and malignant transformation of cells [75-77].

3.6. e-PI3K/Akt pathway

PI3K/Akt pathway is a signalling cascade centering on serine/
threonine kinase Akt [also known as protein kinase B (PKB)]. Its acti-
vation is achieved by either B and T cell receptors, receptor tyrosine
kinases, cytokine and G-protein-coupled receptors, integrins and other
stimuli that induce production of phosphatidylinositol (3,4,5)-trispho-
sphate (PIP3) [78]. This leads to phosphorylation of Akt, which can act
as downstream on a number of target proteins, activating or suppres-
sing their activity. Thus, it regulates numerous different cell functions,
amongst which processes of cell apoptosis and survival, protein
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synthesis, cell growth, cell cycle, proliferation, and metabolism are the
most prominent events [79,80]. One of the best known Akt-acting
downstream effectors is the mammalian target of the rapamycin
(mTOR), which plays an evolutionarily conserved role in the control of
cell growth as the critical regulator of translation initiation and ribo-
some biogenesis. It is altered in many cancer types, leading to hyper-
active signalling cascades correlated with excessive cellular growth,
proliferation, and survival, by acting on a wide range of downstream
effectors, including murine double minutes2 (Mdm2), FOXO and SK-3
[81]. In relation to protection against oxidative stress in neurodegen-
erative diseases, Xia et al. [82] explored compromised hippocampus-
dependent learning and memory in high-fat diet fed mice that have
been closely associated with oxidative stress. They have shown that diet
high in saturated fat as well as the presence of ROS and carbonyls,
down-regulated levels of hippocampal genes implicated in the latter
processes, amongst which PI3K and downstream Akt, GSK-33, and Nrf2
are crucial. However, quercetin supplemented to HFD improved anti-
oxidant capacity and reversed learning and memory impairment,
whereas, in a balanced redox situation, it surprisingly exerted pro-
oxidant effects worsening the cognitive impairment. In the brain of
ischemic rats, quercetin treatment is demonstrated to significantly re-
duce oxidative stress and promote antioxidative and anti-apoptotic
signalling, as evidenced by the expression of cytochrome ¢ and GSH,
GPx, GRx and LP in striatum and cortex brain regions, which was fur-
ther enhanced combined with exercise training [83]. Furthermore,
PI3K/Akt inhibitor such as LY294002 eliminated the effects of both
quercetin and exercise co-treatment, indicating that antioxidative
properties of both treatments are mediated through PI3K/Akt pathway,
resulting in neuroprotection and motor function improvement. Effects
of quercetin on PI3K/Akt/GSK3p signalling pathway were investigated
by co-treatment with the same inhibitor in HT22 hippocampal neurons
as well, where quercetin led to down-regulation of GSK3p activity via
promotion of PI3K/Akt [84] as shown in Fig. 1. Moreover, oxidative
stress-induced phosphorylation of tau protein, one of the foremost
downstream targets of PI3K/Akt pathway was suppressed by quercetin
treatment suggesting that its neuroprotective effects are exerted by tau
anti-hyperphosphorylation especially in neurodegenerative disorders
such as AD and Parkinson's disease. Another study reports similar
findings in PC12 phaeochromocytoma cells, where quercetin showed a
protective effect against H,O»-induced apoptosis by reducing LDH re-
lease, ROS concentration, and MDA level and regaining activities of
GSH-Px and superoxide dismutase (SOD) [85]. Co-treatment with
LY294002 inhibitor has again revealed the underlying mechanism by
activation of PI3K/Akt signalling pathway and subsequent increase in
Bax/Bcl-2 ratio, accounting for neuroprotective properties of quercetin.

