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Abstract

The search for active compounds from plants — for the development of new potent anti-AD
drugs or as an alternative strategy for treatment of Alzheimer’s disease- is the subject of many scientific
and medical research. From this perspective, we aimed through this study to screen the
antiacetycholinesterase effect of the crude extract of seven plants, and explored the possibility and
predicted the activity of the major compounds of these extracts using in silico methods against
Acetylcholinesterase (AChE), Butyrylcholinesterase (BuChE), Beta-secretase (BACE1), and
Monoacylglycerol lipase (MAGL). Hence, determining the main interactions in the inhibitor enzyme
complex. In the first part, we estimated the amount of phenolic compounds and flavonoids in these
plants. The results showed that these plants contain a considered amount of phenolic compounds
whose contents in hexane, ethyl acetate, and methanol extracts vary between 0.026+0.004 to
29.11+0.504 mgGAE/gDM. For flavonoids, the levels in the extracts vary between 0.00 to
7.690+0.481 mgQE/gDM. In the second part, we studied the inhibitory eftect of Arbutus unedo
L, Coriandrum sativum, Juniperus oxycedrus, Juniperus phoenicea, Lavandula stoechas, Saussurea
costus and Lepidium sativum extracts on acetylcholinesterase using the Ellman method. The results
confirmed the capacity of these plants to inhibit the enzyme with a value of ICs, 0.358+0.005 to
2.489+0.154 mg/mL. With the exception of A.unedo L (EtOAc), L. stoechas (Meth) which has no
inhibitory activity. In the third part, we achieved a molecular docking study using Autodock Vina.
Furthermore, the drug-likeness and ADMET properties of the major compounds in studied plants
were also evaluated. All the complexes of studied molecules with the four enzymes show significant,
several, and different interactions. The major components published in the literatures- of
J.oxycedrus, ] phoenicea, and L.sativum namely: Catechin, Myricetin-O-pentoside and Lepidine B
respectively bind tightly to AChE and BuChE as much as galantamine and donepezil. Expect the
major molecules of S. costus that exhibit a low affinity to studied enzymes. We suggest that Lepidine
B 1s a non-competitive inhibitory by interacting with PAS of AChE and BuChE, therefore it is
capable to prevent the HuAChE-induced A aggregation. The results of our study indicate that the
studied plants are promising resources for anti-AD drugs such as Catechin, Myricetin-O-pentoside,
and Lepidine B and might use to prevent Alzheimer's disease due to their roles as potent inhibitors
for AChE, BuChE, BACE1, and MAGL. Indeed, they could inhibit A fibrillogenesis.

Keywords: Algerian medicinal plants, Alzheimer’s disease, Acetylcholinesterase, enzyme

inhibition, in silico, pure molecules, natural extracts.
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Introduction

In recent decades, the increasing interest in natural products has encouraged the
scientific community to obtain information about secondary metabolites and their
importance in medicine, human nutrition, and the food industry (Oliveira et al., 2009);
Across many nations, medicinal plants have been attracting attention as a prospective
alternative resource of therapy for many diseases (Sheng et al., 1997; Che et al., 2013;
Batiha et al., 2020), due to the perception that these plants being natural products have
lesser side effects and improved efticacy than their synthetic counterparts (Che et al.,
2013; Batiha et al, 2019), and the multiple risks of chemical compounds such as
environmental problems, drug resistance, side effects, and high production costs.
(Rajaian et al., 2002; Zarei et al., 2015). Many plant species have been reported to have
pharmacological activities attributable to their constituents such as flavonoids
glycosides, tannins, saponins, alkaloids, steroids, terpenes, etc. (Rocha et al., 2005;

Adeyemi et al., 2019; Batiha et al., 2020).

In Algeria, medicinal plants in all their forms are still widely used. Due to its
climate variability, Algeria has rich and varied medicinal plants, and as a result, has had
a long history in traditional medicine, this fact makes it so important to pay attention

to these precious resources.

Alzheimer’s disease (AD) is the most common form of progressive dementia in
the elderly (Atlam et al., 2018). AD affects more than 50 million people worldwide.
Every year, there are nearly 10 million new cases (Maitre et al., 2017; WHO, 2018). It is
a neurodegenerative disorder characterized by intracellular neurofibrillary tangles
(NFT) and extracellular amyloid plaques in vulnerable brain regions (Terry et al., 1980;
Sennvik et al., 2000). The onset of Alzheimer's Disease is usually subtle, with lessened
initiative and some forgetfulness. A decline in judgment, progressive difticulty with

word-finding, and loss of memory (especially recent) soon become evident, leading to
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disorientation and behavioral abnormalities with changes in the mood (Terry et al,,
1980; Maitre et al., 2017).

Acetylcholinesterase (AChE) is a key enzyme involved in the termination of
nerve signals through the hydrolysis of acetylcholine (Alpan et al., 2013). AChE
participates in other functions related to neuronal development, difterentiation,
adhesion, and A processing (Fernandez-Bachiller et al., 2010). Butyrylcholinesterase
(BChE) 1s an enzyme involved in cholinergic neurotransmission (Fernandez-Bachiller
et al., 2010). A deficiency in levels of the neuromediators acetylcholine (ACh) and
butyrylcholine (BCh) has been observed in the brains of AD patients due to the loss of
cholinergic neurons. Hence, inhibitors of Acetylcholinesterase and BChE such as
tacrine, galantamine, rivastigmine, and donepezil enhance the acetylcholine
concentration in the brain (Schneider, 2001; Pilotto et al., 2009; Alptiiziin et al., 2010;
Senol et al., 2010). They have been introduced to the market for treating mild-to-
moderate AD, but with limited success and efficiency in the current clinical therapy
(Bautista—Aguilera et al., 2014).

The understanding of the interaction between molecules to form a complex was
an issue of concern for many researchers until the advent of molecular docking and
other bioinformatics tools (Simard, 2012), Molecular docking methodologies can be
used to identify the interaction between a small drug-like ligand, and a target molecule
to predict a reliable binding affinity, in which the best possible physicochemical
prediction of how the target and ligand will interact; a strategy to enhance the selection
of drug candidate ligands is based on the scores obtained from insi/ico approaches; these
scores decrease the amount of unnecessary biological tests and significantly reduce the
number of inefficient compounds synthesized by taking into account valuable
information about crucial binding elements in a given ligand-receptor conglomerate
(Meng et al., 2011; Menchaca et al., 2020). The scientific community has progressively
shown an increasing interest in molecular docking methods, demonstrated by the

increase in publications number in the field.
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Although the previously published studies about the anticholinesterase eftect of
medicinal plants, a few studies have been conducted to evaluate the anticholinesterase,

MAGL and BACET1 eftect of medicinal plants.

Therefore, in our present work, we have explored the possibility of inhibiting
cholinesterase by Algerian medicinal plants.

The thesis is divided into four experimental parts: 1) Extraction of secondary
metabolites, 1) Qualification and quantification of secondary metabolites such as total
phenolic compounds and flavonoids, 1i1) Evaluation of the inhibitory eftect of obtained
extracts against acetylcholinesterase enzyme, and finely iv) Explore and prediction the
interactions between major compounds of the studied plants and the main AD targets

using the molecular docking.

All these contents were arranged in three chapters, as follow:

The first chapter is a theoretical framework outlined earlier in the thesis which
describes a brief review from literature about Alzheimer’s disease, main AD targets, a

short presentation of the studied plants, and secondary metabolites.

The second chapter lists all materials and methodology used throughout the

work.

In the third chapter, all the experimental results are presented, examined and

discussed in detail.

Lastly, a conclusion summarizes all the obtained results of our work as well as

recommendations and perspectives for further and complementary studies.
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I. Alzheimer's disease

"I have lost my self!" Auguste D, 1901.
I.1. General

The disease was named by Kraepelin Emil after the German physician Alois
Alzheimer (Kraepelin, 1910) who, in 1907, described for the first time the anatomical

changes observed in the brain of a patient of 51 years, Auguste D (Alzheimer, 1906).

In 1901, Auguste D was asked by Dr. Alzheimer about her name, she could not
remember, then looks at the doctor and said, "7 have lost myself (German: "Ich habe
mich verloren."), and she ran out from the isolated room screaming, "/ wi// not be cut.
I do not cut myself". She became completely demented after many years (Maurer et

al., 1997).

I.2. Neurodegenerative Diseases and Dementia

Neurodegenerative diseases are a wide range of neurological disorders, with
heterogeneous pathological and clinical expressions (Przedborski et al., 2003). They
teature by relentlessly progressive loss of neurons, provoked by unknown reasons. The
most typical observed symptoms of ND are Dementia and movement disorders
(Shastry, 2003). ND are usually classified based on the location and type of
neuropathological damage or change, predominant clinical feature, or a combination

of both (Przedborski et al., 2003).

Dementia is a general term, which is defined as a group of symptoms that results
from the disruption of brain functions such as memory, thinking, language, perception,
behavior, personality, and social relationships and is not regarded as a normal sign of
aging. It can be obviously observed dementia in at least 50 different diseases
(Tomlinson, 1977). Where dementia is not confined to ND; it is also commonly
observed in ischemic, toxic, metabolic, infectious, and traumatic brain injury
(Tomlinson, 1977; Przedborski et al,, 2003). Furthermore, Parkinson's disease and
Alzheimer's disease are considered among the most specific causes of dementia (Han et

al., 2018).
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In 2019, ADI (Alzheimer’s Disease International) reports that approximately 50
million people are living with dementia worldwide. There are nearly 10 million new
cases each year worldwide (WHO, 2020). The number is projected to nearly triple by
2050 reaching 131.5 million people worldwide (Prince et al., 2015).

1.3. Alzheimer’s Disease

Alzheimer's disease is the most common cause of dementia, which accounts for
60-90% of the cases (Sulkava et al., 1983; Alzheimer's Association, 2020). According to
a 2015 report by Alzheimer's Disease International 46 million people worldwide are
estimated to suffer from AD (Santamaria et al., 2020). Furthermore, this number is

supposed to increase to twice every 20 years (Yiannopoulou et al., 2020).

Dementia is the fifth leading cause of death globally (fig. 1), According to GBD
(The global burden of diseases) study, 2,382,129 globally deaths have been recorded
between 1990 and 2016. While, 11,868 deaths in Algeria in the same period (Nichols
etal., 2019).
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Figure 1. Percentage change in selected causes of death between 2000 and 2018
(Alzheimer's Association, 2020).
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AD is defined as a neurodegenerative disease that affects different areas of the
brain. (Chomel-Guillaume et al., 2010; Daily, 2007) marked by reduced neuronal
function, leading to synaptic loss and neuronal death, this leads to permanent and
irreversible cognitive impairment, impacts functional capacity, and steadily gives rise
to dependence and disability (Morris et al., 2014; Cummings et al., 2016; Dubois et al.,

2016; Santamaria et al., 2020).

Amyloid-f
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Figure 2. The defining pathological hallmarks of Alzheimer's disease (Congdon et
Sigurdssen, 2018).

Current research suggests that the two main hallmarks of the disease are: the
extracellular amyloid plaques, composed mainly of amyloid- (AB) and the
intraneuronal neurofibrillary tangles (NFTs), the main constituent of which is the tau
protein, these observations are associated with dystrophic neurites and loss of synapses
as well as microgliosis and astrogliosis (fig. 2)(Yiannopoulou et al., 2013; Congdon and

Sigurdsson, 2018).

Yet, In spite of all strenuous research endeavors, currently, there is no eftective
treatment for the disease (Scheltens et al., 2016, Cummings et al., 2019, Yiannopoulou et

al., 2020).
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I.3.1. Subtypes of Alzheimer’s disease

Four distinct subtypes of AD have been identified in several neuropathology and
neuroimaging studies, based on the distribution of tau-related pathology and regional
brain atrophy: Typical, Limbicpredominant, Hippocampal-sparing, and Minimal
atrophy, had a pooled frequency of 55%, 21%, 17% and 15% respectively (Ferreira et

al., 2017; Ferreira et al., 2020).

It has been found several difterences between-subtype in age at onset, age at
assessment, disease duration, sex distribution, global cognitive status, years of
education, APOEe4 (apolipoprotein E) genotype, and CSF (cerebrospinal fluid)

biomarker levels (Scheltens et al., 2015; Ferreira et al., 2020).
I1.3.2. Neuropsychological symptoms of Alzheimer’s disease

The basic symptoms of AD are impairment in memory and cognitive function
(Shinosaki et al., 2000). The neuropsychological symptoms of Alzheimer disease

include (Donovan et al., 2018; Morley et al., 2018):

e Cognitive symptoms: Mermmory: Amnesia, delayed recall failure, inability to
recall over-learned facts, and working memory (ability to remember information in
the face of distraction (Baddeley et al., 2010)); Language: Deficits in language abilities

such as paraphasias, deficit in verbal fluency, and semantic categorization.

e Behavioral symptoms: Attention deficits, failure of dual-tasking, visuospatial
deficits, functional impairment, development of apathy early in the disease, and

agitation and other behavioral disturbances later in the disease.
I.3.3. Pathophysiology: Brain changes associated with Alzheimer's disease

The brain of AD patients can lose by 100-200 grams of its weight (Budson et al.,

2016). The formation of amyloid plaques between neurons which are called senile
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plaques, and the tau protein aggregates (neurofibrillary tangles) are the processes
responsible for the disease (Fig.3) (Yiannopoulou et al., 2013; Congdon and Sigurdsson,
2018), the mechanism by which this occurs is unknown (Small and McLean, 1999), but
A oligomers appears to associate with membrane proteins in the synapse, astrocytes
and microglia, the synaptic receptors increase the Ca** concentration in the post-
synapse leading to inflammation and cell death (Sengupta et al., 2016), Besides, it has
believed that the spreads of pathological tau between connected neurons, causes
eventually accumulating in the somatic compartment where catastrophic nuclear

damage ensues (Ray and Buggia-Prevot, 2021).

Figure 3. The amyloid f§ plaques (in brown) and neurofibrillary tangles of tau protein (in
black) (Nelson et al. 2012)

10
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I.3.4. Diagnosis of Alzheimer’s disease

In addition to different symptoms, Alzheimer’s disease can diagnosis two

complementary methods, survey tests, and brain imaging:

Clinical diagnosis: The diagnosis remains essentially clinical during the patient's
life. The clinical diagnosis is based on the history of the disease, questioning of the
entourage, neuropsychological and behavioral exploration, and clinical examination
(Guériot-Milandre et al., 1997). It can be validated by cognitive and neuropsychological
tests, which are used to assess memory, language skills, problem-solving, and other
abilities related to mental functioning (Ouldjaoui, 2011). These tests include: The
Folstein test, known as the Mini-mental state examination (MMSE) (Motley et al.,
2018), The Grober and Buschke test (Grober et al., 1988; Pasquier, 1990), The
Hodkinson abbreviated mental test score (AMTS)(Hodkinson, 1972), Geriatric mental
state examination (GMS)(McWilliam et al., 2018). Currently, both the Montreal
cognitive assessment (MoCA) (Nasreddine et al., 2005) and the St. Louis university
mental status exam (SLUMS) (Cruz-Oliver et al., 2012) are better tests (Motley et al.,
2018). The diagnostic criteria used in general are those of Mc Khann er a/. (NINCDS-
ADRDA) (McKhann et al., 1984).

Brain imaging: The imaging techniques are used to help confirm the diagnosis

of Alzheimer's disease. These include:

o Structural Magnetic resonance imaging (MRI) detects the decrease in
hippocampal volume, the reduction in gray matter density, atrophy in the
temporal lobe and angulate gyrus, and hippocampus (fig.4) (Rathore et al., 2017).

o Functional MRI detects the abnormalities in the default mode network

through the examination of blood flow to areas of the brain (Buckner et al., 2008).

11
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o Diftusion tensor maximum signal intensity ratio detects the breakdown of the
brain barriers that regulate fluid diftusion through the measurement of water
diffusion in the brain (Xie et al., 2008; Morley et al., 2018).

o Computerized tomography (CT) uses to obtain cross-sectional images of the
brain using X-rays (Jacoby et al., 1980; Khachaturian, 1985).

o Retinal scans: Neurodegenerative changes occur in the retina, these include
a choroidal thinning, a decrease in the retinal nerve fiber layer, and optic nerve
volume, amyloid-b is present in drusen and the retina of persons with Alzheimer's
disease. These changes can be detected using photographically or by using
curcumin, which binds to amyloid-b, which has been used with fluorescence
imaging to detect amyloid-b plaques in the retina (Mahajan et al., 2017).

o Positron emission tomography (PET) scan is typically used in the research
setting. It uses a radioactive substance to detect substances in the brain. It can be
used to (a) identify brain regions with decreased glucose metabolism
(Fluorodeoxyglucose (FDG) PET) (Mosconi et al., 2008), (b) to find the increased
amyloid burden in persons with Alzheimer's disease (Amyloid PET) (Klunk et al.,
2004), and (c) to measure hyperphosphorylated tau in paired helical fragments

(Tau PET) (Masdeu et al., 2017; Xia et al., 2017).

HC MCI

Figure 4. Examples of MR images of brain

HC: a healthy control subject (male, 84.8 years); MCI: mild cognitive impairment subject
(female, 71.8 year); AD: Alzheimer's disease patient (male, 77.5 years) (Ledig et al., 2018).

12
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Biomarkers: The two abnormally folded proteins: $-amyloid (A) (extracellular
plaques) and tau in (intracellular neurofibrillary tangles) are considered disease-specific
biomarkers. Identification of these proteins in the brain (post-mortem) confirms the

definite diagnosis of AD (Kelényi et al., 1967; Selkoe et al., 2016; Bistaffa et al., 2020).

The definitive diagnosis of Alzheimer's disease is made post mortem. It is based
on the presence of two types of lesions in large quantities in the hippocampal and
associative cortical regions: these are neurofibrillary tangles and amyloid deposits.
Cerebral atrophy and neuronal loss are usually observed (Ball, et al., 1977; Hyman et al.,

1984; Hyman et al., 1990; Bobinski et al., 1999).

I.3.5. Risk factors

Although the exact causes of Alzheimer's disease are still unknown (Lin et al,,
2013), several factors are known to increase the risk of developing the condition. These
include Age (Guerreiro and Bras, 2015), gender: female (Speck et al., 1995), family and
genetic background (Donix et al., 2010; Khanahmadi et al., 2015), DNA mutations in at
least four genes (APP, PSEN1, PSEN2, and MAPT) predisposing to AD (Chartier-
Harlin et al, 1991; Cruchaga et al., 2012), the ApoE4 gene (Riedel et al., 2016),
environmental factors (aluminum and heavy metals including mercury (McLachlan,
1986; Campbell, 2002; Virk and Eslick, 2015; Hussien et al., 2018; Lee et al., 2018; Bakulski
etal., 2020), cardiovascular disease: All risk factors for cardiovascular disease (Rosendorff
et al., 2007), diabetes (Arvanitakis et al., 2004; Xu et al., 2009), obesity (Kivipelto et al.,
2005; Naderali et al., 2009; Alford et al., 2018) and head injuries (Rasmusson et al., 1995;

Hicks et al., 2019; Frigerio et al., 2019).

13
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I.4. Hypotheses of Alzheimer's disease pathology

I1.4.1. Amyloid cascade hypothesis

According to the “amyloid hypothesis” A3 production in the brain start up a
cascade of events conducive to the clinical syndrome of AD, the elements of the
cascade include tau hyperphosphorylation, local inflammation, excitoxicity (excessive
glutamate), and oxidation (Yiannopoulou et al., 2013; Yiannopoulou and Papageorgiou,
2020). It has been found that injecting pathologic amounts of amyloid peptide directly
into the mouse brain causes amnesia (Flood et al., 1991; Flood et al., 1994; Morley et al.,
2018). Other studies suggest that the role of amyloid is to enhance memory by
increasing the release of acetylcholine in the hippocampus (Morley et al., 2010), and it

inhibits memory only when their levels become pathologic (fig.5) (Morley et al., 2018).
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Figure 5. The effect of overproduction (pathologic) of amyloid-b (Morley et al., 2018).

A peptides (AB38, AB40, and AB42 variants) are produced after the sequential
cleavage of the large precursor protein amyloid precursor protein (APP) by two
enzymes, [3-secretase (BACE1) and y-secretase. However, Af is not formed if APP is

first cleaved by a-secretase instead of 3-secretase (Anand et al., 2010; Sakono and Zako,

14
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2010). A monomers aggregate to form assemblies that exist in several forms including
oligomers, protofibrils, and amyloid fibrils. Amyloid oligomers are soluble, while
amyloid fibrils are larger, insoluble, and highly proteolysis-resistant, and they can
turther assemble into amyloid plaques (Ngoungoure et al., 2015; Chen et al., 2017; Cline

etal., 2018).

Clinical trials’ results have shown that removing the amyloid plaques will not
reverse the damage or stop Alzheimer’s disease (Cappai and Barnham, 2008; Hardy, 2009;

Kayed and Lasagna—Reeves, 2010).

