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FRONTISPIECE

The paint that portrays the Greek goddess, Athena (on the right) taking part in a secret ritual in front
of the olive tree together Cecrops, who is depicted as half human and half snake (on the left). The
olive tree for the ancient Greeks was a symbol of the Olympic ideals of Peace, Wisdom, and
Victory; and it was protected by law by the state (14" — 13t Century BC).

Source: http://hellenicgroves.gr/olive-oil-history
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ABSTRACT
The global increase in demand for olive oil leads to an increase in its production. As
olive oil production increases, so does the amount of olive oil by-products (OOBPS),
which cause environmental problems. Thus, new ways to utilize them are needed.
In this thesis, the biological importance and chemical characteristics of the by-

products (OMW, leaves) were assessed to address the possible ways to utilize them.

Seventeen (17) metabolites were isolated, two of them being novel, from OMW
following bioassay-guided fractionation, and screened for their anti-allergic activity
in RBL-2H3 cells (10 metabolites); and anti-diabetic activity (7 metabolites). Anti-
allergic active metabolites reduced intracellular Ca?* levels by decreasing the
expression of calcium channel proteins, suggesting that they act mainly as ‘mast cell
stabilizers’ to reduce the release of allergic mediators. While, the anti-diabetic active
metabolites inhibited a-glucosidase enzyme either in uncompetitive, non-
competitive, or in partial-mixed fashion to reduce postprandial hyperglycemia. To
understand the contribution of each of the isolated metabolites to the respective
biological activity, their individual “total activities” were established. For the first time,
it was found that two isolated anti-diabetic metabolites (both triterpenes), oleanolic
acid, and maslinic acid had the highest contribution to the activity, while for anti-
allergic, it was the phenolic compounds; luteolin and hydroxytyrosol acetate. This
was because not only were they active but also they were the major metabolites in
OMW following quantitation by HPLC/ ultra-high performance liquid chromatography

coupled with quadrupole time-of-flight mass spectrometry (LC/QTOF-MS).
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To address the identification of as many possible metabolites, olive leaves (different
cultivars) were studied. Firstly, their acetylcholinesterase (AChE) inhibitory rates
were tested, then six cultivars (three most active and three least active ones) were
chosen for further studies. Since cultivars are always easily confused due to their
extremely similar morphology and metabolites, a novel high-resolution mass
spectrometry (HRMS)-based metabolomics approach that is capable of identifying
both triterpenoids and phenolic compounds simultaneously, as well as for screening
specific biomarkers for cultivars was developed by LC/QTOF-MS employing the all-
ion fragmentation (AIF) acquisition mode in data mining. Firstly, the metabolic
profiles were analyzed to detect all components as molecular features, MFs. Then,
to get final metabolites with high quality, all components were compared among the
cultivars and were filtered with Mass Profiler Professional (MPP) software — whereby
a total of 66 MFs were detected, of which 29 MFs have been tentatively identified (6
MFs as triterpenoids and 23 MFs as phenolic compounds). For screening specific
biomarkers, the extracted ion chromatograms (EICs) were compared and the MFs
which were found in significantly higher abundance in a specific cultivar were
considered as specific for that cultivar. As an example, the specific biomarkers for
Lucca and Cippressino cultivars are MF #39 (m/z 515.0805, RT=6.63 min) and MF
#13 (m/z 137.0246, RT=8.06 min), respectively. However, verification of the selected
biomarkers is ongoing. The novel developed AlF-based workflow can thus be
employed in the selection of the specific biomarkers, and the identification of active

metabolites in closely related herbs.
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DEFINITION OF KEY TERMS
Olive oil by-products (OOBPSs)
These includes olive tree residues produced during all processes involved in the
production of virgin olive oil (VOO), covering a wide range of activities from day 1 of
tree plantation, to tree maintenance and fruit harvesting, to the final process of oll
extraction . The following are the OOBPs:

i. Leaves and twigs whose diameter is less than 3 cm — these are obtained by
tree pruning and separation of big branches, usually it is done monthly in the
farm. Leaves are also obtained after the washing and cleaning of olive fruits
in the factory.

ii. Liquid residue — it is obtained by centrifugation or by sedimentation after
pressing of olive tree fruits during oil extraction in the factory. Liquid residue
has been known with different names such as, olive mill wastewaters;
vegetation waters; alpechins; etc.

iii. Solid residues — these are exclusively obtained during oil extraction from

industrial production. They include olive oil cakes and olive pulp.

In some literature, by-products obtained ‘during’ oil extraction process, such as olive
mill wastewaters or alpechins, olive oil cakes, leaves obtained after washing - are

called olive oil wastes (OOW) 2. Therefore, OOBPs is more inclusive and broader.

Olive mill wastes (OMW)

XXV



OMW refers to the dried mixture of the liquid residue (olive mill wastewaters) and
solid residue (olive cake, pulp) produced during oil extraction. Since it is dried, OMW

is solid in physical appearance!

Olive leaves
For the purpose of this thesis, it refers to those obtained monthly during tree pruning
in the farm. We exclude those obtained after the washing and cleaning of olive fruits

in the factory.

XXVi
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INTRODUCTION
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Part I: Background

1.1.1. The Olive Tree, Olive Qil, and The Olive Oil By-products

The olive tree (Olea europaea L, family Oleaceae) has been used for medicinal and
dietary purposes since ancient times, recorded as far back as 7000 BC 3. It is famous
for its fruits, called ‘olives’, which are commercially important as the prime source of
olive oil 4 — the major product widely used °. Each olive tree yields between 15 and
40 kg of olives annually. It is estimated that global olive oil production for the year
2002 was about 2.5 million tons produced from approximately 750 million productive
olive trees, the majority of which are in the Mediterranean region — which accounts
for 97% of the total olive oil production. Outside the Mediterranean basin, olives are

cultivated in the Middle East, the USA, Argentina, and Australia S.

Olive oil production tends to increase over the last decades as a valuable source of
antioxidants and essential fatty acids in the human diet and constitutes one of the
most important dietary trends worldwide 4. Due to rising awareness about the
beneficial effects of optimal nutrition and functional foods among today’s health-
conscious societies, the worldwide consumption of olives and olive products has
increased significantly, especially in high-income countries such as the USA, Europe,
Japan, Canada, and Australia, resulting in the development of many olive-based

products 78,

Since olive oil is increasingly gaining interest in the food industry — as it provides the

body with additional benefits as compared to traditional oils, as a result, a huge

28



amount of olive oil by-products (OOBPs) are generated during the production
process(es) from plantation to oil extraction, these include olive mill wastes (OMW)
and leaves °19, Conventionally, these by-products have been regarded as ‘wastes’,
and they can lead to serious damages if they remained untreated 4. For instance,
OMW may have a great impact on environments because of their high organic loads
(Table 1), especially the phenolic compounds which are not easily biodegradable 12,

This leads into phytotoxicity and they have a terrestrial bactericidal effect.

It is worth noting that it is this rapid increase in the demand for olive oil worldwide,
which leads to a growing problem in the environmental pollution posed by, especially,
OMW. Now, the olive oil industry is facing a serious challenge to find an
environmentally sound and economically viable solution in handling OOBPs,
especially OMW 11, One of the most promising ways is through the recovery of

bioactive metabolites, which can be utilized in different fields 12.
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Table 1: Physicochemical Characteristics of Olive Mill Wastes

Parameter Unit Range of Value

pH - 48-5.7
Conductivity dS/M 5-81
Biodegradability — 0.1-0.26
Dry residue g/L 11.5-90.7
Organic loads

Lipids g/L 7

Phenolic compounds g/L 0.8-8.9

Sugar g/L 1.3-4.3

Total Nitrogen g/L 0.06-0.9

Source of data; 1314
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1.1.2. The Sustainable Management of OOBPs

The high organic loads including, organo-halogenated pollutants, fatty acids, and
phenolic compounds (Table 1), make OMW the most environmental pollutant (toxic
to both terrestrial and aquatic organisms; plants, bacterial and fungi) 41°. Therefore,
these by-products need to be managed to minimize the environmental effects
induced by their disposal *°. Their management often aims at the treatment approach
which involves the destruction of organic matter and phenolic compounds, and
hence the reduction of chemical oxygen demand and phytotoxicity, respectively.
However, these treatments are difficult and expensive as it has high territorial
scattering and the presence of nonbiodegradable organic compounds like long-chain

fatty acids and phenols 13,

Since the management through treatment is difficult and expensive, other
management approaches that are cheaper and more environmentally friendly should
be placed in use. In an attempt to categorize the proposed cheaper and
environmentally friendly methods, two categories can be denoted:
1. Waste reduction via olive production systems conversion (i.e., to use the
system that produces relatively small amounts of wastewaters).
2. Recovery or recycling of components from OMW (involves the isolation of

bioactive compounds/ fractions with a certain biological activity).

The first approach is now widely placed in use. However, the increased production

of virgin olive oil (VOO) has led to increased production of OOBPs exceeding that
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the olive industry can manage 315, As a result, research suggests that the best
management process must integrate different methodologies such as combining
both treatments, recycling, waste reduction via olive production systems conversion,
and energy-producing processes. Such integrative management could lead to the
achievement of several purposes altogether as summarized in Figure 1. Therefore
this concept makes the treatment process cost-effective and results in an

environmentally friendly VOO production process *°.