4. Mechanisms linking quercetin role in AD

AD is a chronic neurodegenerative disease that usually starts slowly
and worsens over time with increasing age. AD is the cause of 60-80%
dementia cases [86,87]. On the other hand, pathological studies of AD
have revealed extracellular aggregation of senile plaques (SPs); devel-
opment of intracellular neurofibrillary tangles (NFTs); and lesions of
cholinergic neurons [88,89]. In the central cholinergic system, nu-
merous neurotransmitters and neuronal pathways function together in
learning and memory. Thus, cognitive impairment in AD is related to
functional loss in the central cholinergic system [90]. Moreover, the
aggregation of amyloid- (AB) peptide, which is referred to as amyloid
hypothesis is the cause of synaptic dysfunction and neurodegeneration
[91]. Other pathological processes are also reported in relation to AD
such as neuroinflammation, impairment of cerebral circulation, altered
synaptic function and cerebral amyloid angiopathy. Hence, these pa-
thological anomalies that are identified to cause AD are considered
important drug targets towards AD drug search [92]. A considerable
number of evidence indicates that dietary control can minimize the risk
of developing AD. Animal model studies have also shown a decreasing
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Table 1
Auspicious studies reported anti-Alzheimer's and neuroprotective effects of quercetin.
Doses of quercetin  Duration and route of Species/studied material ~ Experimental model Effects References
administration
50 mg/kg body 2 times a week orally for Homozygotic transgenic Hydrogen peroxide- and AB-induced m Decreased ROS levels [122]
weight 4 weeks mouse line B6.129S7- neurotoxicity = Improved the typical morphology of
Sod2tm1Leb/J mitochondria
m Prevented mitochondrial dysfunction
50 mg/kg body Every day orally for 10 weeks Male C57BL/6J mice AMP-activated protein kinase = Enhances AMP-activated protein [123]
weight activity on hyperphosphorylation of kinase activity
tau m Reduces tau hyperphosphorylation
= Improves cognitive deficit
25 mg/kg body Every 2 days orally for 2months Male SAMP8 mice Mouse model of AD = Improves the cognition deficit [124]
weight = Enhances the memory impairments
m Reduces the astrogliosis
30mg/kg body Every day intraperitoneally for =~ Male Albino Wistar rats Scopolamine induced Cognitive m Abridges the transfer latency [90]
weight 8 days dysfunction and neurodegeneration = Reduces avoidance response
m Decrease in 3,4-methylene dioxy
amphetamine, acetylcholinesterase
levels
m Increases the brain catalase and
glutathione levels
10 mg/kg body Every day orally for 12 weeks Male Albino Wistar rats Aluminum-induced = Decreases ROS production [125]
weight neurodegeneration = Amplified mitochondrial superoxide
dismutase activity
25 mg/kg body Every day intraperitoneally for =~ Homozygous transgenic Triple transgenic mouse model of = Reduces Alzheimer's pathology [98]
weight 3 months mice AD m Protects cognitive deficit
= Improves emotional function
500 mg/kg body Every day orally for 10 days Transgenic male and Five-familial transgenic mouse m Increases brain apolipoprotein E [126]
weight female mice model of AD = Reduces insoluble Af levels
1% in mouse chow Orally for from 3 to 13months  Double transgenic female Mouse model of AD = Decreases neuroinflammation [127]
mice = Reduces neurodegeneration
Cultured neurons ApB42-induced oxidative cell toxicity m Decreases oxidative stress [95]
= Reduces neurotoxicity
10 and 50 mg/kg Intraperitoneally at 30 min, Adult male Sprague- Rat model of subarachnoid = Improves brain damage [21]
body weight 12h, and 24 h after Dawley rats hemorrhage = Provides neuroprotection
subarachnoid hemorrhage
0.5% in AIN93G Orally for 5weeks AP precursor protein 23 Murine model of AD m Reduces memory dysfunction [130]
diet mice m Decreases oxidative stress
Cell culture (PC12) Hydroxy peroxide-induced m Reduces oxidative stress [131]

neurodegeneration

m Abates neurotoxicity

high-calorie diet to be neuroprotective by reducing AR accumulation
[93]. The flavonol quercetin, which is found in various vegetables and
fruits, has captured a significant attention for its potential biological
activities including preventing oxidative stress [94]. Generally, flavo-
noids and in particular quercetin is an important compound for the
development of AD therapeutics since it can protect the neurons against
oxidative agents and excitotoxicity through regulating cell death me-
chanisms [95]. In addition, quercetin is capable of improving choli-
nergic functions and acts as a neuroprotective agent in AD [96]. A
number of epidemiological studies have shown that coffee has a neu-
roprotective effect. Moreover, Lee et al. [97] found that quercetin is the
main ingredient in coffee that has a neuroprotective action against AD
after comparing the neuroprotective properties of quercetin, flavones,
chlorogenic acid, and caffeine. Various mechanisms have been sug-
gested for the neuroprotective actions of quercetin including inhibition
of AB aggregation, inhibition of NFTs formation, amyloid precursor
protein  (APP) cleaving enzyme (BACE1l) inhibition, acet-
ylcholinesterase (AChE) inhibition and others attenuating the oxidative
stress in AD (Table 1).