I.4.2. The revitalized tau hypothesis

Neurofibrillary tangles (NFTs) which composed of hyperphosphorylated tau
protein (T) (Grundke-Igbal et al., 1986; Nukina and Ihara, 1986) have been proposed as
the second pathological hallmark of AD (Ittner and Gétz, 2011; Cai and Tammineni,
2017). Increasing evidence suggests that abnormally hyperphosphorylated tau plays a
crucial role in the pathogenesis of AD (Cheng and Bai, 2018). Tau protein as a major
microtubule-associated protein plays a vital role in the neuronal transport system by
binding microtubules in cells (Amos, 2004; Cheng and Bai, 2018; Yiannopoulou and
Papageorgiou, 2020). Abnormally hyperphosphorylated and aggregated tau seems to
damage the axonal transport and synaptic dysfunction (Eckert et al., 2014) by separating
from microtubules which inhibit transport (Anand et al., 2017), and leads to shortage
and imbalance between neurotransmitters (eg, acetylcholine, dopamine, serotonin)

(Yiannopoulou and Papageorgiou, 2013; Yiannopoulou and Papageorgiou, 2020).

It has been observed that the pathological tau can be developed in the brain
decades before the onset of symptoms (Braak et al., 2006; Braak et al., 2011; Wharton et
al., 2016; Congdon and Sigurdsson 2018). Even though, AD mice models exhibited

cognitive impairment before observation of NFTs (Mondragén-Rodriguez et al., 2013).
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I1.4.3. Genetics of Alzheimer's disease

More than 30% of AD cases can be attributed to the APOE-¢4 allele
(Louwersheimer et al., 2017), and approximately 5% of AD case is caused by mutations
in three genes that involved in Af processing, for either APP (chromosome 21) or
enzymes that control its metabolism including presenilin 1 (chromosome 14) and
presenilin 2 (chromosome 1) (Goate et al., 1991; Levy-Lahad et al., 1995; Sherrington et
al., 1995; Louwersheimer et al., 2017; Santamaria et al., 2020), These mutations linked to
familial forms, inherited in an autosomal dominant fashion, and cause early-onset
disease (Morley et al., 2018; Santamaria et al., 2020). Whereas, 8% of AD cases can be
attributed to any of the additional genetic risk loci (SORL1, BIN1, CR1, CLU,
PICALM, ABCA7, FERMT2, CAAS4, MS4A6A, EPHA1, HLA-DRB5/HLA-
DRBI1 locus, PTK2B, CD2AP, ZCWPW1 locus, SLC24A4/RIN3 locus, INPP5D,
MEF2C, NMES locus, CELF1 locus, and CD33) detected in the genome-wide

association studies (Cauwenberghe et al., 2016, Louwersheimer et al., 2017).

I.4.4. The inflammatory hypothesis

It is believed that microglia play a vital role in AD pathogenesis (Van Furth, 1982;

Perlmutter et al., 1990; McGeer and Rogers, 1992).

Several in vitro studies found that microglia secrete a large group of inflammatory
factors including ROS (reactive oxygen species) (Coraci et al. 2002; Wyss—Coray and
Rogers, 2012), the elevation of these factors was found in pathologically-vulnerable
regions of the AD brain (Akiyama et al., 2000; Rogers et al., 2007; Landreth and Reed-
Geaghan 2009). The inflammatory factors: Interleukin 1, TNFa, and other cytokines
were believed to impair neuronal function by suppression of long-term potentiation
of synaptic transmission (Heneka et al., 2013), and the elevated concentrations of the

proinflammatory cytokine TNFa and decreased concentrations of anti-inflammatory
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TGF-f in the CSF increase the risk for conversion from mild cognitive impairment to

the dementia stage of Alzheimer's disease patients (Tarkowski et al., 2003).

Besides the multiple stimuli for the inflammatory responses of microglia in the
AD brain (Wyss—Coray and Rogers, 2012), deposition of the amyloid beta peptide (A)
also activates microglia (Lucin and Wyss—Coray, 2009; Prinz et al., 2011), where microglia
are able to bind to soluble amyloid 8 (Af) oligomers and A fibrils via cell-surface
receptors (Paresce et al., 1996; Bamberger et al., 2003; Heneka et al., 2015; Sikorska et al.,
2020). A activates NLRP3 inflammasome in microglia leading to IL-1f maturation
and subsequent inflammatory events (Halle et al.,, 2008), where the uptaking of A3
causes lysosomes' damage, which leading to the assembly of the NLR P3 inflammasome
and the activation of caspase-1. Caspase-1 then cleaves pro-IL-1f3 to releases IL-1f3
(Heneka et al., 2013; Li et al., 2019; Sun et al., 2019; Guan et al., 2020). Furthermore, the
synergistic action of Af with either interferon y or CD40 ligand triggers TNFa

secretion and production of neurotoxic reactive oxygen species (Heneka et al., 2015).

Thus, NLRP3 inflammasome inhibition is considered a novel therapeutic
intervention for AD (Tan etal., 2013; Zhang et al., 2020). However, treatment trials with
anti-inflammatory drugs have been disappointing (Wyss-Coray and Rogers, 2012).
Additionally, the suppressing of classical inflammatory proteins and cytokines may

cause more harm than good (Wyss—Coray and Rogers, 2012).

I.4.5. The apolipoprotein E hypothesis

Apolipoprotein E (ApoE) is a secreted apolipoprotein (Kara et al., 2018), produced
by astrocytes in the central nervous system (CNS) and by the liver and macrophages in
peripheral tissues (Liu et al., 2013). It plays a vital role in lipid transport and redistribution
among the different organs and cells (Corbo and Scacchi, 1999). ApoE gene is

polymorphic (Singh et al., 2006), with three main alleles €2, €3, and g4 (Kara etal., 2018).
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Considering the ability of ApoE to bind to Af3 (Jiang et al., 2008; Carlo et al., 2013),
several studies suggest that the ApoE protein plays a role in Af3 clearance (Cole and Ard,
2000; Hanson et al, 2013), yet the ApoE4 isoform is not effective as other isoforms, it is
less able to bind to A and clear it (LaDu et al., 1994; Walker et al., 2000), resulting in an

increased risk of developing AD in individuals with €4 allele (Sando et al., 2008).

However, despite the many AD cases attributed to the ApoE-¢4 allele (Van
Cauwenbergh et al., 2016), some ApoE-g4 homozygotes reach over 100 years and never
lost their cognitive health (Louwersheimer et al., 2017), up to 50% of people with AD

do not carry the high-risk €4 allele (Farrer et al, 1997).

I.4.6. Oxidative stress hypothesis

Although oxidative stress (OS) is recognized to be associated with the normal
aging process (Kregel and Zhang, 2007), it has been observed an increase in oxidative
stress in AD brain (Kuo et al., 2014; Uddin and Kabir, 2019a), which leads to proposed
the important role of OS in the pathogenesis of neuron degeneration and death in AD
(Markesbery, 1997). Besides, biomarkers of OS: Lipide peroxidation, DNA, and protein
oxidation was found in AD brains (Pratico, 2008; Uddin and Kabir, 2019b).

Reactive oxygen species (ROS) are formed in 1) mitochondria through cellular
respiration, 2) immune system cells in the inflammatory response (Cadenas and Davie,
2000; Shadel and Horvath, 2015; Videira and Castro-Caldas, 2018), 3) different
environmental stressors including exogenous (e.g., UV, ionizing radiation, drugs, air
pollution) and endogenous (e.g., mitochondrial and non-mitochondrial enzymes)
(Federico et al, 2012; Kim et al., 2015; Yeung et al., 2020). Due to the excessive
generation of ROS and their high reactivity, they could interact with DNA, RNA,
and proteins (oxidation) or lipids (peroxidation) (Hannan et al., 2020), which lead to
mitochondrial dysfunction, ROS overproduction, and eventually cell death and
initiation of neurodegeneration (Mancuso et al., 2006; Wang et al., 2014; Lee et al., 2019;

Yeung et al., 2020).
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I.5. Obesity, Diabetes and Alzheimer’s disease

Lately, the dysregulation of insulin signaling pathway is observed in Alzheimer’s
disease (AD) brain associated with downstream neuronal survival and plasticity
(Tramutola et al., 2020; Kellar and Craft, 2020). This abnormality is known as insulin
resistance which is linked to obesity and diabetes (fig.6). Strong evidence (Despres and
Lemieux, 2006; Goossens, 2008; Andersson, et al., 2008) has proven that obesity represents
the most powerful cause that leads to the development of insulin resistance and type 2

diabetes (Murdolo et al., 2013).
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Figure 6. A possible cascade of events connecting peripheral metabolic dysregulation to
dementia (Ferreira et al., 2018).
It is well-known that Insulin inhibits adipose Hormone Sensitive Lipase (HSL)
(Gonzalez—Yanes and Sanchez-Margalet, 2006; Bustanji et al., 2010). HSL 1s a lipase that
catalyzes the hydrolysis of triglycerides in adipocytes leading to the release of free fatty

acids (FFAs) (Anthonsen et al., 1999; Osterlund, 2001). Therefore, the development of
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insulin resistance leads to disruption in the regulatory inhibition of HSL activity, which
eventually leads to an increase in the levels of FFAs (Postic and Girard, 2008). However,
high FFAs levels are known to cause mitochondrial dystunction (Kuo et al., 2012),
activate the inflammation pathway (de Mello et al., 2018), increase the permeability of
the blood-brain barrier (BBB) (Patil and Chan, 2005; Ferreira et al., 2018), contribute to
the inhibition of glucose uptake, and suspected to augment insulin resistance (Bergman
and Ader, 2000; Erion and Shulman, 2010; Pfeiffer, 2007). These eftects are exacerbated
by obesity (de Mello et al., 2018). From this point, the increase of FFAs is thought to be
an early factor or initiator of the pathogenesis of AD (Wilson and Binder, 1997; Ferreira

etal., 2018).

I.6. Treatment

Currently, there is no cure for AD (Szczechowiak et al , 2019), However, several

potential anti-AD drugs and strategies are currently being evaluated.

I.5.1. Specific treatments

The different hypothesis of AD pathology present multiple points where therapeutic

intervention is possible, these include:

e Cholinesterase inhibitors: They inhibit the activity of acetylcholinesterases
AChE or butyrylcholinesterase (BChE). Several AChE inhibitors were approved by
the US Food and Drug Administration (FDA) for the treatment of AD patients such as
donepezil, rivastigmine, tarcine, galanthamine (Zhang et al., 2018; Kabir et al., 2019a;
Sharma, 2019).

eNMDA antagonists’ blockers: N-methyl-D-aspartate (NMDA) neural
receptors are glutamate receptors that play an important role in synaptic plasticity

(Blanke and VanDongen, 2009; Li and Ju, 2012; Waqar and Batool, 2017), The inhibiting

20



Chapter 1: Literature review

its activity has been introduced as a possible target for treatment of AD (Glynn-Servedio

and Ranola, 2017; Kabir et al., 2019b).

e Secretase inhibitors: B-secretase inhibitors (Cole et al., 2006; Moussa, 2017) and
y-secretase inhibitors (Wolfe, 2011; Golde et al., 2013; Steiner et al.,, 2018) have been
introduced in clinical studies to reduce the amyloid plaques in the brain (Dovey et al.,

2001).

e Monoacylglycerol lipase (MAGL) inhibitors: It is considered a promising drug
for the treatment of neurodegenerative (Glass et al., 2010; Chen et al., 2012; Deng et li,
2020). MAGL plays an important role in the regulation of endocannabinoid and
eicosanoid signaling pathways (Long et al., 2009; Chanda et al., 2010; Schlosburg et al_,
2010) by degradation of 2-AG (2-Arachidonoylglycerol) (Baggelaar et al., 2018). This
latter plays an essential role in the regulation of many physiological processes such as

neuroprotection (Sanchez et Garcia—Merino, 2012).

e Targeting tau protein modifications: Kinase inhibitors (Noble et al., 2005),
Inhibiting tau acetylation (Min et al., 2010; Min et al, 2015), Inhibiting tau
deglycosylation (Liu et al., 2005; Smith et al., 2016) and Inhibiting tau truncation

(Congdon and Sigurdsson 2018; VandeVrede et al., 2020).

I.5.2. Non-specific treatments
[t deals with the behavior and risk factors without targeting the disease itself:

« Several drugs are given to AD patients in order to treat the emotional behavior
such as anxiety, irritability, aggression, sleep-wake, and circadian disruption or

agitation states of patients (Todd, 2020).

« Nutrition and other drugs targeting the risk factors of the disease can be an
alternative therapeutic option in AD such as antioxidants, anti-inflammatory

(Szczechowiak et al., 2019), curcumin (Congdon and Sigurdsson, 2018; Pluta et al., 2018;
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Mukherjee et al., 2019), Vitamin B complex (Smith et al., 2016), Vitamin D3 (Annweiler
et al,, 2015), Coftee and caffeine (Madeira et al., 2017). Some evidence shows that the
Mediterranean diet (Petersson et al., 2016; Anastasiou et al., 2017), Extra virgin olive oil
(Farr et al., 2012; Martinez-Lapiscina et al., 2013), omega-3 polyunsaturated fatty acids
(Petursdottir et al., 2008; Hooper et al.,, 2017; De Souto Barreto et al., 2018), uridine,
phospholipids (Onakpoya et al., 2017) ketone bodies (Farr et al., 2012; Farr et al., 2016;
Syarifah-Noratiqah et al., 2017), alipoic acid, and polyphenols (Ciavardelli et al., 2017)

may have some benefit against developing Alzheimer disease (Morley et al., 2018).
II. Cholinesterases

II.1. Structure and function

Acetylcholinesterase (AChE) (EC 3.1.1.7) is a key enzyme involved in the
termination of nerve signals through the hydrolysis of acetylcholine (fig. 7) (Alpan et
al. 2013) in both the autonomic and peripheral nervous systems (Santamaria et al., 2020).
[t also participates in other functions related to neuronal development, differentiation,

adhesion, and A processing (Fernandez-Bachiller et al., 2010).

ACHhE isolated and sequenced for the first time from Pacific electric ray ( 7orpedo

californica) and its 3D structure was elucidated in 1991 (Sussman et al., 1991; Harel et

al, 1994).
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Figure 7. Reaction catalyzed by acetylcholinesterase.

It 1s thought that the initial binding of acetylcholine with the active site is occur
at its outer rim of the gorge in a region called the “peripheral site”. While the actual

hydrolysis occurs at the bottom of the gorge, where, there are four main subsites, these

22



Chapter 1: Literature review

being the “esteratic site”, the “oxyanion hole”, the “anionic subsite” and the “acyl
pocket”. The esteratic subsite, where acetylcholine is hydrolyzed to acetate and
choline, contains the catalytic triad of three amino acids: serine, histidine and glutamate

(Houghton et al., 2006).

Butyrylcholinesterase (BChE) (EC 3.1.1.8) also known as the “pseudo” or “non-
neuronal” cholinesterase (Mesulam et al., 2002), is an enzyme involved in cholinergic
neurotransmission (Ferndndez-Bachiller et al., 2010). BChE prefer to hydrolyze
butyrylcholine over acetylechine (Westfall, 2009). Previous studies have been reported
the presence of BChE activity in the AD brains, which is associated with amyloid
plaques and neurofibrillary tangles (Geula and Mesulam, 1989; Guillozet et al.,, 1997;

Nordberg et al., 2013).

A deficiency in levels of the neuromediators acetylcholine (ACh) and
butyrylcholine (BCh) has been observed in the brains of AD patients due to the loss of
cholinergic neurons, Hence inhibitors of Acetylcholinesterase and BchE the key
enzymes which hydrolyze acetylcholine and butyrylcholine, respectively, enhancing
the acetylcholine concentration in the brain, have been introduced to the market for
treating mild-to-moderate AD, but with limited success and efficiency in the current
clinical therapy (Bautista—Aguilera et al., 2014). AChE inhibitors are also used in the
treatment of myasthenia garavis, glaucoma, and as insecticides (Maggi and Mantegazza,

2011; Cholkar et al., 2015; Gupta et al., 2019).

I1.2. Cholinesterase inhibitors

Well-known examples of FDA-approved AD medications are tacrine,
galantamine, rivastigmine, and donepezil (Alptiiziin et al., 2010; Senol et al., 2010).
According to Miranda et al. (2015), the rate of response to these drugs is only 27.8%

(Santamaria et al., 2020).
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The most common gastrointestinal side effects of Donepezil include nausea,
diarrhea, vomiting, and anorexia. Additionally, some patients developed muscle
dizziness, cramps, syncope, insomnia, flushing, weakness, drowsiness, and fatigue

(Schneider et al., 2001; Pilotto et al., 2009).

Galantamine (Reminyl), an alkaloid extracted from Galanthus woronowi and
related species belonging to the Amaryllidaceae family. It is a reversible, competitive
inhibitor of AChE with relatively less butyrylcholinesterase activity, adverse effects of
Galantamine are nausea, diarrhea, vomiting, anorexia, weight loss, and dizziness
(Harvey, 1995; Bores et al., 1996; Schneider et al., 2001; Konrath et al., 2013). Both
donepezil and galantamine present highly affinity for AChE then to BChE (Cacabelos,

2007; Campos et al., 2016; Santamaria et al., 2020).

Cholinesterase inhibitors (Chls) eftectively increase the amount of acetylcholine
available for intrasynaptic cholinergic receptor stimulation (Schneider et al., 2001).
BChE activity seems to correlate with AChE activity in AD and a cognitive
improvement could be reached therefore one of the promising approaches is the
development of dual inhibitors for AChE and butyrylcholinesterase (BChE) (Alptiiziin

et al., 2010; Senol et al, 2010).

Since 2003, No new drug for AD has been approved by FDA, and there are more

than 200 research projects in the last decade have failed or have been abandoned (Atri,

2019; Yiannopoulou, 2020).
ITII. Monoacylglycerol lipase

II1.1. Structure and function

Monoacylglycerol lipase (MAGL) is an enzyme belonging to the serine hydrolase
superfamily metabolizing lipids (Zechner et al., 2009; Labar et al., 2010). As a member of
serine hydrolase family, MAGL catalytic site is formed by the triad Ser-Asp-His, which

are Ser122, Asp239, and His269 in the human MAGL (Gil-Ordéfiez et al., 2018).
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MAGL hydrolyze the endogenous cannabinoid 2-arachidonoylglycerol (2-AG)
(Dinh et al., 2002; Blankman et al., 2007) into arachidonic acid (AA) (Dinh et al., 2002).
2-AG functions as a retrograde messenger in regulation or modulation of synaptic
transmission and plasticity (Alger, 2009; Heifets and Castillo, 2009; Kano et al., 2009),
exhibits anti-inflammatory and neuroprotective properties (Panikashvili et al., 2001;
Panikashvili et al., 2005; Centonze et al., 2007; Zhang and Chen, 2008; Arevalo—Martin et
al., 2010; Scotter et al.,, 2010; Chen et al., 2011) and promotes neurogenesis (Gao et al.,
2010). Moreover, B-amyloid promotes MAGL overexpression (Stasiulewicz et al.,
2020). Therefore, MAGL inhibition prevents neuroinflammation and decreases

neurodegeneration (Chen et al., 2012).

III.2. Monoacylglycerol lipase inhibitors

Most of the reported MAGL inhibitors share similar structural motifs. For
instance, piperidine or piperazine rings and urea or carbamate groups are often
connected together (Deng et al., 2020). A couple of molecules have been reported as
MAGTL inhibitors so far, which are: (a) irreversible inhibitors: maleimides, disulfides,
carbamates, ureas and arylthicarmide, (b) reversible inhibitors: tetrahydrolipstatin-
based derivatives (f-lactones), isothiazolines, natural terpenoids, and amide-based
derivatives, etc (Dinh et al., 2002). It is found that MAGL interacts with sulthydryl-
sensitive inhibitors, due to the active cysteine residues near its active site (Cys201,
Cys208, and Cys242) (Saario et al., 2015). Remarkably, until now only one selective
inhibitor of MAGL has entered to clinical trials, which was on June 2020 under

number: NCT04419636.
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IV. Beta-secretase (BACE1)

IV.1. Structure and function

The B-site amyloid precursor protein (APP)-cleaving enzyme 1 (BACE1), also
known as (3-secretase, is a key enzyme involved in Alzheimer’s disease (Sinha et al.,
1999; Vassar et al., 1999; Yan et al., 1999; Botteri et al., 2018). BACE1 belongs to aspartic
proteases family, which typically have two active aspartate motifs, located in a separate
lob (Szecsi, 1992; Yan, 2016). BACE1 is the principal neuronal protease required to
cleave between residues Met671 and Asp672 that generate and extracellular release of

the soluble APP—B fragment (Seubert et al., 1993; Cai et al., 2001; Kimura et al., 2016).

IV .2. Beta—secretase inhibitors

At present BACE1 Inhibitors are being considered for their ability to reduce
cerebral Af concentrations and to treat and prevent Alzheimer’s disease. Due to the
large BACET1 catalytic pocket, the intense efforts to produce BACE1 inhibitors led to
tew compounds with in vitro half-maximal inhibitory concentrations (ICs() in the nM

range (Luo and Yan, 2010; Yan, 2016).