32



Water

BIOENERGY
Bioethanol
Biohydrogen
Biomethane

BIOMOLECULES
Biopolymers
Phenclic compounds

Additives in decontamination
foodstuff
Pectin - fiber
OTHER
USES
OOBPs
[ BIOCONVERSION }
AGRONOMY Substrate for the growth of
) . ubstrate for the gro 0]
Ed|‘ble fungi microorganisms
Animal feeds Production of fertilizers
Composting

Cosmetic uses

Collagen-promoting activity
Ca** transduction on Keratinocyte
Antimelanogenesis

RECOVERY OF
VALUABLE
METABOLITES

Figure 1: Proposed Methods and Processes for the Valorization of OOBPs
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1.1.3. Recovery and Reuse of the Components from OOBPs (OMW and Leaves)

The valorization of the by-products is a challenging opportunity for the sustainable
and competitive development of several industrial sectors, including the biorefinery
of olive oil by-products (OOBPSs): leaves and olive mill waste (OMW). We have seen
why the management of OMW, in particular, has received much attention over recent
years — high organic loads thus limiting its biological treatment, non-biodegradability,
and environmental hazardous 1°. It is now known that during the olive oil production,
almost all phenolic content of the olive fruit (~98%) remains in the by-products OMW.
Therefore, apart from being a serious environmental problem, OMW can also
represent an inexpensive source of highly- and potentially valuable molecules for

recovery and reuse purposes 12,

The approach of recovery and reuse appears to be the new and best frontier in the
valorization of the olive oil by-products. This thesis has explored the biological
potential of the recovered molecules (metabolites) and reuse them in the treatment/
prevention of several disease conditions. Moreover, the analytical chemical
techniqgues such as characterization of the extracts for their phenolic (and

triterpenoid) content were performed.

1.1.4. Phytochemical Review of OOBPs

Many research works have been done concerning the phytochemistry of the OOBPs.
Today, OMW and olive leaves are considered as an inexpensive source of highly

valuable metabolites, mainly those belonging to the family of biophenols. Oleuropein,
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a secoiridoid group member and its hydrolysis derivative; hydroxytyrosol are the
most studied olive biophenols 7. In general, even though the phenolic compounds
are known to be the major contributors to the toxicity of OMW 10, they are endowed
with several biological activities such as antioxidant properties 18-2°, This has led to
the proposal of the production of biologically active compounds such as phenolic
antioxidants from OMW constitutes as a viable alternative for valorizing this

problematic waste 2,

Following a long-time recognition of the antioxidant activity of OMW and the
association of oxidative stress such as ROS with many diseases, it was logical to
consider OMW as a potential source of biophenolic antioxidants. In this section, the

olive biophenol metabolites, with their biological properties have been reviewed.

Phenolic Content

The phenolic profiles of olive fruit and the corresponding oil (VOO), leaves, and
OMW obtained either from the industry or by the laboratory-scale press has been
compared in previous works 121821-25 |n general, the chromatogram profiles of the
fruit showed similarity to that of the OMW where secoiridoid glycosides were present
in high concentration. In contrast, many studies found out that secoiridoid derivative,
hydroxytyrosol was found in higher amounts in the OMW than in the VOO and olive
leaves 1221, This poor correlation between the phenolic content of the fruits and that
of the OMW has been ascribed to several factors involved during extraction — the

effects of processing 326, However, it is worth mentioning that OMW has been
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proven to be richer in biophenols as compared to oil, fruits, or olive leaves 2. Table
2 and 3 below shows some of the biophenols reported in OOBPs and their reported

biological activities and their chemical structures.
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Table 2: The Major Biophenols in OOBPs (OMW and olive leaves) and Their

Reported Activities

Biophenol

Bioactivity

Remark(s)

Oleuropein %!

Antioxidant

Cardioprotective

Antiulcer

Hypoglycemic

Antihypertensive

Anti-inflammatory

Antimicrobial

Endocrinal activity

Neuroprotective

From olive cake extract ?’.
In vivo and in vitro activity 2829,
Free radical scavenging activity 3031,

Inhibition of LDL oxidation and platelets
aggregation 3233,

Fatty acid composition of rat heart 343,
Enhances nitric oxide production
Prevents ethanol-induced gastric ulcers 6.

Reduces blood sugar in rats — normal and
diabetic 3738,

Vasodilator 3°.

Prostaglandin sparing and analgesic effect
40

Inhibition of 5-lipoxygenase ..
Antibacterial #2.

Antimycoplasmal 3.

Antifungal effects 44.

Anti-HIV activity of olive leaf extract 4°.
Thyroid stimulation 4647,

Neuroprotective following spinal cord injury
in rats 4,
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Biophenol Bioactivity Remark(s)

Neuroprotective against cognitive
dysfunction in hippocampal CA1l area in
rats 4°

In vitro and epidemiological 32.

Hydroxytyrosol  Antioxidant Isolated from OMWW, antioxidant in rats,
18,21,50-52 and liver cells 5354,

Protects human erythrocytes against
oxidative damage ®°.

Cardioprotective scavenges and reduces superoxide anion
production in human promonocyte cells 56:57,

Chemopreventive  Protective against oxidative stress in kidney
cells %8,

Cancer chemoprevention through G1 cell
cycle arrest and apoptosis 9.

Induces cytochrome C-dependent
apoptosis 9,

Inhibition of the proliferation of tumor cells °.
Antimicrobial Antibacterial #2.

Antimycoplasmal 3.

Antiviral 62,
Anti-inflammatory  Prostaglandin sparing “°.

Inhibition of leukocytes leukotriene B4 62,

Impairs Cytokine and Chemokine
Production in Macrophages ©2.

inhibition of 5-lipoxygenase 1.

Skin lighting topical and bath preparation 52,
property
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Biophenol Bioactivity Remark(s)
Age-related Restores proper insulin signaling in an
dementia astrocytic model of Alzheimer's disease %
(Alzheimer’s
disease) Improves cognitive function in Rats 65,
Tyrosol 2750 Antioxidant Restored intracellular antioxidant defense
66
DPPH scavenging &’
Protect against oxidized LDL 68,
Chemopreventive  Protective against oxidative stress in kidney

Caffeic acid
19,69

Verbascoside
73

Anti-inflammatory

Antioxidant

Anti-inflammatory

Chemoprotective

Antimicrobial

Antioxidant

Chemoprevention

Antiplatelet

cells %8,

Inhibition of 5-lipoxygenase (less active
than HT) 4L,

Stabilized oxidative stress 7°

Inhibition of 5-lipoxygenase (less active
than HT and tyrosol) 41,

Inhibits DNA oxidation (less active than
hydroxytyrosol but more efficient than
tyrosol in prostate cells 1.

Antibacterial 2.

Antifungal 2.

Isolated from OMWW 73,

Food antioxidants 3.

Antioxidant in Rats by TEAC assay °*.

Protects the human keratinocyte against
solar UV 74,

Inhibits ADP and arachidonic acid-induced
platelet aggregation 7.
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Biophenol Bioactivity

Remark(s)

Antihypertensive

Anti-inflammatory
Rutin 78 Antioxidant

Anti-inflammatory

Antihyperglycemic
Chemopreventive
p-coumaric Antioxidant
acid %°
Antimicrobial
Chemopreventive

Angiotensin-converting enzyme (ACE)
inhibitor 76,

Multiple mechanisms 77,
In vitro antioxidant 7°.

Intestinal anti-inflammatory effects in the
CD4+ CD62L+ T cell transfer model of
colitis &°,

Anti-inflammatory on rat paw oedema, and
on neutrophils chemotaxis and
degranulation 8.

Antihyperglycemic in Streptozotocin-
Induced Diabetic Wistar Rats 82.

Attenuates intestinal toxicity induced by
Methotrexate .

Scavenges the reactive oxygen species
(ROS) in Rats 84,

Minimizes the oxidation of LDL in Rats 84

Protects the rat heart from the oxidative
stress of doxorubicin 8°.

Antioxidant in multiple in vitro cell-free
systems; DPPH, ORAC, SOSA, & ABTS 8,

Inhibits the Listeria monocytogenes RecA
protein function &,

General antimicrobial 8.

Chemopreventive via induction of Nrf2 in
colon cancer °,

Anticancer against HCT-15 colon cancer
cells
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Biophenol Bioactivity Remark(s)
Vanillic acid Antioxidant Protective effects on lipid peroxidation in
21,69 cardiotoxic Rats .

Antimetabolic
syndromes

Antimicrobial

Antioxidant in multiple in vitro cell-free
systems; DPPH, ORAC, OxHLIA, ABTS L.

Reduced risks in high fat-induced diabetic
hypertensive Rats °2.

Antibacterial 4°.