4.1. AP aggregation inhibitive effect of quercetin

Extracellular deposition of SPs, intraneuronal NFTs and vascular
amyloid are the hallmarks of AD. The major components of SPs are the
Ap peptides, which are caused by the proteolysis of APP. Quercetin and
its bioactive molecules are helpful to ameliorate neurogenesis and
neurol longevity modulating signalling pathway such as P13 kinase,
AKT/PKB tyrosine kinase and protein kinase C in AD [98,99]. Since,
amyloid hypothesis focuses on the assembly of A peptide into
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neurotoxic oligomers and its aggregation into fibrils proposes which is a
vital feature of AD [86]. The APP is cleaved in a series of distinct steps
producing 39-42 amino acid peptides of AB. The aggregation of the
resulting AP gives rise to toxic dimers, oligomers and fibrils, which
mainly accumulates in the postsynaptic compartments [100]. The most
prominent theory to elucidate AD pathogenesis is the amyloid cascade
hypothesis (ACH). The initiation of AD pathogenesis starts with de-
position of AP which trigger SPs formation and then NFTs death of
neurons and dementia [101]. The ACH is the result of two major ob-
servations: 1. identifying AP as a major SP constituent and 2. Mutations
in the PSEN1, PSEN2 and APP genes, which are mostly detected at the
onset of AD. Consequently, the appearance of Af within SPs is con-
sidered as the result of these mutations that lead to neuronal cell death
and dementia [102]. In vitro studies revealed that quercetin inhibits the
fibrils aggregation of AP and disrupt the mature fibrils by forming hy-
drophobic interactions and hydrogen bonds with the (3-sheet structure
of AB. The OH™ functional groups of the B-ring of quercetin have an
important role in inhibiting the aggregation of AP [99]. Additionally,
other studies have shown the administration of quercetin to neuronal
culture in vitro increased their survival [12]. Jiménez-Aliaga et al.
[103] demonstrated the anti-amyloidogenic action of quercetin and
rutin by incubating A 25-35 alone, which resulted in robust fibrils and
a decrease in the number of fibrils after co-incubating A 25-35 with
10 uM quercetin or 10 uM rutin. Structurally, quercetin catechol moiety
plays a dual role by acting as a metal chelator and interacting with A
peptides to inhibit their aggregation. The metal chelating effect of
quercetin allows binding competitively on the metal binding site of AP
and thus their ketoenolate group contributes to the reduction of oxi-
dative stress induced by Ab-Cu®* [99].
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Fig. 2. The formation of A and tau pathology and the role of quercetin in blocking AD. APP, amyloid precursor protein; AR, Amyloid beta; sAPP, soluble amyloid

precursor protein; CTF, C-terminal fragment; PHF, Paired helical filament.

4.2. B-site APP cleaving enzyme 1 (BACE) inhibitory activity of quercetin

The formation of A peptide, which is the main component of SPs, is
the result of two-step APP proteolytic cleavage by - and ¥-secretase
enzymes [104]. Particularly, the proteolytic action of B-secretase on
APP produces secreted APP- (sAPP) and C-terminal fragment (CTF),
which will undergo further proteolysis by ¥-secretase to generate Af
(Fig. 2) [105]. Consequently, an insoluble and neurotoxic plaque will

be formed by the miss-folded A peptide aggregation and accumulation
[16]. BACEL is related to the pepsin family and it is a type I aspartic
protease trans-membrane protein composed of 501 amino acids, which
is highly expressed in the brain [106,107]. The p-secretase demon-
strated efficient action against the membrane-bound substrates since
the B-secretase itself is probably a membrane-bound or it is a membrane
protein related structure [108]. As an important therapeutic target
regulating BACE1 activity has a great significance to control the
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formation of Af} peptide and plaque accumulation in AD [109]. BACE1
selective inhibition at subcellular compartment level, where APP clea-
vage occurs is an effective therapeutic means to prevent A formation
[110]. Natural product derived compounds like curcumin and flavo-
noids have inhibitory actions against BACE1l in both cell-free and
neuronal cell systems. Flavonols such as myricetin, quercetin, kaemp-
ferol, and morin along with another flavone compound such as apigenin
have direct inhibitory activity against BACE-1 in a dose-dependent
manner (Fig. 2) [109]. A study revealed that quercetin and rutin at a
concentration of 100 uM displayed a considerable inhibition of BACE1
in vitro in a cell-free system by 11.85% and 50.67% respectively [103].
Another study also reported that quercetin inhibits AR peptide ag-
gregation and the related paralysis through macro-autophagy activa-
tion and proteasomal degradation pathways. In addition to its direct AR
peptide aggregation inhibitory activity, it acts by inhibiting BACE1
induced APP cleavage at (3-site to prevent AP (1-42) formation [99].