There is clear evidence that BACE1 inhibitors reduce A3 generation and likely
amyloid deposition (Swahn et al., 2012). Several promising BACE1 inhibitors are being
tested in human clinical trials (Ghosh et al., 2008; Yan and Vassar, 2014). Many
laboratories have terminated the development of BACE1 inhibitors, also some
compounds were terminated during clinical trials, due to safety fears (Yan and Vassar,
2014), where It is reported to cause unacceptable side effects such as liver toxicity in
patients (Vassar, 2014). Despite the concerns about the toxicity of BACE1 inhibitors

and considering the relatively mild phenotypes exhibited by BACE1-null mice (Luo
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et al,, 2003), it is thought that BACE1 is perhaps the best target for reducing Af3

generation (Yan, 2016).
V. Studied medicinal plants

V.1. Arbutus unedoL

A. unedo, (Strawberry tree) (fig. 8), belongs to the Ericaceae family, and it is native
of the Mediterranean climate. It has been traditionally used as food. In folk medicine,
the fruits and leaves of A. unedo are used to treats several diseases (Ziyyat et al., 1997)
such as: antiseptic, laxative, diuretic, astringent, urinary, antidiarrheal, depurative

(Oliveira et al., 2009).

a

Figure 8. Arbutus unedo L (a) whole plant, (b) used part (Inaturalist, 2021a)
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V.2. Coriandrum sativum

Coriander (Coriandrum sativumL.) 1s an aromatic annual herb (fig. 9), belonging
to Apiaceae family, widely grown in North Africa and the Middle East. It is commonly
used for its fresh leaves and dry powder of its fruits (commonly known as coriander

seeds) for its organoleptic and flavoring properties (Barros et al., 2012).

Figure 9. Coriandrum sativum; (a) whole plant, (b) used part (Inaturalist, 2021b)

V.3. Juniperus oxycedrus

Juniperus oxycedrus L. (Cupressaceae) (fig. 10), a dioecious species widely
distributed in the Mediterranean region (Ortiz et al., 1998), appeared as a shrub or small
tree (Tavianoet et al. 2011), used widely in folk medicine (Ben Mrid et al , 2019) and food
as a spice and flavor. Besides, /. oxycedrus isused for parasitic disease, urinary infections

and bronchitis (Loizzoet al. 2007; Djebaili et al. 2013).
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Figure 10. Juniperus oxycedrus; (a) whole plant, (b) used part (Serseg 2018).

V.4. Juniperus phoenicea

Juniperus phoenicea (family Cupressaceae) (fig. 11) 1s a small Mediterranean tree
considered as an important medicinal plant largely used in traditional medicine (Meloni
et al., 2006; Mazari et al., 2010). Its distribution, ranging from Portugal to Saudi Arabia,
covers the whole Mediterranean basin (Meloni et al., 2006). It is also native to North

Africa in Algiers and Morocco, as well as the Canary Islands (Adams et al., 1996)
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Figure 11. Juniperus phoenicea; (a) whole plant (Serseg, 2018), (b) used part (Inaturalist,
2021c)

V.5. Lavandula stoechas

Lavandula stoechasbelongs to the family of Lamiaceae (fig. 12), is one such plant
with potential therapeutic eftects. Ethnobotanical used for rheumatic diseases,
polyarthritis, nephritis, cystitis and gastric infections have traditionally been treated

with L. stoechas extracts (Ez zoubi et al. 2020; El-Hilaly et al. 2003).
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Figure 12. Lavandula stoechas; (a) whole plant, (b) used part (Inaturalist, 2021d,e)

V.6. Saussurea costus

Saussurea costus (S. costus) belongs to Asteraceae family (fig. 13), is well known
in Islamic medicine. It is known in Arab countries as “Al-Kost Al-Hindi” and used by
traditional healers since the era of the Islamic civilization. It was used traditionally as a
stimulant, antiseptic, carminative, sedative, bronchodilator and astringent agent (Wani

etal, 2011; Abdallah et al., 2017).

a b
Figure 13. Saussurea costus; (a) whole plant, (b) used part (Nadda et al., 2020)
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V.7. Lepidium sativum

Lepidium sativum (Brassicaceae (Cruciferae)) (fig. 14), known as, garden cress in
English, is an annual, herbaceous edible plant, native to Egypt and Southwest Asia
(Doke et al., 2014; Imade et al., 2018; Samec et al, 2019). It has a major therapeutic
significance (Altay etal., 2018). The seedlings are consumed in Europe as salad and spice
(Maier et al., 2015). The edible whole seed is known to have health-promoting
properties and possessing a number of pharmacological properties such as treatment for
bronchitis, asthma, and cough. It is considered diuretic, antibacterial, gastrointestinal
stimulant and gastroprotective (Gokavi et al., 2004; Karazhiyan et al., 2009; Jain et al,,

2016).

Figure 14. Lepidium sativuam; (a) whole plant, (b) used part (Inaturalist, 2021f)
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VI. Secondary metabolites
Secondary metabolites are organic compounds produced by living organisms such
as bacteria, fungi, plants, and animals (James, 2017) that are not involved directly in the

normal growth, development and reproduction of the organism (Anulika et al., 2016).

About 500,000 secondary metabolites have been described to date, 350,000 of
these are from plants (Bills and Gloer, 2017). Plant secondary metabolites can be found
in the leaves, flowers, stem, root, or bark of the plant (Anulika et al., 2016). They are
key components of active and potent defense mechanisms (Bennett and Wallsgrove,
1994). Due to their large biological activities, plant secondary metabolites have been
used for centuries in traditional medicine (Bourgaud, et al, 2001). Plants' secondary
metabolites can be classified into three distinctive groups namely: terpenes, phenolic
compounds and nitrogen-containing compounds such as alkaloids (Anulika et al., 2016;

Guerriero et al., 2018).

VI.1. Terpenes

Terpenes and terpenoids are a widely distributed family of natural products (Davis
and Croteau, 2000), about 55,000 molecules were isolated so far (Chen and Baran, 2009).
Terpenes are isoprene (2-methylbuta-1,3-diene) oligomers (Grabarczyk et al., 2020),
classified depending on the size into hemiterpenes, monoterpenes, sesquiterpenes,
diterpenes, triterpenes, tetraterpenes, and polyterpenes (Paduch et al., 2007). Their role
in plants is not fully explained, but as the main components of essential oils (Grabarczyk
et al., 2020), they appear to be responsible for the fragrance that can attract pollinating
insects (Schwab et al., 2008), and as a defense against abiotic and biotic stresses, for
instance against bacterial or fungal infection, insect or plant-eating animals (Berenbaum

and Feeny, 1981; Schilling et al., 2015; Yazaki et al., 2017).

Terpenes are considered among the most important substances with various

medical properties (Camargo et al, 2018; Cox-Georgian et al, 2019) It has been

33



Chapter 1: Literature review

described the use of several diterpene compounds such as andrographolide in humans
diagnosed with Alzheimer’s disease, for preventing and treating cognitive impairment
(Orozco and Aguilera, 2005; Sabnis, 2018). Andrographolide is a diterpene that binds to
GSK-3p to prevents changes in the neuropathology of Alzheimer’s models (Inestrosa

and Orozco, 2015).

VI.2. Phenolic compounds

Phenolic compounds are bioactive molecules with great potential therapeutic
value (Luna-Guevara et al., 2019), defined chemically as a substance that possesses an
aromatic ring contained one or more hydroxy substituents (Velderrain-Rodriguez et
al., 2014), and include mainly flavonoids, simple phenolics, phenolic acids, tannins,
stilbenes, anthocyanins, coumarins, xanthines and lignans (Khalaf et al., 2019).
Typically, phenolic compounds are related to defense responses in the plant and as a
response to environmental and functional stress such as exposure to pathogenic factors,
insect attack, UV radiation, and injury (Yang et al., 2018; Naczk and Shahidi 2004;
Khoddami et al ., 2013). However, phenolic metabolites play an important part in other
processes, for instance incorporating attractive substances to accelerate pollination,
coloring for camouflage and defense against herbivores, as well as antibacterial and

antifungal activities (Lin et al., 2016).

Phenolic compounds have been receiving increasing interest due to their
potential to improve human health and prevent different diseases which are proved
after continuous consumption (Luna-Guevara et al., 2019), Phenolic compounds also

have been investigated widely for treating Alzheimer’s disease (Sabnis, 2018).

V1.3. Alkaloids

Alkaloids is a term used to describe a large and diverse group of chemicals that

have at least one nitrogen atom in a heterocyclic ring structure and alkali-like
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properties (Taylor and Hefle, 2017). Most alkaloids are derived amino acids such as
phenylalanine, tyrosine, tryptophan, ornithine, andlysine (Verpoorte, 2005). The

majority of alkaloids are colorless with a bitter taste (Kukula-Koch and Widelski, 2017).

Alkaloids have a wide range of biological activities (O’Connor, 2010), therefore
they have a commercial interest as medicines and tools in pharmacological studies.
These substances have unique properties for medicinal use, due to their solubility in
water under acidic conditions and in lipid under neutral and basic conditions
(Verpoorte, 2005). In addition, most alkaloids able to cross the blood-brain barrier
(BBB) and interact with neurotransmitter receptors, which gives it depressant or

stimulation effects on the central nervous system (CNS) (Kerry and Simon, 2013).

VII. Natural products for Alzheimer’s disease

There are many published papers, patents, and patent applications on natural
products used for diagnosing, preventing, and treating Alzheimer’s disease (Sabnis,
2018). In particular, but not exclusively, the use of curcumins (curcumin,
demethoxycurcumin, bisdemethoxycurcumin, or tetrahydrocurcumin) for treating
Alzheimer’s disease has been described (Miller and Mitchell, 2009), due to the ability of
curcumin to link to A plaque and its fluorescence properties, it is suggested to use as
fluorescent marker for diagnosing Alzheimer’s disease (Koronyo et al., 2011), Eight
other patents filed about the uses of curcumin and its derivatives to treat or diagnostic
Alzheimer’s disease (Sabnis, 2018). Also, the use of phenolic compounds from coftee
extract for preventing/treating Alzheimer’s disease has been patented (Bel-Rhlid et al.,
2011 and 2013). Eleven patents filed for the use of galantamine and its derivatives as

Cholinesterase inhibitors to treat AD (Sabnis, 2018).

Several patents have been filed about the uses of diterpenes such as Labdane,
isosteviol, Steviol (Zhao et al, 2012), tanshinone derivatives synthetized (Dev and

Subbiah, 2007) or extracted from salvia genus as acetylcholinesterase inhibitors (Shaw et
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al., 2004 and 2006), and triterpenes such as lupeol, betulin, betulinic acid, erythrodiol,
oleanolic acid, maslinic acid, uveol, ursolic acid, hydroxytyrosol, verbascoside,
oleuropein, echinacoside, martynoside, leucosceptoside and mixtures thereof
(Quintela Fernandex et al., 2014 and 2016), oleanolic acid, hederagenin, ursolic acid
(Choi et al., 2007a,b, 2011 and 2014), celastrol, pristimerin (Vigo-Pelfrey et al., 1999),
ginsenoside compounds (dammarane) (Kim and Chung, 2005 and 2008), oleanane and
glycosides of oleanane triterpenes, namely, D-Glu(OMe),, L-Ara-(OAc);, and D-
Gal(OAc)4 (Honda et al., 2005), alpha-irigermanal, gama-irigermanal (Ichinose and
Kakuo, 2014 and 2015), gypensapogenin A (Shi et al., 2013a) and gypensapogenin B (Shi
et al., 2013b), methyl toonapubesate A (Guo et al.,, 2012) for preventing and treating

Alzheimer’s disease.

VII. The number of publications about Alzheimer’s disease in

literature

There is a gradual and rapid growth in the number of publications about

Alzheimer’s disease through the years, especially in recent years.

After a rapid search in publication databases: Springer, ScienceDirect,
PubMed, and Nature, we have found a significant number of publications about
Alzheimer's disease. we have counted a range of O to 730 publications about the topics
related to drugs or targets used in the treatment of AD (fig. 17). While the number of
publications about the pathology and physiology of the disease and reviews (fig. 16) is
more by 10 times the previously mentioned topics, the number of publications in 3

months reach 4871 publications in ScienceDirect database only.

Generally, we note that the highest number of publications was in the

ScienceDirect database.
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For Nature database, according to figure 15; we have observed a fast growth in
publications number about Alzheimer's disease started from 2015 until the current
year, where the number of publications in 2020 was 1775 publication. On the other
hand, according to figures 16 and 17, the major publications on nature database were
generally about understanding this disease and its relation to physiological and
pathological changes in the organism, in contrast, there was a lack of publications about
therapeutic topics, uses of natural product-derived compounds and molecular docking

studies.

Nature publisher publications about Alzheimer's disease
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Figure 15. Nature publisher publications about Alzheimer's disease
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disease+"Antioxydant'; 16: Alzheimer's disease+"Algeria".
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Despite the vast number of publications from the different countries (showed in

figures 15-18), unfortunately, the numbers of the publications about Alzheimer’s

disease affiliated by Algeria still very little (tig. 18), where:

In PubMed database: in 2021, there is one publication from 4316 publications in

general (0,0231%), whereas, in 2020, there were 8 Algerian publications from 13904
(0,0575%).

In ScienceDirect database: in 2021, there is 26 publications from 7241 publication

in general (0,359%), where as in 2020, there was 27 Algerian publications from 14966

0
(0,180%).
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Figure 18. Publications about Alzheimer's disease (Affiliation: Algeria)
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I. Plant material
Lepidium sativum and Corandrum sativum seeds, and Saussurea costus roots
were obtained from a local store in Mars 2018, Juniperus phoenicea, Juniperus
oxycedrus, Arbutus unedo L, and Lavandula stoechas were collected from Djelfa
region in April 2018 and taxonomically identified in the department of Biology,

University of Laghouat.

The aerial parts of A. unedo L, J. phoenicea, J. oxycedrus, and L. stoechas were
air-dried at room temperature, the dried plant material of all plants was ground into

powder using a mechanical grinder. All plant materials were packed and kept until use.

II. Instrumentation
All experiments are based on absorbance methods. Absorbances were determined
either on Shimadzu 1800 UV/Vis spectrophotometer or microplates reader of type
DialabELX 800 UV. For in silico studies, we have used a 8 and 12 CPU workstations

in Laboratory of sciences fundamentals, Amar Telidji university.
III. Extraction

IIT.1. Crude extracts preparation

The crude extracts of A. unedo L, C. sativum, J. phoenicea, J. oxycedrus, L.
steochas, and S. costus were obtained as follows: 25g of plant materials were
successively macerated in three solvents: Hexane (250ml) and Ethyl acetate (250ml),
Methanol (250ml) for 24 hours twice, then filtered on Whatman filter paper. The
extracts were collected, and concentrated under vacuum at 40°C. The final dry weight
was used to calculate extraction yield. The obtained crude extracts contain phenolic

compounds and terpenes, kept at +4°C until use (Harborne, 1973a).
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IIT.2. Alkaloid extract preparation

The alkaloids were extracted according to Gacemi et al (2020). As follows: a
quantity of 25g of L. sativum seeds powder was macerated in 250ml of HCI (10%) for
48h. Then after filtration, the liquid phase was homogenized with 250ml NH,OH
(25%), the alkaloids were extracted by adding chloroform to the aqueous phase.
Finally, we separated the organic mixture and dried it using rotary evaporation at 40°C

to have the dry crude extract of alkaloids.

IV. Phytochemical screening of the plant extracts
The therapeutic eftect of plants is due to the wide variety of secondary metabolites
synthesized by plants, such as flavonoids, tannin, alkaloids, saponin, terpenoids(Yang
et al., 2018). We have conducted a phytochemical screening of all the extracts to
confirm the presence of absence of these secondary metabolites, alkaloids, flavonoids,
saponins, tannins, and terpenoids, by the method described by Harborne and Sazada

(1973) as follows:

A volume of 1mL of different extracts were used to perform the phytochemical

screening by using standard methods for the detection of the following:

e Flavonoids: Treatment by a few drops of AlCl;. The formation of yellow
color indicates the presence of flavonoids (Mabry et al., 1970).

e Tannins: Using ferric chloride reagent (FeCls), the Formation of intensive
green or blue color indicates the presence of tannins, as described by Trease
and Evans (1989).

e Alkaloids: Using Wagner and Mayer reagents, the formation of brown-red
colored precipitate and yellow colored precipitate respectively, indicates

the presence of alkaloids (Harborne, 1973b; Kokate et al., 2003).
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e Diterpenes: Treatment by few drops of cupric acetate, Formation of
emerald green color, indicates the presence of diterpenes (Harborne, 1998;
Rao et al,, 2002; Kokate et al., 2003).

e Triterpenoids and steroids: Using Salkowski’s test: treatment chloroform
followed by concentrated H,SO, shaken and allowed to stand. The
formation of a golden yellow layer at the bottom indicates the presence of
triterpenoids, if the layer is red sterol is present (Prashanth and Krishnaiah,

2014).

An amount of 0.1 g of the plant of each species was mixed into distilled water
then heated in a bain-marie until boiling, then filtered. The aqueous extract was

screened for saponins as follows:

e Saponins (Frothing test): the aqueous extracts were stirred for few seconds.
The formation of a stable soapy foaming substance indicates the presence

of saponins (Kokate et al., 2003; Kumar et al., 2009).

V. Quantification of secondary metabolites

V.1. Determination of total phenolic compounds

Phenolics were determined according to Singleton and Rossi 1965, which was
based on Folin-ciocalteu reagent, and spectrophotometer UV -Visible apparatus. This

method 1s widely used to determine the total phenolic content in plant extracts.

Principle: the principle of this technique is based on the change of the color of
Folin-Ciocalteu reagent to blue, due to its reduction by the phenols on the extract.
This reagent is composed of phosphotungstic acid (H;PW,0,), et phosphomolybdic

acid (H;PMo,,0,), which give blue of tungsten and blue of molybdenum in presence
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of phenols. Those can be detected by a spectrophotometer at 760nm. We have used

gallic acid as a standard phenol.

Protocol: For the standard curve of gallic acid, we prepare a serial solution with
a croissant concentration of gallic acid. A volume of 250ul of 10% Folin-Ciocalteu
reagent, was added to test tubes contain 50ul of plant extracts alongside with serial
concentrations of standard gallic acid. After 2min, a volume of 1 ml of 4% sodium
carbonate solution (Na,CO;) was added. The solutions were incubated in dark at room
temperature (25°C) for 30 minutes. Then, the absorbance was recorded against blank
(prepared as same as the test but instead of sample, 20 pl of distilled water was added)
at 760 nm using Shimadzu 1800 UV/Vis spectrophotometer. The obtained standard

curve of gallic acid is represented in figure 19.

Gallic acid
2 1,4

1,2 R? = 0,9996 W2

0,6 -l
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Figure 19. The standard curve of gallic acid.

The total phenolics content expressed as mg gallic acid equivalent (mg GAE.g™' of dry
weight), and was calculated from the standard curve according to the equation:
() @)
* * | —
a w

TPC = mg GAE. g1

Where:
TPC: Total phenolics content
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Abs: Absorption

a: The slope

d: Dilution ratio

V: Total volume (mL)

W: Total dry weight of the sample (g)

V.2. Determination of total flavonoids

The flavonoids in extracts were estimated by the aluminum chloride colorimetric
method according to Lamaison and Carnat (1991) method, which is based on aluminum
chloride as a reagent, and spectrophotometer UV-Visible apparatus. This method is

widely used to determine the total flavonoid content in plant extracts.

Principle: The principle of this technique is based on the formation of a yellow-
colored complex that can absorb at 430 nm using a spectrophotometer. Aluminum
chloride form a stable complex with carbonyl group (C4) and hydroxyls groups (C3
and C5) of the flavones and flavonols, and non-stable compounds with dihydroxyls
ortho of cycle A or B of flavonoids (Mabry et al., 1970). We have used quercetin as a

standard flavonoid for the standard curve.

Protocol: A volume of 500 ul of each sample was taken in a test tube alongside
with difterent standard quercetin solutions, 500 pl of 2% aluminum chloride (AICl;)
was added to each tube. The blank was prepared by adding the same amount of ethanol
instead of the extracts. After incubation at dark and room temperature for 15 min, the
absorbance of the reaction mixture was measured at 430 nm using Shimadzu 1800
UV/Vis spectrophotometer. The obtained standard curve of quercetin is represented

in figure 20.
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Figure 20. The standard curve of quercetin.

The total flavonoids content was expressed as mg quercetin equivalent (mg QE.g”
! of dry weight), and was calculated from the standard curve according to the equation:
() @)
* * | —
a w

TFC = mg QE. g1

Where:

TFC: Total flavonoids content

Abs: Absorption

a: The slope

d: Dilution ratio

V: Total volume (mL)

W: Total dry weight of the sample (g)

VII. Acetylcholinesterase assay
The activity of AChE electric eel) was achieved as described by Tel et al. (2012), a
slightly modifying the spectrophotometric method developed by Ellman et al. (1961).
130uL of sodium phosphate bufter (pH 8.0), 20 uL AChE solution in bufter and 10pL
of the solution of the tested compounds dissolved in ethanol at difterent concentrations

were mixed and incubated for 15 min at 25°C, and 20 yL of DTNB was added. The
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reaction was then initiated by the addition of 20 uL of 2 mg/ml acetylthiocholine
iodide. The mixture was incubated at 37°C for 10 min. The hydrolysis of the substrate
was monitored spectrophotometrically by the formation of yellow 5-thio-2-
nitrobenzoate anion as the result of the reaction of DTNB with thiocholine, released
by the enzymatic hydrolysis of acetylthiocholine iodide, at 405 nm using a 96-well
microplate reader. We have used donepezil as the reference compound (Ellman et al.,

1961; Tel et al., 2012).