Antifungal 4°.
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Table 3: Chemical structure of main phenolic compounds found in by-

products of olive oil production

Class (Group)

Chemical Structure

Compound

Secoiridoids

Phenylalcohols

Phenolic acids/
aldehyde

Oleuropein: R1=0OH,
R>=CHs, R3=Glucose

3,4-DHPEA-EA: R1=0OH,
R2=CHs, R3=H

Ligstroside: R1=H,
R>=CHzs, R3= Glucose

Hydroxytyrosol: R1=OH,
R2=H

Tyrosol: Ri=H, Rz=H
Hydroxytyrosol

glucoside: R1i=0OH,
R2=Glucose

3,4-DHPEA-EA: R1=OH

p-HPEA-EA: Ri=H

Caffeic acid: R1=0OH;
Ro=H

p-Coumaric acid: Ri=H;
Ro=H

Ferulic acid: R1=H;
R2=0OCHs




Class (Group)

Chemical Structure

Compound

Flavonoids

Phenylethanoid
glycoside

HO

R,

HO

R3

O

R1

HO

OH

Gallic acid: R1=0OH;
R2=0OH; R3=0OH

Vanillic acid: R1=0OH:;
R2>=0OCHz3; R3=H

Protocatechuic acid:
R1=0H; R2=0H; R3=H

Vanillin: R1=H; R2=0OCHz;
Rs=H

Rutin: R1=0OH; R2=0-
rutinose; R3=0OH Luteolin:
R1=0OH; R2=H; R3=0OH

Luteolin-7-O-glucoside:
R1=0OH; R2=0-glucose;
Rs=0OH

Apigenin: R1i=OH; R2=H;
Rs=H

Apigenin-7-O-glucoside:

R1=0OH; R2=0-glucose;
Rs=H

Verbascoside
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Class (Group) Chemical Structure Compound

Lignans OH
0 ©: Pinoresinol, Ri=H

g—/\(“'& 1-acetoxypinoresinol,
HsCO Ri=Ac

IO
HO

3,4-DHPEA-EA: oleuropein aglycon mono-aldehyde; 3,4-DHPEA-EDA: oleuropein-
aglycone di-aldehyde; p-HPEA-EDA: ligstroside-aglycone di-aldehyde
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1.1.5. Aims of the Thesis

1.1.5.1. Why OOBPs?

The presence of phenolic compounds along with other minor ones, the pentacyclic
triterpenes, makes VOO useful not only as traditional food but also as folk medicine.
Today, it is known that during the olive oil extraction, almost all the phenolic content
of the olive fruit (~98%) remains in the OMW, a major OOBP °3. Among many other
compounds are oleuropein and hydroxytyrosol — which are the well-known active
phenolic compounds of the olives 1794, Several other metabolites have been isolated
from OOBPs and a variety of biological activities have been explored as seen in the

phytochemistry review section (Table 2).

Thus, besides being a serious environmental problem, the OOBPs represent a
precious resource of useful compounds for recovery and valorization purposes for
use in different industrial sectors 191322959 However, it is still not effectively applied
and are only described in the scientific literature. Scientific evidence about the bio-
functional aspects of the natural product must lead us to utilize that natural source
as a sustainable resource.. However, the knowledge about the functionality of the

extracts of OOBPs including OMW and its active compounds is still limited.

Therefore, the main purpose of this thesis was to investigate the biological
importance and chemical characteristics of the by-products (OMW, leaves) in an
effort to address the possible ways to utilize; a focus on non-communicable diseases

(NCDs).
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1.1.5.2. Why OOBPs and non-communicable diseases (NCDs)?

Non-communicable diseases (NCDs), also known as chronic diseases, are a result
of multiple factors including/ a combination of genetic, physiological, environmental,
and behavioral factors. The main types of NCDs are cardiovascular diseases (like
heart attacks and stroke), cancers, diabetes, and chronic respiratory diseases (such
as chronic obstructive pulmonary disease, COPD, and asthma). Other major NCDs
are such as allergic reactions — notably became prevalent due to global climate
changes, among many other factors %:%. Recently, NCDs disproportionately affect
people in low- and middle-income countries where more than three quarters (75%)

of global NCD deaths — 32 million — occur *°.

According to WHO factsheet about NCDs, the following are the major shocking and
alarming facts about NCDs prevalence worldwide: one, they are the number killer in
the world — killing 41 million people each year, equivalent to 71% of all deaths
globally. Two, 15 million people who are dying annually from an NCD are between
the ages of 30 and 69 years — over 85% of these "premature” deaths occur in low-
and middle-income countries. Diabetes kills 1.6 million people annually 1%, and
Alzheimer’s kills about 1.5 million people in 2010 191, These numbers are expected
to rise with time. For instance; in 2014 diabetes affected 422 million adults and it is
expected to affect more than 592 million people by 2035 100192 and for AD, 44.4
million patients in 2013, with that number estimated to increase to 135 million by

2050 103,
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Now, NCDs are considered a global burden because they present with the major
socio-economic problem; high medical costs and a high requirement for care 1%, The
cost of dealing with NCD can be exemplified with AD patients, whereby the total
annual societal cost per patient with AD goes as high as $56,000 in the USA 104,
Taking into consideration the burden of cost and their debilitating effects on patients,
NCDs raises the urgency for the need to put more emphasis on research and
development of medicines and functional foods from which will be cheap and
effective, and eventually helping to reduce this burden. Luckily, there is a very close
link between NCDs and the increase in ROS. It means that the antioxidant property
of olive phenolic compounds could be of paramount importance in fighting against

NCDs 105—109.

To address that issue, the biological potential of OOBPs was explored on three major

NCDs — allergy, diabetes, and Alzheimer’s disease (AD).
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CHAPTER 2
Mast Cell Stabilizing Effect of the Isolated Compounds from Olive Mill Waste

Following Allergic Sensitization
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Part I: INTRODUCTION - TYPE 1 ALLERGY

2.1.1. Allergic reaction and hypersensitivity

An allergy refers to a hypersensitivity disorder in which the immune system
abnormally reacts to non-infectious environmental substances, usually considered
harmless, named allergens 119111 These include pollen, food, dust mites, cosmetics,
mold spores, and animal hairs. An allergic reaction can be rapid in onset and chronic,
comprising a range of disorders associated with reduced quality of life, such as
eczema, allergic rhinitis or atopic dermatitis, and life-threatening reactions, such as
severe asthma episodes and anaphylaxis 2. Worldwide, a high prevalence of
allergic diseases has been reported in all age groups '3 and reported to increase
during the last two decades 114116, Several changes in environmental factors,
including sensitizers such as indoor and outdoor allergens, air pollution and rise of
ambient temperature — which may induce early springs with increased airborne

pollen, and various infections, may contribute to the rise of the problem °7:98.110,

The commonest form of allergic reaction is called ‘type 1 allergy’ and it is commonly
triggered by immunoglobulin E (IgE). Basophils and mast cells play important roles
in both immediate- and late-phase reactions of this type of allergy by releasing
histamines or other cytokines after being mediated by IgE 11718 — a process called
degranulation. The release of allergic and inflammatory mediators from the
cytoplasmic granules is stimulated by the aggregation of high-affinity IgE receptors,
known as Fc-receptor | (FceRl), on mast cells. When FceRlI is stimulated, it triggers

the formation of microtubules that leads to the translocation of granules from the
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cytoplasm to the plasma membrane, where they release the mediators and granule

— plasma membrane fusion is known to be calcium-dependent 1°-121,

2.1.2. Pathophysiology of FceRI-mediated mast cell degranulation

Pathophysiologically, when antigen-specific IgEs bound to the Fce receptor | (FceRlI)
receptor on basophils or mast cells, cross-linking of IgE with newly absorbed
allergens leads to a cascade of events activates phosphoinositide-specific
phospholipase C. Phospholipase C breaks down phosphatidylinositol-4,5-
bisphosphate to generate inositol-1,4,5-trisphosphate (IP3) and diacylglycerol. IP3
binds its receptor that is located on the surface of the endoplasmic reticulum (ER)
which is the main internal Ca?* store, and activates the release of Ca?* from ER into
the cytoplasm - the event known as ‘store depletion’. The process of store depletion,
in turn, activates store-operated calcium (SOC) channels in the plasma membrane
to recruit the influx of Ca?* from the extracellular spaces. That leads to an elevation
of intracellular free Ca?* levels, which in turn plays an essential role in degranulation

process 1227125,

The major degranulation marker of immediate allergic reactions is histamine, which
is released from the secretory granules of basophils or mast cells. For in vitro studies,
the same marker (histamine) or the enzyme p[-hexosaminidase are used. f3-
hexosaminidase is also stored in the secretory granules and is released
simultaneously with histamine when the cells are immunologically activated 1?4, This

is why B-hexosaminidase is now commonly used as a degranulation marker and it

50



has been used for the evaluation of anti-allergic activity of compounds in this study.
The compound is considered to have anti-allergic activity if it can inhibit

degranulation and produce a significant reduction in B-hexosaminidase release.