4.3. Quercetin inhibiting NFTs formation

The other pathological implication of AD is the appearance of NFTs
with the core protein being tau and its accumulation into tangles in-
volves phosphorylation [111]. Various studies have attempted to define
the mechanism through which AP deposition induces the formation of
NFTs [112]. Yet, other studies argue that AP peptide can facilitate the
formation of intracellular tau, however, AR deposition is not associated
with NFTs formation, cell loss or dementia [101,113]. Tau protein has
about 84 putative phosphorylation sites, in which serine, threonine, and
tyrosine are 45, 35 and 4 respectively. Although, poorly understood
phosphorylation of tau negatively influences the binding of tau to mi-
crotubules. Especially, neuronal functions are affected most with hy-
perphosphorylated tau including as mitochondrial respiration and ax-
onal transport [100]. Tau hyperphosphorylation leads to detachment,
self-aggregation and depolymerization of microtubules causing the
neuronal cell death [99]. Recently, it was revealed that quercetin effi-
ciently inhibited okadaic acid-induced tau pathology (Fig. 2) via con-
siderably reducing hyperphosphorylation of tau protein and retro-
gressive action on the hyperphosphorylation process [103]. In addition,
quercetin showed GSK3b inhibitory activity and consequently inhibited
hyperphosphorylation of tau protein. Furthermore, quercetin has anti-
HSP 70 activity and thus reduces tau pathology via attenuating hy-
perphosphorylated tau level [99].

4.4. AChE inhibitory activity of quercetin

Loss of cholinergic neurons is another important trademark of AD
and one of the most consistent neurotransmitter alterations marked in
the brain of the patients. Loss of the cholinergic neurons and the cor-
relation of decrease in mental status score and loss of choline acetyl-
transferase (ChAT) resulted in the cholinergic hypothesis of cognitive
impairment in AD [114]. The cholinergic hypothesis states that
shortage of the neurotransmitter, such as acetylcholine in the brain can
be because of a decline in the neurotransmitter production or increase
in the AChE activity [115]. Basically, the role of AChE is to terminate
the cholinergic transmission via hydrolyzing the acetylcholine
[116,117]. Since the decline in cholinergic neurotransmission is a
consistent and early symptom in AD, AChE is a noteworthy therapeutic
target for symptomatic improvement in AD [118]. Recent studies in-
dicated that AChE inhibition improved cognitive memory in AD pa-
tients through up-regulating the expression of nicotinic acetylcholine
receptors. In vitro AChE inhibitory activity evaluation revealed that
quercetin competitively inhibits AChE. Similarly, a Parkinson's disease
animal model showed that high doses of quercetin considerably di-
minished AChE activity in the hippocampal region [99]. In one study,
quercetin at a dose of 50 mg/kg body weight stopped the rise of AChE
activity due to diabetes in the cerebral cortex and hippocampus. In
relation to this through restoring the function of acetylcholine (ACh)
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quercetin mitigated the cholinergic signalling and facilitated regaining
lost memory in diabetic rats [119]. In another study, it was demon-
strated that a single dose of quercetin or rutin acute pre-treatment 1 h
before administering scopolamine avoided the memory impairment
caused by scopolamine [120]. Moreover, a molecular docking study
predicted that quercetin is superior to conventional AchE inhibitor
drugs and recommended further study on the compound [121].

5. Conclusion

The flavonol quercetin and its glycosides possess a range of biolo-
gical activities to combat neurodegeneration. Although, the above
mentioned underlying mechanisms of actions (ERK1/2, Nrf2, PI3K/Akt,
JNK, MAPK, NFTs, BACE and NFTs pathways) for quercetin is its an-
tioxidant potential, which has a direct role in suppression of AD. In
particular, quercetin anti-Alzheimer activity has witnessed various
mechanisms of action both direct and indirect in cellular and molecular
level. However, quercetin bioavailability is enhanced as its use as a CNS
drug that can cross the BBB. Yet quercetin compound is not studied on
molecular and cellular level as it is used as a dietary supplement and
nutraceutical. Being a potent lead compound as anti-AD, structural
manipulations on quercetin can provide a drug candidate/a drug that
limits the progression of the disease. Therefore, further preclinical and
clinical studies need to be done so as to improve quercetin molecular
and pharmacological properties.
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