VIII. In silico study
Molecular docking is a computational simulation approach used to predict the
affinity of binding of the small molecule to their protein targets by using scoring
tunctions (Nisha et al., 2016). The inhibitory eftect of studied compounds on hAChE,
hBChE, hMAGL, and hBeta-secretase was investigated by flexible docking

experiments.

VIII.1. Receptors and molecules selection
VIII.1.1. Selection of receptors

We have chosen four enzymes that are involved in brain function and were
admitted as pharmacological targets for the development of new drugs to cure
Alzheimer’s disease. Those enzymes are Acetylcholinesterase, Butyrylcholinesterase,
Monoacylglycerol lipase, and Beta-secretase 1. The role of these receptors was

mentioned in the review chapter (Pages: 22-26).

For human acetylcholinesterase, human butyrylcholinesterase, human
monoacylglycerol lipase, and human beta-secretase 1, we have chosen PDB files IDs:
604W, 1POM, 5ZUN, and 6E]3, respectively, based on the date of publication of
their X-ray crystal coordinates, those are the newest crystallized structures published

with the highest resolution and were crystallized with known ligands: donepezil,
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choline molecule, 9JX (PubChem ID: 134820912), and B7T (PubChem ID: 363591852)

respectively.

VIII.1.1. Selection of ligands

The major components of the studied plant from the methanolic or alkaloid
fraction were chosen as ligands from molecular docking study to test their ability to
interact with the enzymes involved in Alzheimer’s disease. Those molecules are

presented in table 1, and 2D structures are presented in the appendices n:1.
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Table 1. the major components of studied plants and their PubChem IDs.

MOLECULE
PLANT PubChem REFERENCE
Name Type CID Canonical SMILES
Gallocatechin Flavonol 65084 C1C(C(OC2-CC(-CC(-C21)0)0)C3-CC(-C(C(-C3)0)0)0)O
]
=
g Ethyl gallate Phenolic acid 13250 CCOC(-0)C1-CC(-C(C(-C1)0)0)O Fiorentino et al., 2007
=)
< Arbutin hydroquinone 440936 C1-CC(-CC-C10)0C2C(C(C(C(02)C0O)0)0)O
p-coumaric acid Phenolic acid 637542 C1-CC(-CC-C1C-CC(-0)0)O
Ferulic acid Phenolic acid 445858 COC1-C(C-CC(-C1C-CC(-0)0)O
Chlorogenic acid Phenolic acid 1794427 C1C(C(C(CCC(-0)0)0)OC(-0)C-CC2-CC(-C(C-C2)0)0)0)O
Kaempferol (Leaves) Flavonol 5280863 C1-CC(=CC-C1C2-C(C(=0)C3-C(C-C(C-C302)0)0)O)O
g Quercetin (Leaves) Flavonol 5280343 C1-CC(-C(C-C1C2-C(C(-0)C3-C(C-C(C-C302)0)0)0)0)O
g o
Be] Stigmasterol Sterol 5280794 CCC(C-CC(C)C1CCC2C1(CCCIC2CC-CACI(CCC(CHOYC)C)C(C)C Laribi etal., 2015
<
(7]
@) B-sitosterol Sterol 222284 CCC(CCCC)C1CCC2C1(CCCIC2CC-C4CIH(CCC(CHO)C)C)CC)C
y-tocopherol Tocols 92729 CC1-C(C-C2CCC(OC2-C1C)(C)CCCC(C)CCCC(C)CCCCC)C)O
CC1-C(C2-C(CCC(02)(C)CCC-C(C)CCC-C(C)CCC-C(C)
a-tocotrienol Tocols 5282347
C)C(-C10)C)C
y-tocotrienol Tocols 5282349 CC1-C(C-C2CCC(OC2-C1C)(C)CCC-C(C)CCC-C(C)CCC-C(C)C)O
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Yaglioglu and Eser,

Catechin Flavan-3-ol 9064 C1C(C(OC2-CC(-CC(-C21)0)0)C3-CC(-C(C-C3)0)0)O 017
Quercetin 1l I I
Ozdemir, 2016
Myricetin Flavonol 5281672 C1-C(C-C(C(=C10)0)0)C2-C(C(-0)C3-C(C-C(C-C302)0)0)O
» CC1C(C(C(C(O1)OCC2C(C(C(C(02)OC3-C(OC4-CC(-CC(=C4
g Rutin Flavonol 5280805
'?‘3 C3-0)0)0)C5-CC(=C(C=C5)0)0)0)0)0)0)0)O
>
3 Naringenin Flavanone 932 C1C(OC2-CC(-CC(=C2C1-0)0)0)C3-CC-C(C-C3)O
o)
CC1C(C(C(C(O1)OCC2C(C(C(C(02)OC3-CC(-C4C(-0)CC(OC4 Ben Mrid et al., 2019
Hesperidin Flavanone 10621
-C3)C5-CC(=C(C=C5)0C)0)0)0)0)0)0)0)O
Salicylic acid Phenolic acid 338 C1-CC-C(C(-C1)C(-0)0)O
Thymoquinone Terpene 10281 CC1-CC(=-0)C(-CC1-0)C(C)C
3-p-Coumaroylquinic acid Phenolic acid 9945785 C1C(C(C(CC1(C(-0)0)0)OC(-0)C-CC2-CC-C(C-C2)0)0)O
s C1C(C(C(C(O1)0C2-C(OC3-CC(-CC(-C3C2-0)0)0)C4-CC
L Quercetin-O-pentoside Flavonol 5878729
5 -C(C-C40)0)0)0)O Ghouti et al., 2018
g & 10)0)O0)0)
=
- C1C(C(C(C(O1)OC2-C(OC3-CC(-CC(-C3C2-0)0)0)C4-CC
) Myricetin-O-pentoside Flavonol 21477996
(=C(C(=C40)0)0)0)0)O
R osmarinic acid Phenolic acid 5281792 C1-CC(-C(C-C1CC(C(-0)0)OC(-0)C-CC2-CC(-C(C-C2)0)0)0)O
E
S Chlorogenic acid /! Il Il Celep etal., 2018
=]
=Y
"’_ Apigenin 7—g1ucoside . C1=CC(=CC=C1C2=CC(=0)C3=C(C=C(C=C302)0OC4C(C(C(C(O4HCO
o Flavonoid 5280704

Y0)0)O)YO)O
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Luteolin 7-O-B-D-glucoside Flavonoid 12015660 No available structure
C1-CC(-CC(-C1)OC2-C(C-CC-C20)CC3-NC-CN3)CC4-N
Lepidine B Alkaloid 100927764
g C-CN4
2 Maier et al., 1998
‘g C1=-CC(=CC(=C1)OC2-C(C=CC(=C2)CC3-NC=-CN3)O)CC4=-
i Lepidine E Alkaloid 100927767
NC-CN4
Sesquiterpene
Dehydrocostus lactone ) 73174 C-C1CCC2C(C3C1CCC3-C)0OC(-0)C2-C Pandey et al., 2007
actone
«
é Malic acid 525 C(C(C(=0)0)O)C(=0)O
g
175) Chlorogenic acid /] /] /] Yang et al., 2017
Quinic acid Phenolic acid 6508 C1C(C(C(CC1(C(=0)0)0)0)0)O
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VIIL.2. ADMET and drug-likeness evaluation

The vast majority of drug candidates fails due to their toxicity. ADME/Tox
studies play a crucial role in the success of a drug candidate (Li, 2001). The evaluation
of ADMET and the drug-likeness prediction of the studied compounds has been

carried out using webservers: admetSAR 2.0 (http://lmmd.ecust.edu.cn/admetsar2/)

and SwissADME server (http://www.swissadme.ch/index.php). The  canonical

SMILES of the compounds were obtained from PubChem Database to calculate

ADMET properties.

VIIL.3. Preparation of molecules and receptors

All molecules were obtained from PubChem database (Kim, 2016) and assembled
with Discovery Studio visualizer v4.0. The PDB files of four enzymes (PDB IDs:
604W, 1POM, 5ZUN, and 6E]J3) were downloaded from the Protein Data Bank

(PDB) (Berman et al., 2000).

To regard the flexibility of side-chain during docking, flexible torsions in the
ligands were assigned, and the acyclic dihedral angles were allowed to rotate freely

(Martins et al., 2011).

For Proteins, they were prepared by removing all heteroatoms, any ligands, co-
crystallized solvent, and water molecules, expect the involved water molecules in the
interactions between inhibitors and enzymes, they have been set for docking. Polar
hydrogens and partial charges were added to the structure using Autodock tools (ADT)
(version 1.5.4) (Morris et al, 2009). The software uses rectangular boxes for the binding
site, the center of the box has been set and displayed using ADT. The Docking was
flexible where Trp286, Tyr124, Tyr337, Tyr72, Asp74, Thr75, Trp86, and Tyr341
receptor residues of hAChE were selected to keep flexible during docking simulation

(Bartolini et al., 2011). The motion of these residues facilitates the access of ligand to the
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catalytic site by increase the size of the gorge (Chioua etal., 2018). The PDB IDs of four

enzymes with their different docking parameters are shown in table 2:

Table 2. Target drug enzymes and docking parameters.

PDB Number of Water

Enzyme x*y*z Center of Grid Box x*y*z Size of Grid Box
ID Molecules
Acetylcholinesterase ~ 604W - 90.473*84.969*-7.352 24*25%22
HOH772, HOHS11,
Butyrylcholinesterase ~ 1POM 130.099*120.256*40.93 22*16*18
HOH 890
HOH601, HOH625,
B-secretase 6EJ3 -20.009*-37.666*-8.61 20*20*18
HOH671
Monoacylglycerol HOH365,HOH377,H
5ZUN -13.93*22.411*-9.731 24*22*22
lipase OH406,HOH441

VIII 4. Molecular docking

Molecular docking was performed by the AutoDock Vina program (Morris et al.,
2009), in a 12 and 8 CPU stations. The default settings were used, except that the
number of output conformations was set to 1. The number of docking runs was set at
50 runs. The number of solutions obtained is equal to 50 conformations. All these
solutions are very well handled. The 'random seed' is random. The preferred
conformations were those of lower binding energy within the active site (Benarous et
al., 2015; Serseg et al., 2018). Finally, the generated docking results were directly loaded
into Discovery Studio visualizer, v 4.0 (Systémes, 2016). We have used LigPlot+ to
generate images with the precise hydrogen bond length (Laskowski and Swindells,

2011).

X. Statistical analysis
The experiments were replicated three or six times for each of a range of

concentrations and the results were expressed as an average with standard deviation.
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I. Extraction yield
After the extraction and evaporation of the extraction solvent, the residue was

weighted and used to calculate the extraction yield. The yield was calculated as follows:

Extract weight X 100

Yield% =
leld% Dry plant

The weight, yield and appearance of the different extracts are represented in table 3.

Table 3. The weight, yield and appearance of the extracts

Plant Solvent Weight (g) Yield (%) Color Aspect
Hexane 1.064 4.256 Green Past-Solid
Arbutus unedo L Ethyl Acetate 0.636 2.544 Green Dry matter
Methanol 2.330 9.322 Dark green Dry matter
Hexane 1.945 7.779 Brown Green Oily
Coriandrum sativum Ethyl Acetate 0.932 3.729 Green yellowish Liquid
Methanol 1.490 5.960 Brown Past
Hexane 0.5337 2.135 Dark green Dry matter
Juniperus oxycedrus Ethyl Acetate 0.6921 2.768 Dark green Dry matter
Methanol 3.284 13.136 Dark Brown Dry matter
Hexane 0.952 3.809 Dark green Dry matter
Juniperus phoenicea Ethyl Acetate 1.293 5.170 Dark green Dry matter
Methanol 1.713 6.853 Dark green Dry matter
Hexane 0.126 0.504 Yellow-green Past
Lavandula stoechas Ethyl Acetate 1.156 4.624 Green Past
Methanol 1.728 6.912 Green Past
Hexane 1.078 4.315 Yellow Oily thick
Saussurea costus Ethyl Acetate 0.483 1.931 Green Liquid
Methanol 2.034 8.136 Brown past
Lepidium sativum Alkaloids 0.25 1.000 White Dry matter
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The results showed that all plant extract showed different amounts of extractable
soluble compounds, and it was an expected result. We observed that the methanol
exhibits the highest yield, except C. Sativum, where, the hexane extract is higher than
methanol extract, 7.78% and 5.96% respectively; for C. Sativum we have used seeds,
for that, we think the hexane gives a high yield because of the seeds are rich in oils,
where the aspect of hexane extract was oily.

In comparisons between different methanolic extracts, /. oxycedrus exhibits the
highest yield (13.14%), followed by A. unedo, S. costus, L. stoechas, J. phoenicea, C.
sativum respectively. Whereas, for ethyl acetate extracts, the highest extraction yield
was exhibited by /. phoenicea (5.17%), tollowed by L. stoechas, C. sativum, J.
oxycedrus, A. unedo and S. costus, respectively..

Our results are a little different from those in the literature as shown in Table 4.
For A. unedo, our results are less than that found by Andrade et al., 2009; Oliveira et al.,
2009; Pavlovi¢ et al., 2009; and Malheiro et al., 2012, where the extraction yield of leaves
was 10.01, 45.05, 22.85, 61.1% respectively. In addition, the extraction yield of /.
oxycedrusin this study was less than that mentions by El Jemli, et al., 2016 and Zivi¢ et
al., 2019 where they found 18.01, 49.80 and 15.6% respectively.

Whereas, our results for S. costusare higher than that found by Ahmed et al., 2016,
we can explain the differences between our results and the results in literature by the
part of the plant used, the solvents used in the extraction process, and finally the place
of harvest, where the change in the environment leads to change in the content on the

metabolites in the plant (John et al., 2006).

56



Chapter 3: Results and discussion

Table 4. Extraction yield of studied plants in literature.

Used i
Plant Place Solvent Yield % References
part
Portugal Arial part Ethanol 10.04 Andrade et al., 2009
Portugal Leaves Boiling water 61.1-27.8 Malheiro et al., 2012
A.undo —
Portugal Leaves Methanol 22.85 Oliveira et al., 2009
Serbia leaves Ethanol 45.05 Pavlovi¢ et al., 2009
berries Ethanol 49.80 Zivié etal., 2019
Serbia -
berries Ethyl acetate 15.60 Zivi¢ et al., 2019
J. oxycedrus mMorocco Leaves Boiling water 18.01+ 0.08 El Jemli, et al., 2016
Algeria Root bark Hexane 3.5 Chaouche et al., 2015
Algeria Root bark Methanol 12.1 Chaouche et al., 2015
morocco Leaves Boiling water 20.13+ 0.05 El Jemli, etal., 2016
Chloroform 3.37
Morocco Leaves Ethyl acetate 1.89 Amalich et al., 2016
J. phoenicea Methanol 9.08
Hexane 4,80
Tunisia Leaves Ethyl acetate 5,12 Amalich etal., 2016
Methanol 16,76
S. costus India Roots Methanol 2.4+0.265 Ahmed etal., 2016
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II. Phytochemical screening of the plant extracts

The phytochemical tests have enabled us to demonstrate the presence of some
secondary metabolites in our studied plants by qualitative characterization
(precipitation, coloring with specific reagents, or by examination under the light. UV).
The results of the phytochemical test are summarized in Table 5.

According to the results showed in Table 5, preliminary phytochemical screening
of different extracts of studied plants revealed the presence of various bioactive
components such as alkaloids, flavonoids, terpenoids, steroids, diterpenoids, and
tannins.

The phytochemical results reveal that hexane is not an ideal solvent for the
preparation of plant extracts rich in phenolic compounds, but it is ideal to extract
terpenoids as much as ethyl acetate.

The tests of flavonoids, tannins, alkaloids for all plants conducted with the hexane
extract gave a negative result, with the two remaining solvents, the secondary
metabolites results show positive results for the presence of flavonoids, tannins,
diterpenoids, triterpenoids, and steroids, except the ethyl acetate extract of S. costus
which gives negative results for both flavonoids and tannins tests. The ethyl acetate
extract of C. sativum gives also negative results for tannins, diterpenoids, triterpenoids
and steroids tests. Only the methanol extract of L. stoechas shows the absence of
diterpenoids.

The alkaloids are present in small quantities in methanol extract of A. unedo, C.
sativum and S. costus, while they are absent in the other methanol extracts and all
hexane and ethyl acetate extracts of all studied plants.

As shown in Table 6, the results of our study did not differ significantly from those
reported in literature where it is reported the presence of flavonoids, tannins,
terpenoids, and steroids in studied plants, except the methanol extract of /. phoenicea
and A. unedo where it is reported the absence of alkaloids. And the absence of saponins

in J. phoenicea ,A. unedo, J. oxycedrus, S. costus.
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Table 5. The results for the presence of secondary metabolites in various extracts

Plant Extract Flavonoids Tannins Saponins Alkaloids Diterpenoi Triterpenoids
W M ds and steroids
Hexane - - n.d. - - ++ -
Ethyl Acetate + + n.d. - - et +
Arbutus unedo L
Methanol 4+ a4l n.d. + ++ FR 4R
Water n.d. n.d. . n.d. n.d. n.d. n.d.
Hexane - - n.d. - n.d. + -
) ) Ethyl Acetate + - n.d. - n.d. - -
Coriandrum sativum
Methanol e+ + n.d. + e+ 4 ++
Water n.d. n.d. - n.d. n.d. n.d. n.d.
Hexane - - n.d. - - + +
, Ethyl Acetate + ++ n.d. - - + +
Juniperus oxycedrus
Methanol +++ +++ n.d. - - + +
Water n.d. n.d. ++ n.d. n.d. n.d. n.d.
Hexane - - n.d. - - + R
. . Ethyl Acetate + + n.d. - - o +4R
Juniperus phoenicea
Methanol + 444 n.d. - + FRREE 4R
Water n.d. n.d. . n.d. n.d. n.d. n.d.
Hexane - - n.d. - - et ++
Ethyl Acetate ++ + n.d. - - ++ ++
Lavandula stoechas
Methanol ++ s n.d. - + - R
Water n.d. n.d. ++ n.d. n.d. n.d. n.d.
Hexane - - n.d. - - + P
Ethyl Acetate - - n.d. - - ++ 4P
Saussurea costus
Methanol + 4P n.d. + + 4+ R
Water n.d. n.d. 4+ n.d. n.d. n.d. n.d.

+++: Important presence, ++: average presence, +: weak presence and -: absence; b: blue-green (the presence of gallic tannins); d: dark green (the

presence of catechic tannins); *Brown precipitate, W: Wagner’s test; M: Mayer’s test.
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Table 6. The results for the presence of secondary metabolites in various extracts in the literature

Used
Plant solvent Flavonoids Tannins Saponins Coumarins Alkaloids Steroid Triterpenes References
part
Boiling n.d. n.d. Kachkoul etal.,
Leaves ++ +++ - n.d. -
water 2018
Roots Methanol + + - - - n.d. n.d. Dib etal., 2013
A unedo . n.d. El Cadi ctal.,
Fruit Ethyl acetate + + + - + -
2020
. n.d. El Cadi etal.,
Fruit Methanol + + - - + +
2020
. . Ahmed et al.,
C. sativum Fruit Methanol ++ + + + - ++ -
2018
. Zivi¢ etal.,
Berries Ethanol + + - + + + +
d 2019
. oxycedrus .
J Y . Zivi¢ et al.,
Berries  Ethyl acetate + - - - + + +
2019
. n.d. Amalich et al.,
J. phoenicea Leaves Methanol +++ + - - + ° 016
Arial Ethanol- n.d. n.d. Ez Zoubi et al.,
+ + n.d. + +
Parts water 2020
Boufellous et al.,
L. stoechas Leaves  Ethyl acetate - ++ n.d. ++ - +++ +++ ot 017
Ethanol- Mushtaq et al.,
Leaves + + + n.d. ++ + +
water 2018
Abdallah et al.,
Ethanol + + - + + + +
2017
S. costus India
Hexane - - - d - + + Ahmed et al.,
n.d.
Methanol + + - + + + 2018
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III. Quantification of secondary metabolites

Phenolic compounds in plants constitute a major class of secondary plant
metabolites with bioactive potential attributed to antioxidant and antibacterial
activities. Free phenolic acids or derivatives present in ester or ether form, are found in
varying quantities throughout plant tissues in response to characteristic synthesis
patterns resulting from encounters with difterent forms of environmental stress (Saha
and Pal, 2021).

All extracts were analyzed quantitatively by spectrophotometer for their total
polyphenol contents using the Folin-Ciocalteu method and flavonoid contents using
AlCIl; method. The results obtained are expressed in mg gallic acid equivalents (mg
GAE) per g of dry weight for phenols and mg quercetin equivalents (mg QE) per g of
dry weight Table 7, summarized the results of total phenolics and flavonoids
quantifications.

Table 7. Total phenols and flavonoids contents in plant extracts.