2.1.3. The Role of Calcium Channel Proteins (SOC) in Degranulation

The main mode of influx of Ca?* from extracellular spaces into mast cells is through
SOC. The best characterized SOC channels in mast cells, and other lymphocytes,
are known as ‘calcium release-activated calcium’ (CRAC) channels %6, The CRAC
channels are characterized by being highly Ca?*-selective, low-conductance
channels 2>, Based on RNA-mediated high-throughput screens, it is known that
STIM1 (stromal interaction molecule 1) is the ER-Ca?*-sensor, and Orail (calcium
release-activated calcium modulator 1, CRACML1) is a pore-forming subunit of CRAC
channels 127128 Moreover, transient receptor potential channel 1 (TRPC1) has also
been reported to increase intracellular Ca?* concentrations *2°. All STIM1, Orail, and

TRPC1 are important in the make of CRAC channels.

During degranulation, there is an overall increase in the cytosolic/ intracellular Ca?*
concentrations. Usually, a specific requirement for CRAC channel-mediated Ca?*
influx has been evaluated derived from, mainly, Orail- and STIM1-knockout mice 129,

Figure 2 summarizes the whole process of the pathophysiology of allergy causation.
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Figure 2: A scheme of RBL-2H3 cells’ degranulation pathway. DNP antigen activates signal
transduction pathways via IgE-antiDNP/FceRI receptor complex, in which, phosphoinositide-
specific PLC breaks down PIP2 to generate IP3 and DAG. IP3 binds to its receptor located on
the surface of ER, and activates the release of Ca?*— an event known as ‘store depletion’.
This, in tum, activates ‘calcium release-activated calcium’ (CRAC) channels in the cell
membrane to recruit Ca%*. The overall result is the increase of [Ca?*]i through both IgE-anti
DNP/FceRI pathway, or calcium ionophore (A23187) stimulation — both play an essential role

in degranulation. (Note: Under resting conditions, the intracellular Ca?* levels in the cytoplasm [Ca?]i is about 100 nM, while in the

extracellular it ranges from 1-2 mM, and that in the major intracellular storage compartment, endoplasmic reticulum (ER), ranges 0.1-1.0 mM.

PLC - phospholipase C; PIP; - phosphatidylinositol-4,5-bisphosphate; IP; - inositol-1,4,5-trisphosphate; DAG - diacylglycerol)
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2.1.4. Research Gap and Way-forward

Interest in anti-allergic activity by OMW grew immediately following results from
previous research about biological activities of ethanolic and water extract of each
part of the olive tree (Olea europaea L.); leaves, fruit pulp, seeds, and OMW - in
which it was found that the degranulation of a basophilic model, i.e., rat basophil
leukemia (RBL-2H3), was mostly reduced by the ethanol extract of OMW whereas
the ethanol extract of fruit pulp or that of seeds showed a very low reduction in

degranulation, i.e. weak anti-allergic activity 2.

Following the interesting anti-allergic activity of the OMW ethanolic extract,
fractionation was done to isolate the active compounds. As a result, six pentacyclic
triterpenoids were isolated and reported for their anti-allergic activity and only one
had good anti-allergic activity; strong degranulation reduction in RBL-2H3 cells 6,
The rest of the isolated compounds (five triterpenes) were not anti-allergic active,
and almost all of them were cytotoxic at higher concentrations 130, Considering
higher activity of the OMW ethanolic extract and low amount of the active compound,
it was ‘novel’ isolated for the first time in nature, these results leave us with one major
question, “what other compounds/ metabolites contributes to the higher anti-allergic

activity of the OMW extract?”

Moreover, no study had clarified the anti-allergic mechanisms by the OMW
compounds. In this chapter, these two research gaps noticed from OMW were

addressed so that to attract more industrial attention to these ‘wastes’ by creating

53



the agricultural demand through valorization — recovery of bioactive compounds. In
summary, the anti-allergic activity of the OMW and its isolated compounds were
screened to close the existing research gap on anti-allergic activity. Furthermore, the
ability of the isolated active compounds to reduce intracellular Ca?* levels and their
effect on the expression of calcium channel proteins (CRAC) in RBL-2H3 cells was
also investigated. These sets of experiments assisted the possible characterization

of the mechanisms by which they reduce degranulation (anti-allergic action).
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Part Il: EXPERIMENTAL

2.2.1 Materials and Sample

Fresh OMW sample was collected from an olive farm in Nakagawa (Kyushu, Japan)
in October 2014. The freeze-dried OMW (1.92 Kg) was extracted by maceration (by
shaking at 200 rpm) with 19.2 L of EtOH at room temperature for 72 h. The extract
was evaporated under reduced pressure at 40 ‘C to obtain 360.1 g residue

(extraction yield was 18.8%).
2.2.2. Cell lines, Chemicals, and reagents

The cell line of rat basophilic leukemia (RBL-2H3) was purchased from Riken
Bioresource Center (Tokyo, Japan) and was maintained in 10% FBS (Thermo Fisher
Science, Gibco BRL, Tokyo, Japan) in Eagle’s minimal essential medium (EMEM)
(Nissui, Tokyo, Japan) with Penicillin (100 U/ml) and streptomycin (100 pg/ml) in an
incubator at 37 °C in a humidified and atmosphere of 5.0% CO.. A calcium ionophore
(A23187), monoclonal anti-Dinitrophenyl antibody produced in mouse (anti-DNP
IgE), dinitrophenol-bovine serum albumin (DNP-BSA), and p-nitrophenyl N-acetyl-3-
D-glucosaminide were purchased from Sigma-Aldrich (St. Louis, MO, USA), while 3-
(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide (MTT) reagent was
purchased from Tokyo Chemical Industry (Tokyo, Japan). Tyrode buffer (TBF),
containing 130 mM NaCl, 5 mM KCI, 1.4 mM CacClz, 1 mM MgClz:6H20, 10 mM
HEPES, 5.6 mM glucose, 0.1% (g/v) BSA (pH 7.2), was used for anti-allergic (8-

hexosaminidase release) assay. Pinoresinol and quercetin were purchased from
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Sigma-Aldrich (St. Louis, MO USA). TLC silica gel 60 F2s4 plates were purchased
from Merck (Darmstadt, Germany); methanol-ds (CD3OD-ds) and chloroform-d
(CDCls-d) were purchased from Cambridge Isotope Laboratories (Andover, MA,
USA). For extraction and open column chromatography: silica gel (Wakogel C 200,
pore size 7 nm, particle diameter 75-15 pum), n-hexane (n-hex), ethyl acetate
(EtOAc), methanol (MeOH), ethanol (EtOH) and Chloroform (CHCIs) were

purchased from Wako Pure Chemical Industries (Osaka, Japan).

2.2.3. Methods

2.2.3.1. HPLC Analysis of the Chemical Profile of the OMW Ethanolic Extract

EtOH extract of OMW was redissolved in MeOH to a final concentration of 10 mg/ml
for HPLC analysis. Before injection for chromatographic separation, it was filtered
through Millipore 0.20 uM filters (Millex-LG, Japan). Agilent 1220-LC system (Agilent
Technologies, Santa Clara, CA, USA) equipped with a vacuum degasser,
autosampler, a binary pump and DAD detector (Agilent Technologies, Santa Clara,
CA, USA) was used for the chromatographic separation, which was achieved by
using a YMC-Triart C18 column (YMC Company, Kyoto, Japan), (150x4.6 mm, 5 uM
particle size), operated at 40 °C with a flow rate of 0.8 ml/min. The mobile phases
used were 0.1% formic acid in water (phase A) and acetonitrile (phase B). The
analytes were eluted as follows: 0—2 min, 5% B; 2—-32 min, 5-30% B; 32—-37 min,
30-33% B; 37—-45 min, 33—-38% B; 45-50 min, 38-50% B; 50-56 min, 50—-100% B;
56-60 min, 100% B. Finally, the B content was decreased to the initial conditions

(5%) in 2 min and the column re-equilibrated for 3 min. A volume of 10 L of the
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extracts was injected. The detection was monitored with a DAD detector set at 240
and 280 nm. For data acquisition and monitoring the hardware, Agilent OpenLAB
Chromatography Data System (CDS) EZChrom software (Agilent Technologies,

Santa Clara, CA, USA) was used.

2.2.3.2. Fractionation and Isolation Procedure

Based on the previous report, EtOH extract of OMW exhibited stronger anti-allergic
activity, by reducing degranulation by up to 56.5% 22, in this section, the focus was
given to it to fractionate to get active fractions for isolation of active compounds. The

whole process of fractionation and identification is discussed here in detail.

The residue was subjected to silica gel open column chromatography (100 x 15 cm)
previously packed with n-hexane and eluted with an n-hex-EtOAc gradient (100:0 —
0:100). Similar fractions were pooled together based on similar R¢ values —
monitoring was done with TLC analysis, detected by irradiating UV light at 254 nm
and by spot visualization, in which the TLC plate was sprayed with 5% sulfuric acid
in MeOH and burned at 100-180 °C. In the end, 10 fractions were obtained and all

fractions were tested for their anti-allergic activity.

Fr. 6 (15.5 g) showed the highest anti-allergic activity, as summarized in Figure 3,
and thus it was further purified to obtain pure bioactive compounds. The fraction was
subjected to silica gel open column chromatography (65 x 6.5 cm) previously packed
with n-hexane, eluted with the n-hexane-EtOAc gradient (80:20 — 10:90), and finally

washed with MeOH to afford 10 sub-fractions (Fr. 6-1 to 6-10). Two sub-fractions (Fr.
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6-6 and 6-7, which were eluted with n-hex-EtOAc (40:60), and n-hex-EtOAc
(40:60—30:70), respectively) exhibited the highest anti-allergic activity, and low
cytotoxicity simultaneously, and hence they were chosen for further purification
(Figure 4). Two other sub-fractions (Fr. 6-5 and 6-8), were also taken for further
purification since they were eluted with almost similar mobile phase composition,
and lastly, the first sub-fraction (Fr. 6-1) was used as control inactive fraction, and

therefore it was also purified to isolate the pure compound(s).

Beginning with the purification of the first active sub-fractions, Fr. 6-6 (367 mg), it
was, firstly, subjected to silica gel open column chromatography (50 x 4.5 cm)
previously packed with n-hexane and eluted with the n-hex-EtOAc gradient (80:20
— 0:100) to obtain 8 sub-sub-fractions, whereby, two of them were eluted as pure
compounds 2 (46 mg) and 5 (1.0 mg). In the second step, it was subjected to MPLC
system (EPCLC, Yamazen, Osaka, Japan), to afford one more compound, 4 (1.0
mg) — in both cases, elutes were monitored with TLC analysis (as previously
described). Similarly, the sub-fraction, Fr. 6-7 (2.5 g) was subjected, firstly, to silica
gel open column chromatography (50 x 4.5 cm) previously packed with n-hexane
and eluted with the n-hex-EtOAc gradient (80:20 — 0:100) to obtain 7 sub-sub-
fractions. The second sub-sub-fraction, eluted with n-hex-EtOAc (50:50) was further
purified by chromatography repeatedly to afford compound 6 (0.7 mg), while the
seventh sub-sub-fraction was eluted with n-hex-EtOAc (30:70) and (20:80), and it
was further purified by preparative TLC to afford two compounds, 7 (1.0 mg) and 8

(8.5 mg), respectively. While, in the second step, the other sub-fractions were
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purified by MPLC system connected with columns of silica gel (particle size 50 pm,
3.0 x 16.5 cm, 37 g) flashed with CHCI3: MeOH gradient (90:10—0:100) to afford

two more compounds, 9 (7.8 mg) and 10 (13.6 mg)

The sub-fraction Fr. 6-5 (5.913 g), was subjected to silica gel open column
chromatography (50 x 4.5 cm) previously packed with n-hexane and eluted with the
n-hex-EtOAc gradient (90:10 — 0:100) to obtain five sub-sub-fractions. The fourth
and second sub-sub-fractions were further purified by chromatographic techniques
to afford two compounds 2 (19.6 mg) and 3 (6.5 mg). And last but not least, is the
purification of the inactive control fraction, Fr. 1 (144 g), which was eluted with the
n-hexane-EtOAc (80:20) from the main extract. After TLC analysis, this fraction was
purified further by preparative TLC to afford compound 1 (2.4 mg). Purification and
isolation of all compounds originated from the active Fr. 6, are summarized in Figure
5. In summary, a total of ten compounds were isolated, of which, five were triterpenic

compounds and the other five were polyphenolic compounds.
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Figure 3: A summary of the bioassay-guided fractionation of OMW ethanolic extract. The red

boundary shows the most active fraction, Fr. 6. Effect on RBL-2H3 cells’ degranulation/ anti-

allergic activity of the fractions, which was tested by measuring the amount of B-

hexosaminidase released after treatment by calcium ionophore (A23187), is represented in

red bars. Cytotoxicity of the compounds is presented with blue bars.
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Figure 4: A summary of the bioassay-guided fractionation of the active fraction, Fr. 6. Sub-
fractions Fr. 6-2 and Fr. 6-3/4 showed high activity towards inhibition of degranulation, but
they were too toxic to the cells — thus we did not deal with them for further purification. Sub-
fractions 6-5 and Fr. 6-8 were not active, but we proceed with their purification and isolation
because they had similar TLC pattern with Fr. 6-6 and Fr. 6-7, respectively. The sub-fractions
6-10 was active, however, several trials to isolate individual compounds were done

unsuccessfully.
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Figure 5: Purification and isolation of compounds from the active sub-fractions of the active

fraction, Fr. 6 (HDOA, hemialdehydic decarboxymethylated oleuropein aglycone)
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2.2.3.3. Procedure for the Identification of the Isolated compounds

The isolated compounds were identified by measuring the nuclear magnetic
resonance (NMR) spectroscopy; mass spectrometry (MS) and polarimetry to
determine their one—dimensional (1D) and two—dimensional (2D) NMR for the
elucidation of their molecular structures, molecular weights, and optical rotations
respectively. In the measurement of the NMR spectroscopy, *H- and 3C-, HSQC
and HMBC NMR spectra were obtained from an NMR spectrometer (Bruker DRX-
600; Bruker Daltonics, Billerica MA, USA) at room temperature with trimethylsilane
(TMS) as an internal standard of the chemical shifts, and CD3OD or CDClIs as
dissolving solvents, while EI/FAB-MS was performed on JMS 700 MStation mass
spectrometer (JEOL, Tokyo, Japan). Optical rotations were measured with a JASCO

DIP-370 polarimeter (JASCO, Tokyo, Japan).

2.1.5. Screening for the anti-allergic activity

Both the total extract and fractions were subjected to anti-allergic activity to
determine their inhibitory effect on the release of S-hexosaminidase from RBL-2H3
cells. Purification was done from the active fractions to isolate pure compounds,
which were then subjected to a similar anti-allergic assay to determine their anti-
allergic activities (ICso, half-minimum inhibitory concentration) and their cytotoxicities
(CCoso, half-minimum cytotoxic concentration). Cell viability (cytotoxicity) was tested
in the presence of the extract/ isolated compounds. In the present study, the contents
of the tested compounds resulting into > 80% viable cells were defined as limited

toxicity (“non-cytotoxic”), while anti-allergic activity was defined as a non-cytotoxic
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concentration of the tested compound resulting into 50% inhibition g-
hexosaminidase release. Finally, all isolated compounds were quantified and their
total anti-allergic activities were compared with each other. This helped us to
understand the contribution of each metabolite to the total anti-allergic properties of

the OMW.

2.2.3.4. Cytotoxicity Assay
Cytotoxicity was conducted just before doing the inhibitory test on 8-hexosaminidase
release from RBL-2H3 cells. It was evaluated by an MTT proliferation assay as

described by Kishikawa et al. (2017) with minor modifications 6.

In the method, the RBL-2H3 cells were cultured on a 96-well plate at a density of 2.5
x 104 cells/well for 24 — 30 h, and then treated with DMSO solution of the extract, or
either one of the test compounds at various concentrations or with only DMSO as a
control (0.5 pL/well, n=3) for 1 h with a dimethyl sulfoxide (DMSO) solution of the
extract, or either one of the test compounds at various concentrations or with only
DMSO as a control. Quercetin was used as standard since it was reported to inhibit
the degranulation of RBL-2H3 cells 114, and it is a polyphenolic compound — the same
group as the isolated ones. Then, 10 uL MTT reagent (at a final concentration of 0.5
mg/mL) was added in each well and incubated for 4 h followed by the replacement
with 100 pL of acidified propanol (containing 0.04 N HCI), which was then incubated
overnight in the dark at room temperature. For the determination of cytotoxicity for

the compounds, the cell viability of RBL-2H3 cells was calculated by the
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determination of accumulated formazan derivatives in the treated cells at 570 nm in
comparison with the untreated ones by using a microplate reader (iMark, Bio-Rad,

Hercules, CA, USA).
Cell viability was calculated using the following formula:

Cell viability (%) = (1 — Abs5701est /Abs570contror) X 100
where;

Abs570rest Is the absorbance at 570 nm of the test well (DMSO solution: +,

test compound/ extract: +) and

Abs570control is the absorbance at 570 nm of the control well (DMSO solution:

+, test compound/ extract: —).