TPC TEC
Plant Extract
(mgGAE/gDW) (mgQE/gDW)

Hexane 0.762+0.043 0.099+0.003
Arbutus unedo L Ethyl Acetate 1.187+0.092 0.430+0.016
Methanol 15.913+0.179 2.208+0.073

Hexane 0.707+0.075 0
Coriandrum sativum Ethyl Acetate 0.547+0.040 0.018+0.007
Methanol 2.246+0.027 1.244+0.022
Hexane 0.610+0.067 0.030+0.010
Juniperus oxycedrus Ethyl Acetate 0.914+0.061 0.588+0.041
Methanol 29.106+0.504 7.699:0.481
Hexane 1.105+0.066 0.085+0.008
Juniperus phoenicea Ethyl Acetate 2.857+0.043 0.439+0.024
Methanol 8.631+0.013 0.573+0.078
Hexane 0.125+0.053 0.004+0.002
Lavandula stoechas Ethyl Acetate 1.446+0.017 0.848+0.007
Methanol 3.503+0.123 0.973+0.028
Hexane 0.156+0.047 0.016+0.003
Saussurea costus Ethyl Acetate 0.584+0.057 0.040+0.002
Methanol 11.279+0.045 0.286+0.005
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From the results presented in Table 7 and figures 21, we found that all the
prepared extracts contain phenolic compounds but in widely varying concentrations.
The extract prepared by methanol has presented the highest concentration of total
phenols in comparison to ethyl acetate and hexane. On the other hand, the extracts

prepared by hexane presented the lowest level, the concentration of which was not

exceeded 1.015 mgEGA/gDW.

Whereas, Total flavonoids contents were determined as quercetin equivalents in
milligrams per gram of dry weight respectively. As shown on figure 22, the highest
total flavonoid contents in /. oxycedrus methanol extract. In methanol extracts, total
flavonoid contents ranged between 7.70 and 0.02 mgEQ/gDW. Low quantities of

flavonoids were observed in ethyl acetate and hexane extracts of all studied plants.

In addition, we observed an absence of flavonoids in the hexane extract of C.

sativum.
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Figure 21. Total phenolic content
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Figure 22. Total flavonoid content

The results of the quantification of total phenolic and flavonoids content in our
study are slightly different from the results reported in the literature, which are also

different between each other.

The change in the biotope and biocenosis around the plant lead to a change in

the secondary metabolite quantitatively and qualitatively.

According to Table 8, Msaada et al. 2017 reported that the coriander extract had
a 1.09 and 1.00 mgGAE/gDW of total phenolic polyphenol content in Syrian and
Tunisian varieties. Indeed, the methanolic extract of C. sativum has been previously
reported to present a polyphenol content of 1.89 mg GAE/g DW in the Norwegian

variety.

For A. unedo, it has been reported to be rich in phenolics and flavonoids
according to Andrade et al., 2009, Oliveira et al., 2009, Pavlovi¢ et al., 2009, Malheiro et

al., 2012 and Kachkoul et al., 2018 (Table 8). In the studies of Laribi et al., 2015, Zivié et
al., 2019, Zivi¢ et al., 2019, El Jemli, et al., 2016, Chaouche et al., 2015, Chaouche et al.,

2015, Chaouche et al, 2013, Djeridane et al., 2006, it has been found a significant amount
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of phenolics and flavonoids in /. oxycerus. In addition, we found several studies focused
on the quantification of phenols and flavonoids of /. phoenicea have some good
quantities of these compounds, this explains the different biological activities exhibited

by this plant.
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Table 8. Total phenols and flavonoids contents in plants extracts in literature

Plant Place Used part Solvant TPC mgGAE/g DW) TFC mgQE/g DW) References
Portugal Arial part Ethanol 254.50+4.60a 30.30+1.62b Andrade et al., 2009
Portugal Leaves Boiling water 215.0-148.0a - Malheiro et al., 2012
A.undo Portugal Leaves Methanol 149.28+5.33a - Oliveira et al., 2009
Morocco Leaves Boiling water 95.83 +2.083 - Kachkoul et al., 2018
Serbia Leaves Ethanol 11.08+0.28%c 1.92+0.07%c Pavlovi¢ et al., 2009
n.m. Arial part Methanol 110 £9.9d - Wong and Kitts, 2006
Portugal Vegetative parts Methanol:water 6273.47+ 1.16¢ 5259.52+69.91e Barros et al., 2012
C. sativum Syria Fruits Methanol 1.09 2.51+0.08 Msaada et al., 2014
Tunisia Fruits Methanol 1.00 + 0.06 2.03+0.04 Msaada et al., 2014
Norwegian Fruits Ethyl acetate 1.89f - Laribi et al., 2015
) Berries Ethanol 58.73 +0.14 21.39£0.33 Zivi¢ et al., 2019
Serbia Berries Ethyl acetate 27.20+0.08 18.4320.12 Zivic etal,, 2019
MOorrocc Leaves Boiling water 278.56 9.67¢ 20.81+0.63h ElJemli, etal., 2016
J. oxycedrus Hexane 3.2+0.1 2.0+0.1 Chaouche et al., 2015
Algeria Root bark Methanol 76.2+2.8 39.0+2.5 Chaouche et al., 2015
Needles Methanol:H,O 133.08 = 4.1 61.52+31 Chaouche et al., 2013
Algeria n.m. Ethanol : H,O 12.66 + 0.41 3.50 + 0.50 Djeridane et al., 2006
MOrocco Leaves Boiling water 116.359.71g 6.69 0.22h ElJemli, etal., 2016
Chloroform 1.32 0.54
Morocco Leaves Ethyl acetate 291 2.36 Amalich et al., 2016
J. phoenicea Methanol 1.17 0.36
Hexane 162.3+3.2 96.00+0.48
Tunisia Leaves Ehtyl acetat 180.8+3.6 104.00+0.80 Amalich et al., 2016
Methanol 265.0+5.8 176.00+0.52
S. costus India Roots Methanol 201 59j Ahmed et al., 2016

65 a:GAE/g plant extract; b:QE/g plant extract; c:%Plant material; d:mg caffeic acid/100g fresh weight; e:mg/kg,dw ; f: GAE/100g extract; g:ug
GAE/mg extract; h:ug QE/mg extract; i:ug GAE/g dried material; j: ug Rutin Equivalent/g dried material.
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IV. Acetylcholinesterase assays

Inhibitors of Acetylcholinesterase (AChE) have been introduced to the market as

AD drugs (Zhang et al., 2018; Kabir et al., 2019a; Sharma, 2019). In the current study, in

vitro inhibitory activities of seven plants were tested against AChE using a microplate-

reader assay based on the Ellman method. The obtained results are presented in Table

9 and figure 23.

Table 9. Inhibitory effects of plant extract against Acetylcholinesterase.

Plant Extract IC;y (mg/ml)
Hexane 2.489+0.154
Arbutus unedoL Ethyl Acetate NA
Methanol 0.695+0.059
Hexane 1.775+0.067
Coriandrum sativum Ethyl Acetate n.d.
Methanol 2.792+0.740
Hexane 0.401+0.027
Juniperus oxycedrus Ethyl Acetate 0.599+0.057
Methanol 1.077+0.062
Hexane 1.253+0.096
Juniperus phoenicea Ethyl Acetate 0.615+0.031
Methanol 0.358+0.005
Hexane 1.011£0.221
Lavandula stoechas Ethyl Acetate n.d.
Methanol NA
Hexane 1.506+0.069
Saussurea costus Ethyl Acetate n.d.
Methanol n.d.
Lepidium sativum Alkaloids 0.391+0.067
Donepezil FAD-Drug 0.18+0.002*

n.d. not determined, NA not active, *ug/ml
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The extracts show a wide different range of ICs, values; Where, the good
inhibitory effect against AChE with values 0.358, 0.401, 0.599, 0.615 and 0.659
mg/ml showed by /. phoenicea(Meth), /. oxycedrus(Meth), J. oxycedrus (EtOAC), /.
phoenicea (EtOAc) and A. unedo (Meth) extracts respectively, compared to the
positive control donepezil with I1C5y: 0.18ug/ml. Considering that these extracts are
not pure compound. Followed by a low inhibitory effect translated by high (more than
1mg/ml) IC5, values, those values are 1.011, 1.077, 1.253, 1.506, 1.775, 2.489, and
2.792 mg/ml for the extracts: L. stoechas (Hex), J. oxycedrus (Meth), J. phoenicea
(Hex), S. costus (Hex), C. sativum (Hex), A.unedo (Hex) and C. sativum (Meth)

respectively.

The rest of the extracts were either inactive: A.unedo(EtOAC), L. stoechas(Meth)
or insignificantly active ( mentioned in the table as n.d.). In this case, we find a very
low activity where 1% was less than 10%, for all tested concentrations or the percent
inhibition reach the stability phase before I%=100%, which mean these extracts could
not inhibit the enzyme 100% whatever was the concentration of the extract in the
reaction mixture, those extracts are: C. satzvum (EtOAC), L. stoechas (EtOAC), S.

costus (EtOAC and Meth).

It has been found that the ethyl gallate, as one of the major compounds of A. unedo
(Fiorentino et al., 2007), has an 1Cs, value of 1.907+0.071 mM (Odontuya et al., 2016).
Although we have found that all extracts of C. satzvum neither not active or
insignificantly active. Its major compounds (Laribi et al., 2015; Al-Rimawi et al., 2017;
Corina et al,, 2018; Mighri et al., 2019) have good inhibitory activity against AChE,
namely: Quercetin, Kaempferol, ferulic acid, and Chlorogenic acid with 1Cs, values
of 5.98pug/mL (Jung and Park, 2007), 30.4uM (Min et al., 2010), 1.370mM (Odontuya et

al,, 2016) and 196pug/ml (Hernandez et al., 2010), respectively.

We have found that Juniperus species are rich of phenolics and flavonoinds, we

suggest that the inhibitory eftect of /. phoenicea extract 1s due to quercetin derivatives
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which were declared to be the main compounds in this plant (Ghouti et al., 2018), also
according to Jung and Park, 2007 and Orhan et al., 2007 studies, quercetin derivatives
have been identified as good inhibitors of AChE (IC5,=5.98ug/mL). It has been
demonstrated that quercetin is a competitive inhibitor of AChE (Khan et al., 2009).
While the inhibitory eftect of /. oxycedrus, is due to their major compounds as:
Catechin, Myricetin, Rutin and Naringenin (Ozdemir, 2016; Yaglioglu and Eser, 2017;
Ben Mrid et al., 2019). Based on previous studies, those flavonoids have a significantly
anti-cholinesterase eftect. Odontuya et al.,, 2016 have found the IC;, of Catechin
1.042+0.027mM, and Katalini¢ et al., 2010 also declared that Ki of Myricetin is 37,8uM.
And ICs of Rutin was 86 pg/ml (Hernandez et al., 2010). The data of the study of Heo
et al., 2004 show a significant anti-amnesic effect in mice injected by naringenin and it

has an inhibitory effect on AChE.

Up to date, quite a lot of studies have reported aftirmative effects of plant extracts

in neurodegenerative disease but a few have been examined the Algerian plants.

In comparison with previous results (Table 10): Nunes and Carvalho, 2017, After
using A. unedo leaves extract extracted in different temperatures degrees, declare that
the leaves contain compounds with high inhibitory activity can only be extracted using
temperatures above 40°C. Nevertheless, other extracts obtained using lower
temperatures show a considerable inhibitory activity towards AChE. Moreover the
leaves extracts show the best effect in comparison with fruits and flowers of the same
plant. Politeo and Ercegovi¢, 2019 tested the volatile oil of A. undo where they found

that this oil showed low to moderate AChE activity (48.5 %) for 1 mg/mL.

In general, and based on the results of Murata et al., 2015, Adhami et al., 2011

studies, extracts of C. satzvum showed a low inhibitory effect against AChE.

Tavares et al., 2012 tested AChE inhibitory capacity by four Juniperus, all tested
extracts show significant activity. The inhibitory percent of tested concentrate

0.8mg/ml was estimated by 38.78 + 4.07, 65.48 + 3.03, 72.65 + 17.06, and 55.60 +
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5.2% for J. oxycedrus, J. phoenicea, J. turbinate, and J. navicularis, respectively. Where
J. turbinate was the most eftective species, followed by /. phoenicea, ,J. navicularis and

J. oxycedrus.

Comparing these results with values obtained by Moraga—Nicolas et al. 2018,
we found that AChE inhibitory activity of Hexanic alkaloidal extract, Chloroformic
alkaloidal extract and Buthanolic alkaloidal extract of RAodolirium andicola is higher
than our results with ICs, values of 11.25+ 0.04, 17.34+1.13, and 57.78+1.92 (ug/ml),
respectively, as matched with ICsy value of 0.17+0.15 (ug/ml) for Galantamine
(Reminyl®). In the same report, authors described that alkaloid extracts from
Rhodolirium andicola, containing thirteen alkaloid compounds, include galantamine
and other galantamine-type alkaloids that have AChE inhibitory activity, which
explain the strong inhibitory eftect of these alkaloid extracts (Moraga-nicolas et al.,
2018). The same note was suggested by Cortes and his colleagues about the notable
inhibitory activity as shown by the alkaloidal extract from Zephyranthes carinata (5.97
+ 0.24 pg/ml) which could be related to the presence of galantamine, lycorine, and
lycoramine (Moraga-nicolas et al., 2018; Cortes et al., 2015). The basic CHCI; extract of
Hippeastrum argentinum, alkaloids showed modest activity against AChE (ICs, = 50.2
ug/mL) and weak activity against BuChE (IC5y = 115.5 pg/mL) (Ortiz, et al., 2016).
Butanoic alkaloidal extracts from bulbs of Ammocharis coranica showed a high AChE
inhibitory activity with an ICs, value of 0.05 + 0.02 pg/mL while ethyl acetate
alkaloidal extract from same plant shows a low AChE inhibitory activity with an ICs,
value of 43.1 + 1.22 g/ml (Elisha et al., 2013).

In this regard, Shukla et al. 2011 evaluated the neurobehavioral eftects of the total
alkaloid from L. sativum seeds in Swiss Albino mice and Wistar albino rats. The animals
were intraperitoneally injected with total alkaloids from L. sativum seeds (50, 150 and
250 mg/kg body weight). Total Alkaloids demonstrate sedative, myorelaxant, analgesic
and anxiolytic like effect in mice, as the increased preference to plus-maze open arm

(Shukla et al., 2011; Doke and Guha, 2011).
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Table 10. Inhibitory effects of plant extracts against Cholinesterases in literatures

AChE ee BuChE (equine)
plant Place Used part Solvent References
pg/mL pg/mL
n.m. Leaves Ethanol:water 173.86 = 13.12 518.43 + 22.67 Nunes and Carvalho, 2017
A unedo o Politeo and Ercegovié,
n.m. Volatile oil Ethanol:water 48.5%* -
2019
India Fruits Methanol 3.9%** - Murata et al., 2015
. sati
C. sativum ) Methanol Not Active )
Iran Fruits . - Adhami etal., 2011
DCM Not Active
J. oxycedrus Portugal Leaves Ethanol:water 38.78 + 4.07%* - Tavares et al., 2012
J. phoenicea Portugal Leaves Ethanol:water 65.48 + 3.03*** - Tavares et al., 2012
J. turbinata Portugal Leaves Ethanol:water 72.65 + 17.06%* - Tavares et al., 2012
J. navicularis Portugal Leaves Ethanol:water 55.60 + 5.2%** - Tavares et al., 2012
L. viridis Portugal Arial parts Ethanol 52.81 = 1.22%***  51.19 £ 1.52%™*** Costa et al., 2013
S. costus India Root Ethanol 58.68 + 0.86 94.46 £ 0.5 Kadyala, et al., 2014

Ee: electric eel; *Img/ml; **0.5 mg/ml; ***0.8 mg/ml; ***2.5 mg/ml
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V. Insilico study

V.1. ADMET and drug-likeness evaluation

ADMET and drug-likeness evaluation allows to selection of drug candidates with
good pharmacological properties such as toxicological potential, drug-drug interaction
potential, metabolic stability and intestinal permeability. The prediction of drug
properties based on chemical structure. This method will reduce unecessary time and

cost in drug development.

The most properties evaluated are oral delivery, which is the most desirable route
of drug administration. Therefore, it is important to check if the developed drugs can
be absorbed effectively through the intestinal epithelium, the used model to evaluate
this property in Caco-2, a derived cell from human colon adenocarcinoma. Also,
Inhibitor-Substrat called also Drug-drug interactions, if there is an interaction between
two drugs, this can affect the metabolic stability of these drugs; Drug toxicity is another
crucially important drug property, which generally examinate hepato-toxicity of the

developed drug (Li, 2001).

Lipinski et al., 1997 proposed the “Rule of Five”, which was a filter of drug-
likeness distinguishing whether a molecule is orally absorbed well or not. According
to the Rule of Five, a molecule would not be orally active if it violates two or more of

the five rules, namely: molecular weight (MW) < 500 Da, octanol/water partition
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coetticient (A log P) <5, number of hydrogen bond donors (HBDs) < 5 and number

of hydrogen bond acceptors (HBAs) < 10.

Only a few molecules could pass through BBB, which is an important step for the
molecule to reach the cholinesterase enzymes in the brain. These molecules are Ethyl
gallate, Arbutin, p-coumaric acid, ferulic acid, Salicylic acid, Thymoquinone,
Dehydrocostus lactone and FAD-drugs: Donepezil and Galanthamine. All mentioned
molecules passed the different drug-likeness criteria successfully and were predicted
to be orally bioavailable, they respect Lipinski rules, have high human intestinal
absorption, are not toxic nor Carcinogens nor mutagenesis. These observations
indicate that these molecules are good choices to develop new drugs against

Alzheimer's disease of other diseases.

Based on the results presented in Table 11, not all other studied molecules could
pass through BBB. Whereas, Quercetin and Rutin are suspected to be a mutagenesis
agent; while Quercetin-O-pentoside, Myricetin-O-pentoside, Rutin, hesperidin

violate the Lipinski rules.
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Table 11. ADMET and drug-likeness evaluation of some molecules

e | ABSORPTION METABOLISM TOXICITY
—“ = -2
£ S £ 2 $
2% |f 0 |2 03 8 I8 |3z |¢, .. B
‘g Eg ‘6:‘; g au-g o | Qo | Q| Q|2 gg Eg Eg
=2 Ly | § & | g5 | 2 82l a RS L8 28| B8 88| EX& 7 g =
lecul 2 ze|f8§ |5 |E§f % |2E| % |ZE|FE|FE|FE|F EE £: 2z
PLANT Molecule ) 3 & 2 |3 g - TWE | o0 i £ i 5 5 e Ee g0
5 |84 £2 |8 |£2 &% |dE 4 |DE|0E|0E|0E DE[ZE |SE | FE
-8.17
Gallocatechin + High - - —(0.630) | —(0.928) | +(0.525)
cm/s
o
] -6.59
2 .
g Ethyl gallate + + | High| + + - - —-(0.910) | —(0.685) | —(0.675)
; cm/s
<
-8.92
Arbutin + + | High - - - - —-(0.810) | —(0.957) | —(0.850)
cm/s
-7.05
Quercetin + High - - + - + + +(0.900) | —(1.000) | +(0.735)
cm/s
-6.70
Kaempferol + High - - + - + + | +(0.730) | —(1.000) | +(0.775)
cm/s
-6.26
= P-coumaric acid + + | High - - - - - - - - | —(0.940) | —(0.788) | —(0.600)
E cm/s
E=!
b -6.41
o) Ferulic acid + + High + - - - - - - - —-(0.990) | —(0.803) | —(0.700)
cm/s
-8.76
Chlorogenic acid + - Low - - - - - - - - —-(0.990) | —(0.929) | —(0.575)
cm/s
-2.74
Stigmasterol + - Low - - + - + - - - —(0.830) | —(0.857) | —(0.775)
cm/s

74




Chapter 3: Results and discussion

-2.20
B-sitosterol Low - - - —-(0.870) | —(0.971) | —(0.750)
cm/s
-1.51
y-tocopherol Low - - - —(0.800) | —(0.943) | —(0.800)
cm/s
-2.28
a-tocotrienol Low - - - —-(0.700) | —(0.943) | —(0.625)
cm/s
-2.46 -
y-tocotrienol Low - - - —-(0.750) | —(0.943)
cm/s (0.600s)
-7.82
Catechin High - - - +(0.630) | —(0.929) | —(0.500)
cm/s
-7.40
Myricetin Low - - + | +(0.530) | —(1.000) | +(0.675)
cm/s
Rutin Low 10.26 - - - +(0.800) | —(0.986) | +(0.700)
@ cm/s
g
o -6.17
3 Naringenin High - - + | —(0.870) | -(0.986) | +(0:675)
;\ cm/s
=}
— _
Hesperidin Low 10.12 - - - —-(0.660) | —(0.971) | +(0.650)
cm/s
-5.54
Salicylic acid High - - - —-(0.990) | —(0.637) | —(0.825)
cm/s
-5.74
Thymoquinone High - - - —-(0.890) | —(0.675) | —(0.550)
cm/s
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3-p-Coumaroylquinic -8.41
‘ Low - - - | —=(0.920) | —(0.901) | —(0.525)
- acid cm/s
()
5= -8.64
g Quercetin-O-pentoside Low - - - +(0.750) | —(0.986) | +(0.625)
< cm/s
[o¥
— -9.00
Myricetin-O-pentoside Low - - - +(0.550) | —(0.986) | +(0.525)
cm/s
-6.08
g Lepidine B High + + + | —(0.530) | —-(0.957) | +(0.625)
g cm/s
k5 ~6.08
= Lepidine E High + + + | —(0.640) | —(0.957) | +(0.600)
cm/s
-6.82
2 Rosmarinic acid Low - - - —-(0.857) | —(0.650) | +(0.625)
= cm/s
]
g -7.65
O Apigenin 7-glucoside Low - - - —(0.985) | —(0.610) | +(0.550)
cm/s
-5.84
Dehydrocostus lactone High - + - —(0.700) | —(0.943) | —(0.675)
cm/s
E ~8.01
8 Malic acid High - - - -(0.870) | —(0.871) | —(0.750)
© cm/s
%
-9.15
Quinic acid Low - - - —(0.960) | -(0.957) | —(0.800)
cm/s
-5.58
Donepezil High + - + —-(0.600) | —(0.986) | —(0.775)
cm/s
Drug
-6.75
Galanthamine High + - - —-(0.710) | —(0.957) | —(0.875)
cm/s
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V.2. Molecular docking

Molecular docking is a popular method in medicinal chemistry research (Ramirez
et al., 2018). It is an important tool for drug discovery to predict the binding mode of
small molecules to target proteins and the binding energy of the complex (Moraga-
nicolas et al, 2018; Taghipour et al., 2018; Serseg et al., 2020y. With the aim to confirm
the experimental results, we have conducted a molecular docking study to simulate the
interactions of studied compounds in the catalytic site of AChE, BChE, MAGL and
BACETL. It is established that the hydrolysis reaction of ACh 1s mediated by the anionic
site that presents ACh molecule to the catalytic site; at which hydrolysis occurs (Abdel
Bar et al.,2018). Oxyanion hole plays an important role in the stabilization of high-

energy intermediates through hydrogen bonding (fig. 24) (Zhang et al., 2002, Yang et

L Phe 290

Trn 279 Tyr70
PAS
Tvrl21

al., 2013)

Asp72

Phe330

Phe288 Acyl pocket

ﬂ Phe299

C N
O Glyl18 _‘ .
Gly199 Anionic subsite
Hisd40 Ala201

Glu327

\ %r 00 J

| Anionic subsite ‘

Figure 24. The binding regions of the Torpedo californica AChE gorge (Houghton et al.,
2006)
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Arbutus unedoL

We have found that only gallocatechin has a good aftinity toward AChE, where
AG was -8.3 Kcal/mol, the other compounds have AG less than -6 Kcal/mol (Table12).