2.2.3.5. B-hexosaminidase release (degranulation) Assay

Inhibitory effects on the release of B-hexosaminidase from RBL-2H3 cells was
evaluated by a method as described by Yun et al. (2010) with some modifications
131 In brief, the RBL-2H3 cells were cultured on a 96-well plate at a density of 2.5 x
10 cells/well between 24 — 30 h and were treated for 1 h (0.5 pL/ well, n = 3) with a
dimethyl sulfoxide (DMSOQ) solution of either the extract or one of the test compounds
at various concentrations or with only DMSO as a control (negative). Quercetin was
used as a standard drug %4, as for cytotoxicity assay. To elicit the maximum release
of B-hexosaminidase, the cells were treated with a working solution containing 5 pM

A23187, a calcium ionophore, in tyrode’s buffer (pH 7.2) for 1 h. Then, the
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supernatant, which contained the released B-hexosaminidase, was recovered. The
recovered supernatant, 50 pL, was added with the same volume of the substrate
solution of 1 mM p-nitrophenyl-N-acetyl-8-D-glucosaminide (pH 5.2) to a new 96-
well plate and the mixture was then incubated in the dark at room temperature for 1
h with continuous shaking at 40 rpm to allow enzymatic reaction. The reaction was
terminated by addition of 100 uL of 100 mM sodium bicarbonate (pH 10). Finally, the
absorbance was read at 405 nm using a microplate reader (iMark, Bio-Rad, Hercules,
CA, USA). For the determination of the anti-allergic activity of the compounds, the
percentage inhibition of degranulation (8-hexosaminidase release) from the RBL-

2H3 cells was calculated as follows:

Abs405 — Abs405
Inhibition of degranulation (%) = <1 ( Test Blank) ) x 100

- (Ab5405Control - AbS4OSBlank)

Where;

Abs405rest is the absorbance at 405 nm of the test well (DMSO solution: +,

A23187: +, test compound/extract: +),

Abs405control is the absorbance at 405 nm of the control well (DMSO solution:

+, A23187: +, test compound/extract: —), and

Abs405siank is the absorbance at 405 nm of the blank well (DMSO solution: +,

A23187: —, test compound/extract: —).
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2.2.3.6. B-hexosaminidase Enzymatic Inhibition Assay

Individual compounds may directly inhibit B-hexosaminidase enzymatic activity
beyond avoiding just the release of B-hexosaminidase. Bearing this in mind, the
inhibition of B-hexosaminidase enzymatic activity by the isolated compounds and
guercetin was evaluated in assay similar to the one described above. A method as
described by Pinho et al. (2014) with some modifications was adopted 2. Briefly,
the compounds were incubated with the supernatant of degranulated cells where (-
hexosaminidase is present. Whereby, 50 pl of the supernatant of cells treated with
10 uM A23187, in presence of 50 pl of the substrate solution, was incubated with
compounds for 1 h, at 37°C. Finally, the absorbance was read at 405 nm using a
microplate reader (iMark, Bio-Rad, Hercules, CA, USA)., and the determination of
their inhibition was calculated at concentrations slightly higher or equal to their ICso

as follows:
B — hexosaminidase inhibition (%) = (1 — Abs4057es; /Abs405¢ontror) X 100
Where;

Abs405est is the absorbance at 405 nm of the test well (DMSO solution: +,

A23187: +, test compound/extract: +),

Abs405control is the absorbance at 405 nm of the control well (DMSO solution:

+, A23187: +, test compound/extract: —).

A schematic presentation of the protocols for RBL-2H3 cells’ degranulation assay

and B-hexosaminidase inhibitory activity is shown in Figure 6.
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A. Protocol for anti-allergy
Wash with TBF

Time I { ' Quantification
| - [ - | : > 1. Cell viability
60 min 60 min 60 min 2. Released -
Test compounds 10 uM A23187 1 mM p-nitrophenyl hexosaminidase
(0.5% v/vin (1% v/v in TBF) enzyme
DMSO)

Take supernatant (rich
of B-hexosaminidase)

B. Protocol for inhibition of B-hexosaminidase activity
Wash with TBF

Test compounds Quantification

Time I | (0.5% v/v in DMSO)
I | > Inhibited B-hexosaminidase
60 min 60 min enzyme activity by test
10 uM A23187 1 mM p-nitrophenyl + Test Compounds
(1% v/v in TBF) compounds (0.5% in DMSO)
Take supernatant (rich * p-nitrophenyl = p-
of B-hexosaminidase) nitrophenyl-N-acetyl-B-D-

glucosaminide

Figure 6: A schematic presentation of protocols for RBL-2H3 cells’ degranulation assay using

A23187 (A), and B-hexosaminidase inhibitory activity (B)
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Effect of the Active Anti-allergic compounds on RBL-2H3 cells’ intracellular

Ca?* concentrations

As described in detail in the introduction part of this Chapter, an overall elevation of
intracellular free Ca?* levels plays an essential role in the degranulation process
122,125 This means that type 1 allergy is a Ca?*-dependent action. Therefore, active
anti-allergic compounds were investigated of their effect on intracellular free Ca?*
concentration, and on calcium channel proteins, to characterize the possible

mechanisms involved behind degranulation.

2.2.3.7. Intracellular Ca?* Levels Aanalysis by Fluorescence Technique
Intracellular Ca?* levels were determined with Calcium Kit 1I-Fluo 4™ (Dojindo
Laboratories, Kumamoto, Japan). A method previously described by Han et al.

(2017) with some minor modifications was adopted *33.

In the assay, RBL-2H3 cells were seeded into a 96-well black opaque cell culture
plate at a density of 2.5 x 10* cells/mL for 24 h at 37°C/ 5% CO:2. After incubation,
the cells were washed with Tyrode’s buffer (pH 7.4) and then treated with or without
the test compounds for 1 h. After the treatment of the RBL-2H3 cells, they were
incubated with 10 uM of Fluo-4 AM for 45 min at room temperature in the dark.
Finally, free Fluo-4 AM was removed by washing. Following a 20 s baseline
recording, cells were exposed to 10 pg/ml A23187 or 100 ng/ml DNP-BSA for

another 180 s. Fluorescence intensity (FI) was recorded using the FlexStation3
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multi-mode microplate reader (Molecular Devices, CA, USA) with excitation

wavelength at 488 nm and emission wavelength at 525 nm.

2.2.3.8. gRT-PCR Analysis of the Calcium Channel Proteins

Total RNA was prepared using RNaesy Mini Kit (QIAGEN, USA) and cDNA was
transcribed using ReverTra Ace qPCR RT Master Mix with gDNA remover (Toyobo
Co., Ltd, Osaka, Japan). The semi-quantitative real-time PCR (RT-PCR) was
performed using THUNDERBIRD® SYBR gPCR mix (Toyobo Co., Ltd, Osaka,
Japan) for STIM1, Orail, TRPC1, IP3R and B-actin (which was used as the internal
control). After 16-hour treatment of the anti-DNP IgE sensitized RBL-2H3 cells with
the compounds followed by stimulation with DNP-BSA, PCR for RBL-2H3 was
performed with primers as follows: 5-ATGCCACGTCTTCCAATGGT-3' and 5'-
TCAGCCATAGCCTTCTTGCC-3' for STIM1, 5-GCCATAAGACGGACCGACAG-3'
and 5-ACTTAGGCATAGTGGGTGCC-3' for Orait, 5'-
AGCTGCTTATCTTCATGTGCG-3' and 5-AGCACGAGGCCAGTTTTGTA-3' for
TRPCH1, 5-AGCATCTCCTTCAACCTGGC-3' and 5'-
CACAGTTGCCCACAAAGCTC-3' for IP3R and 5-GCAGGAGTACGATGAGTCCG-
3'and 5-ACGCAGCTCAGTAACAGTCC-3' for B-actin. The 2722t method was used
to calculate the relative mRNA levels. The PCR was performed using the Agilent

AriaMX Real-Time PCR system (Agilent Technologies, Santa Clara, CA, USA).

70



2.3.4. Statistical analysis

The values in this study are expressed as mean values + standard deviation (SD) of
at least three independent experiments (n=3). The significant differences between
each tested group and the control group were determined using Dunnett’s multiple
post hoc test. p-value cut-points were set at 95% and 99% (where; * p<0.05, **

p<0.01), when the one-way analysis of variance (ANOVA) was statistically significant.
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Part lll: RESULTS AND DISCUSSION
The RBL-2HS3 cells are tumor analog of mast cells, which after being sensitized with
mouse monoclonal IgE or ionophore A23187 respond by releasing inflammatory
mediators from their secretory granules — degranulation. As mentioned in the
methods section, the effect of the samples (extracts and pure compounds) on the
degranulation of basophil was estimated based on the colorimetric assay which
quantifies the amount of B-hexosaminidase released from the rat basophilic cells,
RBL-2H3. As a result, the extract/ fraction or a pure compound is considered to have
anti-allergic activity if it can inhibit mast cell degranulation and produce a significant
reduction of the release of B-hexosaminidase. However, at first, the chemical

properties of the OMW ethanolic extract was investigated by HPLC analysis.

2.3.1. Chemical Properties of EtOH Extract of OMW

The authentication of any olive product is made by the identification of the two
common polyphenolic compounds found in olives, which are oleuropein and
hydroxytyrosol. These compounds were detected in the OMW sample (and one of
them was isolated; discussed in the next sections) following the analysis by HPLC.
For the purpose of identification, standards of oleuropein and hydroxytyrosol were
detected in OMW extract by HPLC at 280nm with retention times of 30.6 min and
9.19 min, respectively. Further confirmation was made by photodiode array (PDA)
detector analysis in which the spectral similarities of the pure compounds were made
with reference to the extracts’. A similar analysis was done for the case of the

isolated compounds from OMW, and all compounds had an acceptable similarity
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factor, ranging between 0.84 — 0.97. The HPLC chromatogram of the extract of OMW

and the structures of oleuropein and hydroxytyrosol is shown in Figure 7.
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Figure 7: A) HPLC chromatogram of the EtOH extract of OMW (DAD set at A=280 nm).
Oleuropein and hydroxytyrosol were identified by comparing their retention times and UV
absorption spectra, from PDA detector, of each peak to those of authentic compounds. B)

The chemical structures of oleuropein and hydroxytyrosol.
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2.3.2. Identification of the Isolated Compounds

Ten compounds were isolated from OMW following anti-allergic assay guided
fractionation. Based on their classes, five were pentacyclic triterpenes while the
other five polyphenolic compounds, including one novel, a derivative of
hemialdehydic decarboxymethylated oleuropein aglycone 5, and the other four were
known. The details of the new compound have been discussed below and structures

of all compounds are shown in Figure 8 (B).

Compound 5 was obtained as a yellowish amorphous powder with an [a]p 25 °C =
—3.91 (c 1.0, MeOH) and UV (EtOH) Amax 228, 282 nm. Its structure was elucidated
by 1D- and 2D-NMR spectroscopy and HR-FAB-MS spectrometry. A detailed
analysis of NMR data in comparison with those in the literature *3*, suggested that
compound 5 has a partial structure of the main skeleton, hemialdehydic
decarboxymethylated oleuropein aglycone (HDOA). The *H NMR spectrum showed
characteristic peaks suggestive of the protons of typical secoiridoid skeleton 13°, and
these include an aldehydic proton resonating at o1 9.29 (d, J=1.8 Hz, H-1); an olefinic
proton at dn 6.64 (g, J=7.2 Hz, H-8); a multiplet at dn 4.25 (H-3); an ABX system,
whereby two protons were resonating at o1 2.65 (dd, Jea,6b=15.0 Hz, H-6a) and &n
2.54 (dd, Jeb,6a=15.0 Hz, H-6b) and a multiplet resonating at &+ 3.21 (H-5); lastly, a
multiplet at du 2.01 (H-4a/4b) and a doublet at 6n 1.94 (3H, J=7.2 Hz, H-10). The
presence of the hydroxytyrosol moiety was also evident through 'H NMR spectral
peaks, whereby one doublet at 6+ 6.50 (2H, J=1.8, 8.1 Hz, H-8') was observed which

corresponds to the meta- and para-aromatic ring substitutions (as opposed to
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tyrosol), and other two resonances at dn 4.10 (2H, m) and 2.72 (2H, t, J=7.2 Hz)

corresponding to the protons H-1' and H-2' of the ethyl chain, respectively.

The main difference between the compound 5 and the reported HDOA was at the
attachment at C-3. In the **C-NMR spectrum of 5, C-3 was resonating at 5c 103.0 —
a slight downfield as compared to the reported one (6c 98.2). It was speculated that
it could be due to the attachment of more than one oxygen atom-bonded chain.
Through the HSQC spectrum, this carbon correlated to a multiplet at é1 4.26 (H-3).
The long-range HMBC correlations observed from o1 4.26 (m, H-3) included the
carbon signals at, dc 37.0 (C-4), 31.1 (C-5) and with other two methylene carbons
resonating at 6c 62.3 (C-1") and 62.7 (C-1™) - which confirms the hypothesis that
there are two oxygenated carbons attached to C-3. HSQC spectrum was more
evident, as it revealed that protons at én1 3.54 (m, H-1") and 3.63 (m, H-1") correlated
to these carbons, respectively. Through the help of HMBC, the following important
correlations were seen: proton at d4 3.54 (H-1") correlated with a methyl carbon
resonating at ¢ 15.6, which was carefully assigned as C-2" and with ¢ 103.0 (C-
3). For proton at &u 3.63 (H-1"), the same kind of correlation as for H-1" was
observed, that is, it correlated with one methyl carbon resonating at dc 15.6, which
was later assigned as C-2" and another correlation with the carbon resonating at ¢
103.0 (C-3). The assignment of all *H- and *C-NMR signals were confirmed by

HSQC and HMBC data and are summarized in Table 4 and Figure 8 (A).
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The HR-FAB-MS spectrum of compound 5 exhibited a molecular ion peak [M+Na]+
at m/z 417.1889, which was in line with the suggested elemental composition of
C21H3007Na (calculated m/z 417.1890). Another peak at m/z 349 was observed
which corresponds to the fragment [M—-CHsCH20H]+. In addition, another

characteristic fragment was observed at m/z 241 [M-HTYR]+.

Other compounds were identified as B-sitosterol 1 136137 maslinic acid 2 1%, 2-O-
acetylmaslinic acid 3 19, 11-oxomaslinic acid 4 °, camaldulenic acid 6 14°, luteolin 7
141 hydroxytyrosol acetate 8 142, 1-acetoxypinoresinol 9 143 and hydroxytyrosol 10 52,
by comparing their NMR with those reported previously in the respectively cited

references.

B-sitosterol 1, one of the two most abundant phytosterol in nature, is considered as
a main phytosterol in the olives. Even though its bioactivities have been rarely
reported from olives, it is widely known for its antioxidant and anticancer activities,
for instance, through modulation of the antioxidant enzyme response in RAW 264.7
macrophages 44. Maslinic acid 2 (and oleanolic acid — not isolated in this study) are

known to be the main triterpenes in OMW, olive fruits, olive oil, and olive leaves 14°.

Maslinic acid 2 is a widely known triterpene with many biological activities ranging
from antioxidant, anticancer, anti-inflammatory, antidiabetes, and liver-protective
activities among many other biological activities 146147, Other triterpenes isolated in

the present study, 2-O-acetylmaslinic acid 3, 11-oxomaslinic acid 4, camaldulenic
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acid 6, are derivatives of maslinic acid and one of them, camaldulenic acid 6 was

isolated for the first time in olives (OMW) in the present study.

Hydroxytyrosol 10 has been reported as a major polyphenolic compound of class
phenylethanoid in OMW, olive oil and olive fruits, and it has been reported to have a
wide variety of biological activities including antioxidant, cardioprotective,
chemopreventive, anti-inflammatory, hypoglycemic, antihypertensive, antimicrobial
and antiviral 1. Hydroxytyrosol acetate 8, is an ester form of parent hydroxytyrosol
and it has been previously isolated from olive oil 142, However, only a limited number
of literatures have cited its biological activities — neuroprotective and antioxidant

activities 148 149,

For luteolin 7, a famous flavonoid, a lot of its biological activities have been reported
150-153 1t is worth a mention that, the existence of esterified compounds in OMW has
been reported previously. For instance, it was reported that pectin extracted from
OMW was highly acetylated and it was proposed that acetylation increases its oil
holding capacity '°*; and other researchers isolated esterified maslinic acid (2-O-

acetylmaslinic acid) 6,
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Table 4: 'H and *C NMR data for compound 5 and hemialdehydic

decarboxymethylated oleuropein aglycone (HDOA)

No. Compound 52 HDOAP
IH (J in Hz) 13C IH (J in Hz) 13C
1 9.29d (1.8) 197.2 9.14 d (1.9) 197.2
3 4.21m 103.0 4.22m 98.2
4 2.00m 37.0 2.00m 40.1
5 3.21m 31.1 3.24 m 31.2
6a 2.65 dd (15.0) 38.7 2.62 dd (15.0) 38.5
6b 2.54 dd 2.46 dd
7 — 174.1 — 174.1
8 6.61 q (7.2) 155.4 6.61q (7.1) 155.5
9 - 145.3 - 145.0
10 1.94d (7.2) 15.3 1.89 d 15.2
1 410 m 66.4 4.09m 66.5
2! 2.721(7.2) 35.3 2.651(7.0) 35.5
3 - 130.8 - 130.7
4 6.68 d (1.8) 116.4 6.65 d (2.1) 116.4
5' — 144.9 — 144.8
6' - 146.3 - 146.1
7' 6.64 d (8.4) 117.0 6.63 d (8.0) 117.0
8' 6.50 dd (8.4/1.8) 121.2 6.45 dd 121.2
OMe - - 3.29s 49.9
1" 3.54 m 62.7 -
2" 1.16 1 (7.2) 15.6 -
1 3.63m 62.3 -
2 1.131(7.2) 15.6 -

The values of chemical shifts are in ppm; for 1 the *H and 3C NMR at 600 and 150
MHz respectively while for HDOA the *H and 3C NMR at 200 and 50 MHz

respectively; a — in Methanol-d4 (CD3OD), b — in Chloroform-d (CDCls)
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11-oxomaslinic acid 4 New HDOA 5 Camaldulenic acid 6

OH
)J\O OH
O
h OCH3

HIIO-E-CHS
H;CO o o (0]

OH OH
OH O OH HO OH

Luteolin 7 Hydroxytyrosol acetate 8 1-acetoxypinoresinol 9 Hydroxytyrosol 10

Figure 8: The chemical structures of the isolated compounds from OMW. (A) Significant
HMBC correlations (solid arrows) of Compound 5; (B) The structures of the isolated

compounds from OMW (1 — 10)
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The data used for the identification of the rest of the compounds (1, 2, 3, 4, 6, 7, 8,

9, and 10) is as follows;

Maslinic acid (2a, 3B-dihydroxyolean-12-en-28-oic acid), 2; White amorphous solid:
[a]?%p +52.2 (c 1.0, MeOH): H NMR (600 MHz, CD3OD) &+ 5.21 (1H, dd, J=Hz, H-
12), 3.60 (1H, ddd, J=4.5, 9.6, 11.4 Hz, H-2B), 2.88 (1H, d, J=9.5 Hz, H-3q), 2.76
(1H, dd, J=4.1, 13.8 Hz, H-18), 1.91 (1H, m, H-16), 1.07 (3H, s, H-27), 0.95 (3H, s,
H-23), 0.91 (3H, s,H-25), 0.86 (3H, s, H-30), 0.84 (3H, s, H-29), 0.74 (3H, s, H-26),
0.71 (3H, s,H-24): for 3C NMR (150 MHz, CD30D), see Table 5: HR-ESI-MS m/z

471.3487 [M-HJ-.