The same compounds have also a weak affinity toward BChE (Table13), and all

hydrogen bonds are larger than 2 A. Whereas gallocatechin has a good affinity toward
MAGL with AG equals -9.5 Kcal/mol and forms 8 hydrogen bonds with residues:
HOH542, HOH585, HOH564, SER122, ALA51, GLU53, GLU190 and SER 181
(fig.25). The shortest hydrogen bonds were with SER 181 with a length of 1,692 A
(Table14). The same compound forms three hydrogen bonds (Table15) with HOH625,
TRP115, GLN73 and GLY230 of BACE1 with a length of 3.782, 1.842, 2.702 and

1.727 A respectively.
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Figure 25. Binding mode of gallocatechin at the active site of HuAChE
Gallocatechin is illustrated in gray sticks. Catalytic triad of the active site was colored in green. Green
dashed lines present hydrogen bond interactions. Pink dashed lines present hydrophobic interactions.
a: 3D presentation obtained by DSV; b: 2D presentation obtained by DSV c: the length of hydrogen

bonds obtained by LigPlot+.
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Based on those results, we think that gallocatechin is a good choice to develop an
inhibitor for AChE and MAGL, in comparison to other A. unedo major molecules,
where the predicated AG was -8.3 and -9.5Kcal/mol respectively. Moreover, it can
form short H-bonds with MAGL active site residues: 1.692 A.

These observations were identical to previous results, Kennedy et al., 2011 prove
that gallocatechins could improve cognitive performance, while Bastianetto et al., 2006,
found that gallocatechins show several neuroprotective eftects, thus include
amelioration of -amyloid-induced neurotoxicity. In other in silico study gallocatechin

needs -11.01 kcal/mol to bind to AChE (Ali et al., 2016).
Coriandrum sativum

We have found insignificant results in-vitro, which is similar to the docking
results. Where almost of molecules did not form hydrogen bonds with the active site
residues of AChE, if there are hydrogen bonds, the length is higher than two A. We
observe the same results from the three enzymes: BChE, MAGL and BACE1. There
is an exception, where stigmasterol forms hydrogen bonds with THR 122 of BChE
with a length of 1,549 A but the repeating ratio of this pose was only 26%. In addition,
quercetin and kaempferol bind tightly with all enzymes, these results confirmed in
silico and in-vitro tests, but in our study, we did not get a significate result. We have

used the seeds extract while these compounds are present in the leaves.
Juniperus oxycedrus

All molecules have 100% repeated poses, we think the obtained pose is the most

stable one in the complex ligand-enzyme.

The amount of energy to bind with AChE needed by naringenin was -
9.4Kcal/mol followed by myricetin (-9.0Kcal/mol) and catechin (-8.7Kcal/mol).
Myricetin forms four hydrogen bonds with Ser203, Phe295, Tyr341 and Phe338 with
length of 3.224, 3.120, 2.370 and 2.466A, respectively (fig.26). Moreover, naringenin

forms only two hydrogen bonds with Ser293 and Tyr337 (2.343 and 2.405 A).
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Figure 26. Binding mode of myricetin at the active site of HuAChE
Mpyricetin is illustrated in gray sticks. Catalytic triad of the active site was colored in green. Green
dashed lines present hydrogen bond interactions. Pink dashed lines present hydrophobic interactions.
a: 3D presentation obtained by DSV; b: the length of hydrogen bonds obtained by LigPlot+.



Chapter 3: Results and discussion

TY¥R133

Tyr3d1(A)

2
cex
o Tyr72(A)
Trp286(A)
n Jaoi:
o :
o o on
¢

iﬁnew

Phe297(A)

o
Hesperdine
e AspT4(A)
0 - i
&
i
a (
;k Phe338(A) i ' Tyr124(A)
E}é: Tyr337(A)
e o
19
L N e
1 i TrpS6(A)
\
7 Al Glu202(A)
I‘ 282 A s
i

Gly121(A)
Ted51(A)

“Tyr133(A)

b c

Figure 27. Binding mode of hesperidin at the active site of HuAChE

Hesperidin is illustrated in gray sticks. Catalytic triad of the active site was colored in green. Green
dashed lines present hydrogen bond interactions. Pink dashed lines present hydrophobic interactions.
a: 3D presentation obtained by DSV; b: 2D presentation obtained by DSV c: the length of hydrogen
bonds obtained by LigPlot+.

For BChE, the lowest binding energy was -8.2Kcal/mol of naringenin followed
by -7.2Kcal/mol of catechin. Catechin as a major compound in /. oxycedrus, forms
five hydrogen bonds with HOHS811, HOHS890, TYR332, TYR 128 and GLN67 of
BChE, the lengths of these bonds are 2.976, 3.486, 2.856, 1.780 and 3.000 A. While
hesperidin forms six hydrogen bonds with HOH772, HOHS811, HOH890, THR 122,
GLNG67 and TYR 128, with a length of 2.818, 2.706, 3.374, 1.783, 2.062 and 2.759

[}

A.
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For MAGL, we get one pose for all studied molecules with 100% repetition, the
binding energy of all studied molecules is between -10.9 and -7.3Kcal/mol, but the
majority of interaction was hydrophobic interactions. While for BACE1, hesperidin
forms nine hydrogen bonds with HOH601, HOH625, HOH625, HOH671,
ARG128, ARG128, ARG128, PRO70 and THR329 with lengths of 3.274, 2.888,
2.978,2.68,2.493, 2.641, 1.979, 2.534 and 2.268A. In addition, thymoquinone forms
only one hydrogen bond with TRP76 but the length of this bond is 1.829 A.

We conclude that all molecules catechin, myricetin, rutin, naringenin, hesperidin
(fig.27), salicylic acid and thymoquinone represent a good choice to develop anti-AD

drugs with fewer side eftects.

All those molecules have been reported as inhibitors of AChE, Wang et al., 2017
confirmed that myricetin potently ameliorated memory deficits in mice, through
inhibiting AChE activity and reducing oxidative stress. The 1Cs, of rutin was 242.00
+2.91 uM based on Yan et al., 2018 study. Moreover, Anesti et al., 2020 prove that rutin
exhibits an important anticholinesterase activity in specific brain areas. Umukoro et al.,
2018, suggest that naringenin attenuated memory deficits, via mechanisms related to
inhibition of acetyl-cholinesterase activity, neuroinflammation and oxidative stress. In
another study, the authors found that naringenin inhibited AChE activity, they also
evaluated the anti-amnesic activity of naringenin, by the administration to mice at 4.5
mg/kg body weight, and they have found that naringenin significantly ameliorated
scopolamine-induced amnesia as measured in both the passive avoidance and the Y-
maze test (Heo et al., 2004). Kim et al., 2019 declared that hesperidin plays an important
neuroprotective role through its antioxidant and anti-inflammatory activities. In
addition, hesperidin has an ani-AChE eftect, where IC5,=134.44uM (Liu et al., 2020).
They have found that ICs, of thymoquinone equals 0.14mg/mL (Jukic et al., 2007).
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Juniperus phoenicea

For AChE: All studied molecules form hydrogen bonds with active site residues
of AChE, but only 3-p-coumaroylquinic acid has a good affinity toward the enzyme
with predicated AG equals -9.5Kcal/mol. The shortest hydrogen bonds were between
3-p-coumaroylquinic acid and Tyr337 (1.980A; fig.28) and myricetin-O-pentoside
and Ser203 (1.787A). Furthermore, we also remarked that the amino acids of the
catalytic site form hydrogen bonds as follows: His447 with 3-p-coumaroylquinic acid
(2.670 A), Ser203 with quercetin-O-pentoside (2.914A) and myricetin-O-pentoside
(1.787A).
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Figure 28. Binding mode of 3-p-Coumaroylquinic acid at the active site of HuAChE

3-p-Coumaroylquinic acid 1s illustrated in gray sticks. Catalytic triad of the active site was colored in
green. Green dashed lines present hydrogen bond interactions. Pink dashed lines present hydrophobic
interactions. a: 3D presentation obtained by DSV b: 2D presentation obtained by DSV; c: the length of
hydrogen bonds obtained by LigPlot+.

For BChE, all studied molecules form a significant number of hydrogen bonds:
3-p-coumaroylquinic acid (7 H-bonds and binding affinity equal -7.9Kcal/mol),
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quercetin-O-pentoside (7 H-bonds), and myricetin-O-pentoside (7 H-bonds). The
shortest hydrogen bonds were between quercetin-O-pentoside and HOHS890
(1.922A); and myricetin-O-pentoside and ASN83 (1.898A) but binding affinity was -

2.2 and -2.5Kcal/mol, respectively.

For MAGL, Both 3-p-coumaroylquinic acid and myricetin-O-pentoside form
hydrogen bonds with lengths less than 2A: 1.868 A with ASP180 and 1.872 A with
GLY177. While quercetin-O-pentoside is stabilized in the active site only by

hydrophobic interactions.

For BACE]1, all molecules (3-p-coumaroylquinic acid, quercetin-O-pentoside
and myricetin-O-pentoside) bind tightly to active site residues of BACE1, where they
have good aftinity with binding energy equals -8.1, -8.8 and -9.4Kcal/mol
respectively. Moreover, it forms hydrogen bonds as follows: 3-p-coumaroylquinic
acid forms six H-bonds with HOH625, HOH671, TRP76, GLY34, GLY34, and
ILE126 with a length of 2.099, 1.994, 2 228, 2.549, 2.447, and 2.628 A, respectively.
quercetin-O-pentoside forms three H-bonds with HOH671, HOH625, and THR 72
with a length of 3.073, 2.940 and 2.466 A, respectively.

From these results, we think that the inhibitor effect of the /. phoenicea extract is
due to 3-p-coumaroylquinic acid because it is the only molecule that give us good
results for cholinesterase enzymes. To the best of our knowledge, there is no previous
studies evaluate the effect of 3-p-coumaroylquinic acid, quercetin-O-pentoside and

myricetin-O-pentoside on AChE activity.
Lavandula stoechas

The docking results were a little difterent to those of in-vitro experiments, where
we have found low energy requested to bind rosmarinic acid and apigenin 7-glucoside
with AChE, -10 and -9.7Kcal/mol, which means that they have a good aftinity

towards the enzyme, and the presence of a significant number of hydrogen bonds
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formed between AChE residues and molecules (fig.29) but they are longer than 2 A,
which we think that those molecules are bind strongly to AChE active site.

The results for BChE, are difterent from those of AChE. We have found that
rosmarinic acid might form a very short hydrogen bond with TRP82 residue with a
length of 1.666 A. From these results, and AG was higher than those obtained for
AChE, -6.6 and 1.1 Kcal/mol.

For MAGL-rosmarinic acid complex, the predicated AG was -10.0Kcal/mol, and
there are eight H-bonds with HOH542, HOH585, HOH542, HIS121, HIS121,
SER 122, HIS269 and SER 181. All those bonds are larger than 2 A. AG of apigenin 7-
glucoside also -10.6Kcal/mol, and it could form 5 H-bonds with HOH542, ALA51
and ASP180, we can expect that both rosmarinic acid and apigenin 7-glucoside are

good inhibitor for MAGL.
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Figure 29. Binding mode of rosmarinic acid at the active site of HuAChE

Rosmarinic acid is illustrated in gray sticks. Catalytic triad of the active site was colored in green. Green
dashed lines present hydrogen bond interactions. Pink dashed lines present hydrophobic interactions.
a: 3D presentation obtained by DSV; b: 2D presentation obtained by DSV c: the length of hydrogen
bonds obtained by LigPlot+.

85



Chapter 3: Results and discussion

For BACE1, we did not find any repeated pose for both major molecules:
rosmarinic acid and apigenin 7-glucoside. We have chosen one pose randomly and
there was only one hydrogen bond for both ligands, which means that these molecules
have a weak affinity for BACE1, and the complex ligand-enzyme, in this case, is
unstable. In general, the two molecules showed a strong interaction with AChE and

MAGL but the interaction with BChE and BACE1 was weak.

In a previous study, the inhibitory constant Ki of rosmarinic acid was 42.52
picoM for AChE 121.60 picoM for BChE (Giilgin et al., 2016). Whereas in another
study performed by Orhan et al.2008, rosmarinic acid decreases the activity of AChE
by 47.3+1.05% and BChE activity by a value of 85.8+1.31% at a concentration of
Img/ml. Moreover, in vivo evidence Hamaguchi et al, 2009, reveals that oral
administration of rosmarinic acid affecting various amyloid-3 aggregation pathways,
which prevented the development of Alzheimer’s disease. There are no available

studies about the effect of Apigenin 7-glucoside on any of the studied enzymes.
Saussurea costus

The docking results was similar to in vitro results for S. costus, all poses for all
major molecules show a weak interaction with AChE residues, for example, we did
not find any H-bond with a length less than 2 A. In addition, predicated AG were -
7.8, -5.3 and -6.8 Kcal/mol for dehydrocostus lactone, malic acid and quinic acid. In
comparison with other studied molecules where we found -11 and -10 Kcal/mol
(Table 12). Same results for BChE, except for malic acid, where it formed six H-bonds
with HOH890, HOH772, THR 120, SER198 and GLU197, the length of these
bonds also larger than 2 A.

For MAGL, dehydrocostus lactone, interacts with this enzyme only by
hydrophobic interactions of type Alkyl. Whereas the other molecules did not form any
hydrophobic interactions with this enzyme, they bind to the active site only by H-

bonds. We get the same results for BACE1, dehydrocostus lactone stabilized mostly in
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the active site with hydrophobic interactions of type Alkyl, while of the molecules
malic acid and quinic acid stabilized in the active site only by means of H-bonds, where

their length larger than 2 A.

We conclude that the molecules malic acid and quinic acid are not good choice
to develop a new anti-Alzheimer’s disease drug, because they could not form strong

interactions with the active site of all AD targets: AChE, BChE, MAGL, and BACEI1,

their binding to these enzymes is weak, which means that are weak inhibitors.
Lepidium sativum

Molecular docking calculation from 604W predicate that binding energy of
HuAChE-lepidine B and HuAChE-lepidine E is -11.1 and -10.4 kcal/mol,
respectively, whereas galantamine and donepezil are -9.6 and -11.7 kcal/mol,
respectively.

These results show that the affinity of HuAChE to Lepidine B is more than
galantamine (the current commercial drug), Lycoramine, 6a-Deoxy-tazettine, and
Norpluvine diacetate found by Moraga-nicolas et al (2018) with values of -8.58, -8.83,
-8.57 and -8.92 kcal/mol, respectively.

Table 12 shows the binding energy of studied complexes, Moraga-nicolas et al.,
2018; Dubey et al. 2018 studied the predicated energy binding of HuAChE to
Galantamine and Donepezil that was -9.7 and -10.9 Kcal/mol, respectively, these
results are similar to the obtained results in this study (Dubey et al., 2018).

Molecular docking results show that the three molecules interact with HuAChE,
in the same way, forming interactions with Trp86 and Phe338 (AS), Phe295 (ABP),
Tyr72, Tyr124, Trp286 and Tyr341 (PAS) and other residues such as Tyr337. On the
other hand, 96% of poses indicate that Lepidine B stabilized in the active site by
hydrogen bond while only 14% and 10% of poses of galantamine and Donepezil,

respectively, contain hydrogen bonds. In blind docking, 96% of poses with the lowest
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binding energy shows that Lepidine B bind to HuAChE in the Active site, whereas
Donepezil and Galantamine are 76.19% and 56%, respectively.

This confirms that Lepidine B is more stable in the active site than Galantamine.
[t should be noted that the molecular interactions with HuAChE obtained for Lepidine
B are stronger than those observed for Galantamine and Donepezil.

We have done the docking with these parameters with Lepidine B for the first
time,

The docking study predicts that Lepidine B binds strongly in the active site, which
is presented in figure 30a. In the most frequented pose of the HuAChE-Lepidine B
complex, OH group establishes H-bond interaction with the hydroxyl group of
Tyr124 (2.31A). The hydrophobic interactions between Lepidine B and HuAChE
active site are most with the oxyanion hole, Anionic site, and Peripheral anionic site
residues. The benzene ring interacts by means of m-m-stacking interaction with the
aromatic rings of Trp86, Tyr124 of PAS. The other benzene ring interacts by m-m-
stacked interaction with the aromatic ring of Trp86, and -T-shaped interaction with
Try337 and Phe338. The imidazole ring interacts by m-m-stacked interaction with
benzene ring of Tyr341 of PAS. Figure 30a shows the main interactions of this

alkaloid at the binding pocket of HuAChE.

b TYR124
.

TYR124

Figure 30. Binding mode of Lepidine B (a.) and Lepidine E (b.) at the active site of HuAChE

Lepidine B and E are illustrated in gray. Catalytic triad of the active site was colored in green. Green dashed lines
present hydrogen bond interactions. Pink dashed lines present hydrophobic interactions.

88



Chapter 3: Results and discussion

Lepidine E binds strongly in the active site of HuAChE by two hydrogen bonds.
The first between NH group of lepidine E and the hydroxyl group of Asp74 (2.21A),
the second is between the hydroxyl group of lepidine E and NH main group of Phe295
(2.26A). This interaction was reinforced by hydrophobic interactions with PAS
residues. The benzene ring of Tyr124 forms hydrophobic interaction of type m-m-
stacked with the benzene ring of lepidine E. The other benzene ring interacts with
Tyr341 by means m-m-stacking. The imidazole ring forms two interactions of type -
m-stacked with Trp286. The formed interactions are presented in figure 30b.

As depicted in figure 31a, there are two H-bonds interactions between
Galantamine and HuAChE residues in PDB file of crystal structure of AChE with
galantamine (PDB ID: 4EY6: HuAChE-Galantamine complex). The hydrogen atom
at OCHj group is oriented toward Ser204 forming H-bond (2.9A), a second hydrogen
bond was formed between the hydroxyl group of galantamine and Glu202 (2.65 A).
Additional H-bonds were formed between galantamine and HOH molecules such as:
HOH707, HOHS815, HOH820, HOH860, HOH860, HOH862, HOHS892 with
length 3.30, 3.23, 3.44, 3.83, 3.03, 3.16, and 3.50 A, respectively. This complex is
turther intensified by hydrophobic interactions. fr-alkyl interactions have been
observed between Trp86 and Tyr337 and the benzene ring and azepane ring of
galantamine. The Gly122 of oxyanion hole interacts with benzene ring of galantamine
by means of amide-m stacking. Figure 31b shows that Donepezil was well
accommodated in the PAS through hydrophobic interactions of mt-alkyl type between
the piperidine ring and the benzene ring of Tyr341 and Tyr337, and m-stacked
interaction between indole ring of Trp86 and benzene ring of donepezil. Both benzene
rings and the cyclopentane ring of donepezil interact with Trp286 and Tyr341 by
means of a mt-alkyl type contact. This interaction was reinforced by a hydrogen bond
between the hydroxyl group of donepezil and Phe295 (2.90A). Additional hydrogen
bonds have been found in the complex HuAChE-Donepezil (Crystal structure of
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AChE with Donepezil PDB ID:604W), between donepezil and water molecules such
as: HOH708, HOH788, HOH797, HOHS832, HOHS832, HOHS875 (3.03, 3.72,
3.69, 3.01, 3.01, and 3.39, respectively).

GLY122
.

a.

GLU202

S TRP86

X TYR341

Figure 31. Binding mode of Galantamine (a.) and Donepezil (b.) at the active site of HuAChE

Galantamine and Donepezil are illustrated in gray. Catalytic triad of the active site were colored in green. Green
dashed lines present hydrogen bond interactions. Pink dashed lines present hydrophobic interactions
It has been reported that replacement of OCH3 group by OH in Galantamine
(the extra hydroxyl group of sanguinine (9-O-demethylgalanthamine) available for

interaction with AChE, could explain the strong inhibitory activity of this alkaloid,
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while the lack of AChE inhibitory activity of lycoramine and epinorlycoramine the
galanthamine-type alkaloids could be due to the occurrence of a double bond in ring
C (Lépez et al., 2002, Ortiz et al., 2018). Our results support such hypothesis; it is rational
to think that the stronger affinity observed for Lepidine B might be attributed to
hydroxyl group which can establish H-bond shorter than that observed in Donepezil
and galantamine and imidazole group which forms hydrophobic interactions as well as
to the stronger molecular interactions observed for Lepidine B in comparison to those
of Donepezil and galantamine for the Tyr124.

Chioua et al. 2018 founded that 4k compound interacts with residues at the PAS
and not with those at the catalytic triad where free binding energy was -10Kcal/mol.
While QPT16, a synthesized molecule can interact with the acyl binding pocket and
PAS (binding affinity: —12.4 kcal/mol, IC5o= 1.10 £0.15 mM). The key interactions
involved in the binding are with Trp286, Leu289, and Tyr341 by m-stacked
interaction, and with Leu289 by m-alkyl interaction (Chioua et al., 2018a;b).

These interactions are similar to the found interactions in this study. In addition,
Dickerson et al. 2005 have found that most of the studied compound binding in PAS,
where Tyr residues (72, 124, 337 and 341) interact with the Ride chain of these
compounds.

In another study performed using Molecular Operating Environment (MOE)
software. A compound (16) has moderate inhibitory activity against AChEee with ICs
=0.89 + 0.02 uM. Molecular modeling studies showed that the compound was a dual
site binding inhibitor for HuAChE, it can simultaneously interact with PAS and the
catalytic triad of HUAChE, the phenyl of chroman-4-one was binding in PAS through
a - stacking interaction with Trp286 (3.76A).

While the protonated nitrogen of N-dimethylamino can bind to CAS with the

indole ring of Trp86 (4.07A) via a cation-Tt interaction (Lui et al., 2017).

91



Chapter 3: Results and discussion

In a comparing study between in vitro and in silico studies about the type of
inhibition, the kinetic data confirm that a non-competitive inhibitor shows
interactions with the peripheral anionic site (PAS) of AChE (Boulebd et al., 2016),
which leads us to suggest that Lepidine B displays a non-competitive inhibition
(Samadi et al., 2012). Donepezil interacts with PAS residues which indicate that the
inhibition mode of Donepezil is noncompetitive, this observation is similar to previous
studies (Sugimoto et al., 2002, Bacalhau et al., 2018). Peripheral anionic site (PAS) is an
important part of AChE, due to its involvement in the proaggregating action of AChE
on AR as well as its ability to regulate the esterase activity (Bartolini et al., 2003).
Donepezil was found to inhibit the HuAChE-induced Af8 aggregation (Bartolini et al.,
2003). Lepidine B as a possible non-competitive inhibitor and his ability to interact with
PAS might prevent the AChE-induced amyloid aggregation.

Likewise, the results obtained for HuBuChE are in agreement with the
experimental data described previously in many studies; Galantamine and Donepezil
are dual inhibitors for HuAChE and HuBuChE (Mohamed et al., 2012; Akbarzadeh et
al., 2018; Chierrito et al., 2018; Kurt et al., 2018; Gurjar et al., 2018). Molecular docking
explains the difterential behavior of these compounds Lepidine B, Lepidine E,
Galantamine, and Donepezil. All these compounds bind in the same region of the
active site of HuBuChE. The docking study predicts that Lepidine B showed the same
binding profile as Galantamine unless the length on H-bond was stronger and shorter
in HuBuChE-LepidineB with a length of 1.7A, which prefaced to covalent bond in
this complex, while the length of H-bond in HuBuChE-Galantamine was 2.88A.
Lepidine E forms two hydrogen bonds with HuBuChE (2.2 and 2.73A). The complex
HuBuChE-Donepezil is stabilizing only by hydrophobic interactions.

Figure 32a shows the main stabilizing interactions for the complex HuBuChE-
Lepidine B. NH group of the imidazole ring can form H-bond with the hydroxyl

group of Tyr128 (1.7A). The same interaction has been observed in the complex

92



Chapter 3: Results and discussion

HuBuChE-Galantamine (2.88A) as shown in figure 33a. Additional H-bond in the
complex HuBuChE-Galantamine between the hydroxyl group of Thr120 and OCH;
of galantamine. NH group of the imidazole ring of Lepidine E forms H-bond with
Asp (2.23A), another H-bond was observed between hydroxyl group of Lepidine E
and Trp82 (2.73A), as shown in figure 32b.
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Figure 32. Binding mode of Lepidine B (a) and Lepidine E (b) at the active site of HuBuChE
Lepidine B and E are illustrated in gray. Ligand is rendered as sticks. Different subsites of the active site were
colored: catalytic triad (CT) in green, oxyanion hole (OH) in yellow, anionic sub-site (AS) in orange, acyl binding
pocket (ABP) in pink, and peripheral anionic subsite (PAS) in blue. Green dashed lines present hydrogen bond
interactions. Pink dashed lines present hydrophobic interactions.
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It should be noted that Donepezil did not form any H-bond with HuBuChE, it
is stabilized in the active site only by hydrophobic interactions (fig. 33b). Benzene ring
of Lepidine B interacts with the indole ring of Trp82, Ala328, and Phe329 by means
m-stacking, m-alkyl and m-T-shaped, respectively. Benzene rings of Phe329 and
Tyr332 also form hydrophobic interactions of type m-stacked with imidazole ring of
lepidine B. In addition to H-bonds, Lepidine E stabilizes in the active size by
hydrophobic interactions between benzene rings and Gly116-Gly117, Tyr332 and
His438 of type Amide- m-stacked, m-stacked and 1t-Tshaped, respectively.
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Figure 33. Binding mode of Galantamine (a) and Donepezil (b) at the active site of BuChE
Galantamine and Donepezil are illustrated in gray. Ligand is rendered as sticks. Different subsites of the active site
were colored: catalytic triad (CT) in green, oxyanion hole (OH) in yellow, anionic sub-site (AS) in orange, acyl
binding pocket (ABP) in pink, and peripheral anionic subsite (PAS) in blue. Green dashed lines present hydrogen
bond interactions. Pink dashed lines present hydrophobic interactions.
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On the other hand, Trp82 interacting with galantamine in three ways, by
forming m-stacked interaction between indole ring and benzene ring of galantamine,
and mr-alkyl interaction between the indole ring of Trp82 and the benzene ring of
galantamine or the imidazole ring of galantamine (fig. 33a).

Otherwise, Donepezil stabilizes in the active site only by hydrophobic
interactions, which might explain the high ability and selectivity of Donepezil to
inhibit AChE more than BuChE (Dickerson et al., 2005; Ghobadian et al., 2018). As
shown in figure 33b, Indole ring of Trp82 interacts with the benzene ring by means
m-stacking interaction, and with the methyl group of Donepezil by means m-sigma
interaction. Benzene ring of Donepezil forms hydrophobic interaction of type T-
shaped with the indole ring of Trp231. An additional hydrophobic interaction of type
m-alkyl was observed between the methyl group of Leu286 and the benzene ring of
donepezil. 4K molecule from Chioua et al. 2018 study, binds very strongly to
HuBuChE. It can form hydrogen bonds with the catalytic amino acids His438 and
Ser198 (Berman et al., 2000). Enzyme kinetic studies showed that 3b (1-butanoyl-3—
(2, 6—dimethylphenyl) thiourea) has an uncompetitive binding with AChE and
interacts with Trp86 and Tyr337 (PAS residue) as molecular docking studies had
shown. While 3e (1-butanoyl-3—(3—methoxyphenyl)Thiourea) showed a mixed
inhibition of HuBuChE. Molecular docking studies showed a binding affinity with
Trp82 and His438 when it is docked with HuBuChE(Larik et al., 2017).

We have performed specific docking for these molecules with the other two
Alzheimer's-related enzymes: [3-Secretase-1 (BACE1) and Monoacylglycerol lipase
(MAGL). The results are summarized in Table 14 and 15. For 3-Secretase-1 (BACE1)
with PDB ID: 6EJ3 (Johansson et al.,2018), all poses of the lepidine B-BACE complex
show the same interactions (100%), one hydrogen bond has been recorded between

OH of lepidine B and HOH671 with ID of 2.11A.
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Benzene ring forms hydrophobic interactions of type m-mtTshaped with Trp76,
m-Cation with Argl28. Imidazole ring forms hydrophobic interactions of type
Amide-mr stacked with Gly34 and Ser35. Another hydrophobic interaction has saved
T-sigma interaction between Lepidine B and Tyr71 (Table 15).

Lepidine E shows a strong binding in the active site of BACE1. A H-bond with
Gly34 of length 1.89A has been observed, additional H-bonds were formed with
HOH601 and HOH 671 molecules (3.05 and 2.51A). Imidazole ring forms
hydrophobic interactions of type mT-shaped, m-Alkyl and m-Anion with Tpr76,
[le118 and Asp228, respectively. In comparison with Donepezil and Galantamine, we
propose that galantamine has a weak interaction with $-Secretase-1, which means that
galantamine could not be a good inhibitor for this enzyme, while Donepezil has a
strong interaction with -Secretase-1. Two hydrogen bonds have been saved in the
complex Donepezil-BACE, first with HOH625 with ID=3.61A, second with Trp76
with ID-2.23A. Hydrophobic interactions with different types as Alkyl with Ile118,
m-Alkyl with Try71 & Leu30 a t-Cation with Arg128 (Table 15).

For Monoacylglycerol lipase (MAGL) PDB ID: 5ZUN (HATTORI et al., 2019),
with repeating ratio of 72.5%, 100% 92.5% of Lepidine B, Donepezil and galantamine,
respectively, it has been found that Lepidine B binds tightly into the catalytic cavity
more than galantamine. One hydrogen bond has been found for Lepidine B with
ID-2.14A, and hydrophobic interactions of type m-Alkyl with Ala151, Leu213,
Leu214, Leul48, lle179 & Leu205 and of type m-sigma with Leu213, Leu241. The
repeating ratio of Lepidine E was 50%. However, Lepidine E binds strongly in the
active site by H-bonds and hydrophobic interactions. H-bonds were observed
between imidazole ring and Ser181 & HOHS564 (2.65, 3.74A, respectively).
Hydrophobic interactions were between imidazole rings and Ala51, Val 191, Leu213,
Leu 241, Val207, Lys273 of tye t-Alkyl and with Leu 148, Tyr194, Cyc242 of type

1-Sigma, 1-1-Stacked and mt-Sulfur, respectively. Benzene ring interacts with Ala51,
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[le179, Leu241 forming a m-Alkyl interaction and Tt-Sigma interaction with Val270.
No hydrogen bond has been recorded for galantamine. The latter forms hydrophobic
interactions with Monoacylglycerol lipase MAGL with different types as t-Sigma with
Leu 213 & Leu 241, Alkyl with ALA51, Ile179, 112205 & Leu241 and mt-Alkyl with
Ala51. For complex MGLL-Donepezil, in all poses (100%), three hydrogen bonds
have been found, with HOH542 (3.06A), Ser122 (2.72A) & Met123(2.74A).
Hydrophobic interactions between the three rings of Donepezil and MAGL residues
as by difterent types as m-sigma with Leu241 & Val270, - m Stacked with Tyr194,
Alkyl with Ile179 & Val270 and m-Alkyl with Ala51 & Lys273, The (-site amyloid
cleavage enzyme 1 (BACEL) is a promising target as a pharmacological treatment for
AD (Fang et al, 2019, LIANG et al,2019). Several studies suggested that BACE1
inhibitors have high therapeutic potential for the prevention of the long-term
progression of Alzheimer's disease (PONZONI et al., 2019).

MAGTL is currently being considered as a promising drug target for several
disorders including neurodegenerative, cancer and inflammatory diseases (FERRISI et
al, 2019). Our results show promising results for Lepidine B as a multifunctional

potential drug for Alzheimer’s disease, where it can be a good inhibitor for AChE,
BuChE, BACE, and MAGL.
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Table 12. The results of interactions between major compounds and Drugs (Galantamine, Donepezil) and (AChE).

BUTYRYLCHOLINESTERASE (1P0M)

MOLECULE
RR% AG(Kcal/mol) Closest Residues Hydrophobic interactions H bonds Length
Tyr133 3.081
Gallocatechin 70 -8.3 His447, Tyr124, Phe338  Pi-Pi T-shaped Tyrl33 2.634
F‘g Tyr124 2.322
= o Tyr337 3.051
s Ethyl gallate 100 -6.6 Gly448, Trp86 Pi-Pi Stacked
< Glu202 3.076
. TYR124 2.910
Arbutin 100 -7.4 - -
SER 125 3.238
. PHE295, TRP236, Pi-Pi Stacked, Pi-Alkyl, Pi- SER203 2.875
Quercetin* 100 -9.3 .
VAL294 Pi T-shaped SER203 2.701
A:PHE295, TRP286, Pi-Pi Stacked, Pi-Alkyl, Pi- SER203 1.804
Kaempferol 100 -8.7 .
TRP236, VAL294 Pi T-shaped AR G296 2.441
Tyr337 2.894
o o Glu202 2.107
p-coumaric acid 100 -8.5 Gly448, Trp86 Pi-Pi Stacked
Tyrl24 2.660
Ser125 3.079
Tyr124 3.062
g ferulic acid 100 -7.5 Tyr133, Trp86 Pi-Pi Stacked Tyr337 2.964
5 Glu202 2.779
i’ - N N Tyr337 2.834
O 3-O-cafteoylquinic acid* 100 -9.7 Trp86, Tyr341, Phe297  Pi-Pi Stacked, Pi-Pi T-shaped
Ser293 2.895
Trp286, Phe297,
Stigmasterol 96 -9.0 Tyr337, Phe338, Pi-Alkyl - -
Tyr341, His447
Tyr341, Trp286, Tyr72,
, Phe297, _ o
B-sitosterol 98 -8.3 Pi-Alkyl, Pi-Sigma - -
Tyr337, Phe338,
Tyr341, His447
y-tocopherol 66 -9.7 Trp86, Tyr337, Pi-Sigma, Pi-Alkyl - -
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Phe297, Phe338,
Tyr341, His447

Tyr341, Trp286,
Tyr337, Trp86, Tyr72,

Pi-Sigma, Pi-Pi Stacked, Pi-

Phe338

a-tocotrienol 100 -9.8 - -
Phe297, Phe338, Alkyl
His447, Tyr449
Tyr341, Tyr337,
A Val294, Trp86, Tyrl24, o
y-tocotrienol 100 -11.0 Pi-Alkyl, Pi-Sigma, Alkyl - -
Trp286, Phe297,
Phe338, His447, Tyr449
. o Ser203 3.102
Catechin 96 -8.7 Phe338 Pi-Pi T-shaped
Tyr337 2.145
Ser203 3.224
o Trp286, Tyr341, Pi-Pi Stacked, Pi-Pi T- Phe295 3.120
Myricetin 82 -9.0
Phe297 Shaped Tyr341 2.370
Phe338 2.466
Tyr124 2.800
Tyr133 2.918
Tyr341 3.165
_ Gly122, Trp286, _ o
Rutin 100 -3.6 Pi-Alkyl, Pi-Pi Stacked Tyr337 2.461
Tyr341, Trp86
2 Tyr341 2.062
-
S Glu202 2.691
o
) Glu202 2.273
o
- - Tyr124, Trp286, Pi_Pi T-Shaped, Pi-Pi Ser293 2.343
Naringenin 100 -94
Tyr337 Stacked Tyr337 2.405
Tyr133 2.730
Tyr133 2.818
o Tyr124, Tyr337, Trp86,  Pi-Alkyl, Alkyl, Pi-Pi T- Gly120 1.876
Hesperidin 70 -33 Lo
Leu76, Tyr341 Shaped, Pi-Pi Stacked Tyr124 2.725
Tyr341 2.562
Tyr341 2.796
Salicylic acid 100 -7.2 Trp86 Pi-Pi Stacked Tyrl33 2.963
, Trp86, Tyrl24, Phe297, -
Thymoquinone 84 -6.7 Pi-Alkyl, Pi-Sigma Tyr337 3.087
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Tyr341 2.223
o L Tyr337 1.980
3-p-Coumaroylquinic acid 56 -95 Val294, Tyr341 Pi-Pi Stacked
Ser203 2.122
His447 2.670
Ser125 2.914
Ser203 3.224
~ Gly121, Tyr337, L o Ser203 2.959
O . . Pi-Pi T-Shaped, Pi-Pi
é Quercetin-O-pentoside 100 -5.3 Tyr124, Trp286, Stacked Tyr337 2.908
tacke
8 Phe338, Tyr341 Asp74 2.840
3 Tyr337 2.683
— Ser293 2.908
Ser203 3.257
Tyr337 2.660
o ) Ser125, Tyr341, Pi-Anion, Pi-Pi Stacked, Pi- Tyr337 2.900
Myricetin-O-pentoside 100 -6.3 .
Trp286, Phe338 Pi T-Shaped Ser125 2.376
Ser203 1.787
Ser293 2.643
o Trp86, Tyr124, Tyr337,
g Lepidine B 100 -111 - Tyr124 2.310
g Phe338
b o Asn87, Ser125, Trp286, Phe295 2.200
. Lepidine E 100 -10.4 -
= Tyr341, Asp74 2.210
Tyr124 3.006
Tyr337 2.985
o Gly448, Trp86, o
» Rosmarinic acid 100 -10.0 Pi-Pi Stacked Tyr337 2.993
= Tyr341
S Ser293 3.061
g Glu202 2.219
S Apigenin 7-glucoside . Tyr337 3.033
His447, Tyr124, Trp86, o o
100 -9.7 Pi-Sigma, Pi-Pi T-Shaped Ser125 2.732
Phe338
Tyr341 2.446
Trp86, Phe297, Tyr124, . o Ser203 3.167
Dehydrocostus lactone 100 -7.8 . Pi-Alkyl, Pi-Sigma
3 Tyr337, Phe338, His447 Ser203 3.121
8 o Glu202 2.750
@) Malic acid 78 -5.3 - -
1%} Glu202 2.195
Quinic acid 100 -6.8 - - Ser125 3.042
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Tyr337 2.872
Tyr124 2.346
Ser203 2.865
Trp86, Trp286, Ser293,
Donepezil 100 -11.7 Tyr337, Phe338, - Phe295 2.90
” Tyr341
%D Asp74, Trp86, Gly121,
. Galanthamine 100 -9.6 Gly122, Tyri24, - Glu202 2.65
SER203, Ser203 2.90
Tyr337, His447
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Table 13. The results of interactions between major compounds and Drugs (Galantamine, Donepezil) and (BChE).

BUTYRYLCHOLINESTERASE (1P0M)

MOLECULE
RR% AG(Kcal/mol) Closest Residues Hydrophobic interactions H bonds Length
Gallocatechin HOHS811 3.384
) HOH772 2.758
[1-Sigma, IT-mt Stacked, I1-Tt
100 -6.8 Trp82, Phe329, Ala328 TRPS82 2.528
T-shaped, IT-Alkyl
TYR440 2.689
ALA328 2.956
Ethyl gallate HOHS11 3.398
,.g HOH772 2.487
o 90 -6.7 Trp82 [1-7t Stacked
g GLY115 2.435
< GLU197 2.402
Arbutin 3.145
HOHS11
3.105
HOHS890
Ser198, Trp82, Phe329, 2.536
70 7.1 M-t T-shaped, TT-Alkyl THR 120
Ala328 2.061
GLY115
2.448
GLY115
2.408
_ HOHS11 3.107
) [1-Sigma, IT-1t Stacked, I1-Tt
Quercetin* 90 -6.6 Phe329, Trp82, Ala328 TYR128 2.788
T-shaped, IT-Alkyl
GLN67 3.043
GLY 121 2.417
[1-Sigma, IT-1t Stacked, I1-Tt TYR128 2.779
Kaempferol 76 -6.5 Trp82, La328
T-shaped, [T-Alkyl GLY115 2.120
g TRPS2 2314
B HOHS11 3511
¢ . HOH772 2.674
® . [1-Sigma, IT-1t T-shaped, I1-
p-coumaric acid 82 -7.9 Ser198, Trp82, Ala328 Allvl SER 198 2.721
Y HIS438 2592
GLY115 2.675
HOH772 2.015
ferulic acid 86 -6.7 Gly116, Trp82, His438 I1-7t Stacked TYR332 2.625
GLU197 2.863
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HOH772 3.049
THR120 2.239
TYR128 2.374
3-O-caffeoylquinic acid
o 58 -7.9 Gly121, Tyr332, Asp70 MM-Alkyl GLY78 2.839
(Chlorogenic acidy**
TRP82 2.485
GLY115 2.120
GLY115 2.046
Tyr114, Trp82, Phe329,
A Trp430, Ala328, A THR122 1.549
Stigmasterol 26 4.6 [1-Alkyl, Alkyl, IT1-Sigma
Leul25, Met437, THR122 2.743

Tyr440

Trp82, Trp430, Ala328,

B-sitosterol 18 8.8 Leul25, Metd37, M-Sigma, Alkyl, T1-Alkyl THR 122 2015
Tyr128, Phe329,

His438, Tyr440

Trp82, Trp231, Ala328,  II-Sigma

y-tocopherol 92* -33 Val288, Phe329, Alkyl GLY121 2.356
Tyr332, Phe398, His438  I1-Alkyl

Asp70, Phe329,

a-tocotrienol 8 -1.7 Trp82,Ala328, Tyr332,

Trp430, His438

Trp82, Trp231, Leu286,

y-tocotrienol 88 -2.7 Trp231, Phe329, [1-Sigma, Alkyl, IT-Alkyl - -
Tyr332, Phe398, His438

[1-Anion, [1-Sigma, I1-1t T- HOHS11 4.092
shaped, Alkyl, TT-Alkyl HOHS9 3.373

HOHS811 2.976
. HOHS890 3.486
) [1-Sigma, IT-1t Stacked, I1-Tt
Catechin 86 -7.2 Trp82, Ala328 TYR332 2.856
T-shaped, IT-Alkyl

3 TYR128 1.780
=

s GLNG67 3.000
o

& HOHS890 2.505
o

— HOHS11 3.739

Myricetin 78 -5.8 Gly121, Trp82 [1-Sigma, IT-1r Stacked TRPS2 2.550

ASNS3 2.149

TRP430 2.753
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TYR440 2.470
GLY115 2.622
GLNG67 2.873
HOHS890 3.318
HOHS11 2.535
. . HOHS811 2.332
Rutin 100* - Ser79, His438 [1-Alkyl
TRP82 3.094
GLY116 2.022
PRO285 2.110
HOH772 3.106
. . [T-1t Stacked, IT-1t T-shaped,
Naringenin 88 -8.2 Trp82, Ala328 . HOHS11 3.546
[1-Alkyl, TT-Sigma
TRP82 2.245
HOH772 2.818
HOHS11 2.706
Ser198, Gly439,
- . HOHS890 3.374
Hesperidin 100 3.4 Tyr128, Trp82, Trp430, II-Sigma, [1-Alkyl
’ THR122 1.783
His438, Ala328
GLNG67 2.062
TYR128 2.759
HOH890 2.874
o . ) HOH772 2.535
Salicylic acid 98 -6.4 Gly115, Gly116 Amide-Pi Stacked
GLY116 3.037
TYR128 2.524
. . IT-1t Stacked, IM-Alkyl, T1-
Thymoquinone 100 -6.2 Trp82, His438 . HOHS890 4.148
Sigma
HOHS811 3.491
HOH890 3.164
SER 198 2.372
§ 3-p-Coumaroylquinic acid 62 -7.9 Ala328 [T-Alkyl SER 198 2.328
g HIS438 2.782
< TRPS2 3.065
= GLU197 2.007
-
HOHS811 2.700
Quercetin-O-pentoside 64 -2.2 Gly439, GIn67, His438 - HOHS890 3.150
HOHS811 3.351
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HOHS11 2.828
HOHS890 1.922
HIS438 2.380
GLU197 2.448
HOHS811 3.335
HOHS890 3.097
TRP82 2.794
o . Gly116, His438, Trp82,  Il1-Alkyl, ASNS83 1.898
Myricetin-O-pentoside 58 -2.5
Ala328 [1-mt Stacked SER 198 2.619
HIS438 2.296
HIS438 2.485
GLY115 2.355
o Trp82, Thr120, Tyr128,
= Lepidine B 100 -9.4 - Tyr128 1.70
2 Ala328, Phe329, Tyr332
3 - Gly116, Gly117, Asn83, Asp70 223
: Lepidine E 100 -9.0 . -
= Tyr332, His438 Trp82 2.73
HOHS811 2.844
L ) [1-mt Stacked, [1-1t T-shaped, TYR332 2.871
Rosmarinic acid 40 -6.6 Trp82, His438, Asp70 )
[1- Anion TRPS82 1.666
& THR 120 2.365
19
§ Apigenin 7-glucoside HOH890 2.577
: HOHB890 2.110
80 1.1 Thr120, Trp430, Ala328  I1-Alkyl GLY121 2.251
THR122 2.030
TYR128 2.350
Dehydrocostus lactone 92 1 Trp82, Phe329, His438  T1-Sigma, IT-Alkyl THR 120 2.264
HOH890 3.367
HOH772 2.647
3 THR120 2.201
2 Malic acid 90 1 Gly116 -
8 SER 198 2.498
s SER 198 2.332
GLU197 2.551
. ) HOH772 2.641
Quinic acid 100 1 Gly116, Trp82 [1-Sigma
HOHS811 2.705
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HOHS890 2.976
TYR128 2.652
GLU197 2.571
- Donepezil -95 Trp82, Trp231, Phe286 - -
2 , Trp82, Thr120, Tyrl28, Tyri28 2.88
A | Galanthamine 82 Ala328, His438 Thr120 3.26
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Table 14. The results of interactions between major compounds and Drugs (Galantamine, Donepezil) and MAGL

MONOACYLGLYCEROL LIPASE (5ZUN)

MOLECULE
RR% AG(Kcal/mol) Closest Residues Hydrophobic interactions H bonds Length
HOH542 3.055
HOH585 2.837
Ser122, Ser185, His269 HOH04 2012
er122, Ser185, His269, _ _II-T- _
Gall hi 100 9.5 Tyr194 | Val270, Val191 Gl e I shaped SER122 2218
allocatechin -9. T , Va ,Va , _ _Sj _
LY273 - [1-Stacked, I1-Sigma, I1 ALA5 2902
s273, Tle i
4 Cation GLUS53 2311
GLU190 2.414
o
2 SER 181 1.692
=]
s HOH542 3.214
< Ser181, Val191, Val270,
Ethyl gallate 100 -7.2 Ter194 [1-Sigma, IT-1t Stacked HOH585 1.982
T
Y HOH364  2.491
SER 122 2.540
MET123 2.359
Arbutin 90 -6.7 ALA51, LEU241 [1-Sigma ASP180 2.221
ASP180 2.280
PRO178 2.012
Gly50, Ser122, His269,
[I-Cation, [1-Sigma, N-Alkyl, HOH542 4.009
Quercetin* 100 -10.4 Val270, Tyr194, lle179,
II-1t Stacked, IT-1t T-shaped ARG57 2.255
Ala51, Leu241, Leu184
Gly50, Ser122, His269, [M-Cation, I1-Sigma, ALASI
g Kaempferol 100 -10.3 Val270, Tyr194, lle179, IT-1t Stacked, IT-1t T-shaped, 2.267
B Ala51, Leu241, Leu184 11-Alkyl
5 HOH542 2745
[1-Sigma, HIS121 1.944
p-coumaric acid 96 -7.9 Val270, Tyr194
M-t Stacked HIS269 2.748
ALA51 2.131
ferulic acid 100 -7.7 Ser181, Val270, Tyr194 [1-Sigma, HOH542 2.885
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M-t Stacked HOH564 2.934
SER 122 1.908
HIS269 2.332
ALA51 2.077
Tyr194, Val270, His121,
3-O-cafteoylquinic acid 86 -8.1 His269 Alkyl, [T-Alkyl MET123 2.193
is
MET123 2.772
Ala51, 1le179, Leu184,
Stigmasterol 100 -9.9 Leu241, Met88, Leu205, Alkyl, IT-Alkyl - -
Leu213, Leu214, Phe159
Ala51, Leul48, Alal51,
Ala156, Leu213, Leu241, HOH542 2.627
[B-sitosterol 100 -10.1 M-Alkyl, Alkyl
Leu205, Ile179, Leu214, ALA51 1.841
Phe159
Val183, Leu184, Arg240,
Leu241, Leu205, Leu213,
y-tocopherol 64 -8.7 Alkyl, TT-Alkyl ASP180 1.965
Leul48, Cys242, Met88,
1le179, Phe159, Phe209
Leu205, Tyr194, Ala51,
Ala156, 1le179, Leu213, M1-Alkyl, Alkyl,
a-tocotrienol 64 -10.9 - -
Leu241, Leul84, Val270, [1-Sigma
Lys273, Phe159, Phe209
Phe159, Ala51, Leu241,
Leu205, Val183, Leul84, Alkyl, TT-Alkyl,
y-tocotrienol 64 -10.0 - -
Leu213, Leu148, Met88S, [1-Sigma
1le179
HOH564 2.428
[1-Sigma
Ser185, His269, Val270), ARGS57 2.061
= . IT-1t Stacked
= Catechin 100 -9.7 Tyr194, Val191, Lys273, SER 122 2.198
o
ot [I-1t T-shaped
o 1le179, Leul84 SER 185 3.093
2 11-Alkyl
o GLU190 3.061
—
o [1-Sigma, HOH585 2.701
Myricetin 100 -9.4 Gly50, Val270, Tyr194
T-1t Stacked ALAS51 3.049
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HIS121 2.422
HOH542 3.286
A MET123 2397
Leu213, Arg240, Leu148, [1-Sigma, Alkyl,
Rutin 100 -10.3 LEU213 2.949
Ala151 M-Alkyl
GLY177 3.352
GLY177 2.299
Gly50, His121, Ser122,
[1-Cation, [1-Sigma HOH542 3.080
o His269, Leu241, Val270,
Naringenin 100 -10.0 [1-1t Stacked, HOH542 4.138
Tyr194, Ala51, 1le179,
[1-1t T-shaped, IT-Alkyl MET123 2.309
Leul84
HOH542 3.435
Leu241, Val270, Tyr194, M-Sigma, HOH585A  2.673
Hesperidin 100 -10.9 Ala156, Leu214, Phel59, [T-1t Stacked, Alkyl, LA51 2.495
Ala51, 1le179 MM-Alkyl MET123 2.370
GLU53 2.823
Ser185, Val270, Tyr194, [1-Sigma,
Salicylic acid 100 -7.3 HOH585 2.611
Leul84 IT-1t Stacked, IT-Alkyl
Ser181, Val270, Tyr194,
[1-Sigma, I1-Alkyl
Thymoquinone 100 -7.6 Lys273, Leul84, Tle179, HOH585 3.351
IT-1t Stacked, Alkyl
His121, His269
L [1-1t Stacked ASP180 1.868
3-p-Coumaroylquinic acid 48 -7.5 Phe159, Ala156
11-Alkyl GLY177 2547
) ) Ser155, Leu213, Leu241, [1-Sigma, IT-Alkyl
< Quercetin-O-pentoside 76 -8.9 - -
8 Phe159, Ala151 [T-1t T-shaped
=
g HOH542 2.602
= SER155 2.848
— Leu241, Ala51, 1le179, M-Alkyl
Myricetin-O-pentoside 100 -9.2 GLY210 3.062
Leu205 [1-Sigma
GLY177 1.872
ALA51 2.367
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Leul48, Ala151, Ile179,
. Lepidine B 72 -8.1 Leu205, Leu213, Leu214, m-Alkyl, T-Sigma SER 155 2.14
E Leu241
3 Val191, Tyr194, Leu213, A
. m-Alkyl, m-Sigma, -1~
H Lepidine E 50 95 Leu241, Cys242, Val270, SER 181 2.65
Stacked, t-Sulfur
Lys273
HOH542 2.991
HOH585 3.354
HOH542 2.031
o Ser185, Leu241, Val270, m-Alkyl, -Sigma, -1~ HIS121 2.309
Rosmarinic acid 80 -10.0
Tyr194, Ala51 Stacked HIS121 2.212
é SER 122 2.476
g HIS269 2.430
:]. SER 181 2.352
Apigenin 7-glucoside ) HOH542 3.217
Gly50, His269, Ser122, )
m-Alkyl, m-Sigma, -1~ ALA51 2.104
Leu241, Val270, Tyr194,
100 -10.6 Stacked,t-Cation, [1-1t T- ASP180 2.536
His269 , lle179, Ala51,
shaped ASP180 2.257
Leul84
ASP180 2.754
Ala51, Leu213, Leu241,
Dehydrocostus lactone 100 -85 Alkyl - -
Leu205, lle179, Leu148
HOH585 2.323
© ARG57 2.052
b= Malic acid 100 -5.6 Ser185 -
8 SER 181 2.224
O
%) GLU53 2.802
HOHS585 2.186
Quinic acid 98 -5.2 - - ALA51 2.288
GLU53 2.603
Ala51, His121, 1le179, Alkyl, t-Alkyl,
5 SER 122 2.72
2 Donepezil 100 -10.7 Tyr194, Leu241, Val270, T-1t-Stacked,
Ao ) MET123 2.74
Lys273 m-Sigma
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] Ala51, Leu205, Ser155, Alkyl, m-Alkyl,
Galanthamine 92 -7.6 - -
lle179, Leu213, Leu241 T-Sigma
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Table 15. The results of interactions between major compounds and Drugs (Galantamine, Donepezil) and BACE1

BETA-SECRETASE (6E3])

MOLECULE
RR% AG(Kcal/mol) Closest Residues Hydrophobic interactions H bonds Length
HOH625 3.782
TRP115 1.842
Gallocatechin - - Leu30 Pi-Sigma
GLN73 2.702
8 GLY230 1.727
= Pi—Cation, Pi-Pi T—shaped,
s Ethyl gallate - - Argl28, Tyr71 ) - -
< Pi-Alkyl
HOH601 3.059
Arbutin - - - - GLY117 2.891
GLN12 3.006
HOH671 3.027
. [1-t Stacked,
Quercetin® 100 -85 Trp76, Tyr71, Val69, lle118 0. Allev] HOH625 2.317
o HOH625 2364
HOH671 3.007
[T-1t Stacked,
Kaempferol 100 -8.1 Trp76, Tyr71, Val69, Ile118 1 Alkvl HOH625 2.439
e HOH601 2.958
[1-Donor Hydrogen Bond, [T- HOH625 3.260
o Ser35, Phel08, Trp76, Tyr71,
p-coumaric acid 100 -6.2 Alkyl, HOHO601 3.000
g Iel18
g I[1-1t T-shaped TYR71 2.538
E HOH625 2.854
© HOH601 3.576
ferulic acid 100 -6.5 Tyr71 [1-mt Stacked
HOH671 3.795
TRP76 2.137
HOH625 2.050
TRP76 2.336
3-O-cafteoylquinic acid 60 -8.2 Phel08, Tyr71 [1-Cation, [1-Alkyl AR G128 2.444
PHE108 2.001
GLY34 2.496
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Leu30, lle110, Tyr71, Trp76,
Stigmasterol 100 -9.1 Trpl115 Alkyl, [T-Alkyl HOH671 3.278
Tyr71, Ile110, Leu30,
[1-Alkyl, Alkyl,
[-sitosterol 100 -9.5 Phe108, - -
[1-Sigma
Trpl15
y-tocopherol 42 -7.4 Leu30, Tyr71, Trp115 Alkyl, TT-Alkyl TRP76 2.083
Ser35, Val69, Ile118, Tyr71,
a-tocotrienol 24 -7.7 Alkyl, TT-Alkyl TYR198 2.273
Trp76, Tyr198
Tyr71, le118, Trp76, Phel108  II1-Sigma, Alkyl,
y-tocotrienol 62 -8.1 - -
I1-Alkyl
HOH671 3.006
) [1-Donor Hydrogen Bond, [I- HOH625 2.214
Catechin 100 -8.3 Trp76, Val69, Ile118
Alkyl ARG128 2.738
PHE108 2.717
HOHG601 3.344
HOH625 2.401
Myricetin 100 -8.3 Ilel118 [1-Alkyl
ARG128 2.814
GLY230 2.318
HOH671 2.108
£ ARG128 2.844
5 ) [1-Donor Hydrogen Bond, I1-
9 Rutin 100 -9.9 Trp76, Val69 PHE108 2.483
2 Alkyl
o ASN37 2.39
—
ASP228 2.566
HOHG601 3.232
HOH601 3.224
[T-1t Stacked,
Naringenin 100 -8.9 Tyr71, Val69 HOH625 1.983
1-Alkyl
HOH671 2.165
ASN37 3.054
HOH601 3.274
[T-1t Stacked,
Hesperidin 98 -10.4 Tyr71, Val69 HOH625 2.888
I1-Alkyl
HOH625 2.978
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HOH671 2.68
ARG128 2.493
ARG128 2.641
ARG128 1.979
PRO70 2.534
THR329 2.268
HOH601 2.850
IT-Donor Hydrogen Bond, TT-
o HOH671 2.957
Salicylic acid 100 -5.4 Trp76, Val69 Alkyl,
SER35 2.143
[1-1t T-shaped
TRP76 2.550
[T-t Stacked,
Thymoquinone 100 -5.9 Tyr71, 1le118, Val69, Phe108 TRP76 1.829
Alkyl, IT-Alkyl
HOH®625 2.099
HOH671 1.994
TRP76 2.228
3-p-Coumaroylquinic acid 100 -8.1 Tyr71 [1-mt Stacked
GLY34 2.549
g GLY34 2.447
$= ILE126 2.628
3,
S HOH®625 2.998
[o%
— Quercetin-O-pentoside 100 -8.8 Tyr71, 1le118 [1-mt Stacked, MT-Alkyl ARG128 2.800
ASN37 2.848
HOH671 3.073
Myricetin-O-pentoside 100 -9.4 Val69, 1le118 [1-Alkyl HOH625 2.940
THR?72 2.466
Asp32, Gly34, Ser35, Tyr71, Amide-m-Stacked, m-Cation,
g Lepidine B 100 -7.7 Gly230, Trp76, Argl28, m-Sigma, - Stacked, -
= Asp228 m-m-Tshaped
<
:- Trp76, llel118, Argl28, m-Alkyl, m-Anion, -Cation,
Lepidine E 100 -8.0 Gly34 1.89
Asp228 1i- Tt-Tshaped
o | Rosmarinic acid - - - - TYR71 2.824
. Q
— & | Apigenin 7-glucoside - - Val69, Arg128 I1-Alkyl HOH601 2.705
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HOH671 2.749
GLN73 2.132
GLY74 2.042
Dehydrocostus lactone 100 -8.0 Val69, lle118, Tyr71, Trp76 Alkyl, [T-Alkyl ARG128 2.490
HOH671 2.939
HOH601 2.267
Malic acid 94 -5.6 - -
HOH671 2.434
2 ARG128 2.708
% HOH601 3.069
%} HOH671 2.544
o HOH671 2.427
Quinic acid 100 -5.4 - -
TRP76 2.565
ASP32 2.559
ASN37 2.597
Leu30, Ile118, Tyr71, lle126, Alkyl, r-Alkyl,
Donepezil 100 -8.9 . TRP76 2.23
53 Argl28 m-Cation
5
5 m-Alkyl,
Galanthamine 100 -7.5 Tyr71 - -
T-m-Stacked
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During this thesis, we studied the inhibitory effect of seven plant extracts against
cholinesterase and other enzymes which describes as targets for AD treatments and

carry out a phytochemical study for those plants, in this case: Arbutus unedoL, Coriandrum
sativum, Juniperus oxycedrus, Juniperus phoenicea, Lavandula stoechas, Saussurea costus and

Lepidium sativum.

In this conclusion, we will compare the previous work with our results in order

to highlight the contribution of our work.

First, we conducted a phytochemical screening for several medicinal plants, we
found that all plants are rich in flavonoids, tannins, and terpenoids; whereas alkaloids
do not present in all plants. Then, we have quantified the total phenolic and flavonoids
in those plants, we found that these results confirmed the results of phytochemical
screening, the highest phenolic and flavonoids were found in methanolic extract of /.
oxycedruswith values 0of 29.106 mgGAE/gDW, and 7.699 mgQE/gDW, respectively.

The hexane extract of C. sativum does not contain flavonoids.

Then, we evaluate the inhibitory effect of all extracts, we found a significant
difference between the extracts. The most active extract was /. phoenicea followed by
J. oxycedrus, S. costus then A.undo. While C. sativum is not active or has a low eftect

against Acetylcholinesterase.

Finally, the molecular docking results confirm the results of in vitro studies, where
all major molecules of C. sativum, have weak interactions with cholinesterase enzymes.
However, the molecules from A. unedo, J. phoenicea and J. oxycedrus, form strong

hydrogen bonds with those enzymes.

We conclude that a particular attention should be devoted to the plants growth
in Algeria, to be treated as an important resource for drug candidates against

Alzheimer’s disease. Moreover, we suggest conducting further researches and studies
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to isolate the bioactive components in these difterent plants, and evaluate their
inhibitory effect against cholinesterase from difterent origins, and purchasing the in

vivo assays to confirm the in vitro and the in silico obtained results.
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Figure 1. Chart representing the extraction yield