2-O-acetylmaslinic acid 3; White amorphous solid: [a]?®p +25.0 (c 1.0, MeOH): *H
NMR (600 MHz, CD3OD) 81 5.25 (1H, dd, J = 3.5, 3.5 Hz, H-12), 4.90 (1H, m, H-2),
3.15 (1H, d, J = 10.2 Hz, H-3), 2.85 (1H, dd, J = 4.0, 14.4, H-18), 2.04 (3H, s, COCHa),
1.18 (3H, s, H-27), 1.05 (3H, s, H-25), 1.04 (3H, s, H-23), 0.95 (3H, s, H-29), 0.91
(3H, s, H-30), 0.85 (3H, s, H-24), 0.81 (3H, S, H-26): for 13C NMR (150 MHz, CD30D),

see Table 5: HR-EI-MS m/z 513.3581 [M - HJ-.

11-oxo-maslinic acid (2a, 3B-dihydroxy-11-oxo-188-olean-12-en-28-oic acid, 4;
Yellowish amorphous powder: [a]*°0 +49.2 (¢ 1.0, MeOH): 'H-NMR (600 MHz,
CD30D) 81 5.55 (1H, s, H-12), 3.66 (1H, ddd, J = 4.2, 10.2, 10.2 Hz, H-28), 3.08 (1H,
dd, J = 4.2, 12.6 Hz, H-1), 3.00 (1H, dd, J = 4.2, 13.8 Hz, H-18), 2.92 (1H, d, J=9.6

Hz, H-3a), 2.48 (1H, s, H-9), 2.14 (1H, ddd, J = 4.2, 13.4, 13.4 Hz, H-25), 1.41 (3H,
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s, H-27), 1.17 (3H, s, H-25), 1.02 (3H, s, H-23), 0.98 (3H, s, H-26), 0.96 (3H, s, H-
30), 0.95 (3H, s, H-29) 0.84 (1H, dd, J = Hz, H-5), 0.82 (3H, s, H-24): 13C-NMR (150

MHz, CD3OD), see Table 5: HR-ESI-MS m/z 485.3356 [M - H]-.

Camaldulenic acid (2a, 3B-dihydroxy-18B-olean-11, 13-dien-28-oic acid, 6);
Colorless needles: [a]*®b -68.0 (c 1.0, CHCIz): *H-NMR (600 MHz, CD30D) &1 5.61
(1H, s, H-12), 3.68 (1H, ddd, J = 11.4, 10.2, 4.6 Hz, H-2B), 2.19 (1H, d, J= 4.2, 12.0
Hz, H-1), 2.92 (1H, d, J = 9.6 Hz, H-3a), 2.50 (1H, s, H-9), 0.99 (1H, s H-25), 0.92
(3H, s, H-27), 1.02 (3H, s, H-23), 1.01 (3H, s, H-26), 0.93 (3H, s, H-30), 0.90 (3H, s,
H-29), 0.84 (1H, dd, J = Hz, H-5), 0.83 (3H, s, H-24): 2*C-NMR (150 MHz, CD30D),

see Table 5: HR-EI-MS m/z 470.3395 [M] *.

Luteolin (3',4',5,7-tetrahydroxyflavone) 7; Yellow amorphous powder: [a]?® +0 (c 1.0,
MeOH): 1H NMR (600 MHz, CDsOD) 81 7.38 (1H, dd, J=2.4, 8.4 Hz, H-6'), 7.37 (1H,
d, J=2.4 Hz, H-2’), 6.90 (1H, d, J=8.4 Hz, H-5'), 6.54 (1H, s, H-3), 6.44 (1H, d, J=2.4
Hz, H-8), 6.21 (1H, d, J=2.4 Hz, H-6): 13C NMR (150 MHz, CDsOD) &¢ 183.9 (C, C-
4), 166.4 (C, C-7), 166.1 (C, C-5), 163.3 (C, C-2), 159.5 (C, C-9), 151.0 (C, C-4),
147.1 (C, C-3"), 123.8 (C, C-1'), 120.3 (CH, C-6'), 116.8 (CH, C-5'), 114.2 (CH, C-2'),
105.4 (C, C-10), 103.9 (CH, C-3), 100.2 (CH, C-6), 95.0 (CH, C-8): HR-ESI-MS m/z

285.0418 m/z [M-H] .

Hydroxytyrosol acetate (2-(3,4-dihydroxyphenyl) ethyl acetate)) 8; Slight yellow
amorphous solid: [a]?® +0 (¢ 1.0, CHCI3): *H NMR (600 MHz, CDCI3) &n 6.7 (3H, m,

Phenyl), 4.20 (2H, t, H-2"), 2.81 (2H, t, H-1"), 2.03 (3H, s, OCH3): for 13C NMR (150
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MHz, CDCls) 8¢ 171.7 (C, COCHs), 143.7 (C, C-3), 142.4 (C, C-4), 130.5 (CH, C-5),
121.2 (CH, C-6), 115.9 (C, C-1), 115.4 (CH, C-2), 65.3 (CH, C-2'), 34.3 (CH, C-1",

21.0 (CH, COCHs): HR-ESI-MS m/z 195.0674 [M-H]J-.

1-acetoxypinoresinol ([1S,4S,5R,8R)-4,8-bis(4-hydroxy-3-methoxy-phenyl)-3,7-
dioxabbicyclo [3.3.0] oct-1-yl] acetate 9; amorphous powder: [a]*® +29 (c 3.0,
MeOH): *H NMR (600 MHz, CD3OD) &+ 1.68 (3H, s, OCOCHg), 3.87 (6H, s, Phenyl-
OCHz), 6.74 — 7.02 (6H, m, Aromatic-H): 13C NMR (150 MHz, CD30D), see Table 6.

HR- ESI-MS at 417.1472 m/z [M+H] *.

Hydroxytyrosol (3,4-dihydroxyphenylethanol) 10; Yellowish liquid: *H NMR (600
MHz, CD3OD) &+ 6.66 (d, H-4), 6.52 (dd, J=1.8, 8.1 Hz, H-8), 3.67 (m, H-1), 2.66 (t,
H-2): for 13C NMR (150 MHz, CD30D); the spectrum showed signals at & 63.9 and
39.6 in the region of aliphatic carbons corresponding to the C-2' and C-1' carbons,
respectively, it also showed signals at dc 145.2, 143.9, 131.3, 120.6, 116.4, and
115.7 in the region of aromatic carbons, corresponding to the carbons C-2, C-1, C-
4, C-5, C-6, and C-3 of the benzene ring (dc 145.2 (CH, C-2), 143.9 (C, C-1), 131.3
(C, C-4), 120.6 (CH, C-5), 116.4 (CH, C-6) and 115.7 (C, C-3)): HR-ESI-MS m/z

153.0577 [M-HT.

B-sitosterol, 1; White waxy powder: *H-NMR (600 MHz, CDCI3) d+: 5.36 (1H, m, H-

6), 5.33 (1H, m, H-23), 2.27 (1H, m, H-20), 1.82 (5H, m), 3.66 (1H, m, H-3), 1.12,

1.00, 0.99, 0.92, 0.90, 0.83 (each 3H, s, CHa), 0.93 (6H, s, 2 X CHs). 3C-NMR (150
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MHz, CDCls) c: 140.8 (C-5), 121.8 (C-6), 71.9 (C-3), 36.6 (C-10), 32.0 (C-8), 42.3
(C-4), 12.1 (C-18), 42.4 (C-13), 34.0 (C-22), 56.8 (C-14), 50.2 (C-9), 29.2 (C-16),
20.0 (C-11), 19.1 (C-19), 11.9 (C-29), 31.7 (C-2), 18.9 (C-21), 24.4 (C-15), 23.1 (C-
28),39.9 (C-12), 56.1 (C-17), 36.2 (C-20), 19.1 (C-26), 19.1 (C-27), 29.2 (C-25), 37.3

(C-1), 45.9 (C-24), 32.1 (C-7), 26.2 (C-23). HR-EI-MS m/z 413 [M-H]".

84



Table 5: 13C NMR data for the isolated triterpene compounds 2, 3, 4, and 6

Carbon 22 32 42 62
1 48.9 45.1 47.2 47.8
2 68.3 74.0 69.2 69.6
3 83.2 81.0 84.2 84.6
4 39.2 40.9 40.6 39.0
5 55.2 56.5 56.2 56.4
6 18.3 20.8 18.7 19.6
7 33.0 33.6 32.9 34.3
8 39.0 39.3 45.1 40.6
9 47.4 39.5 63.0 55.8
10 38.1 55.1 39.4 37.3
11 23.7 24.6 202.7 127.2
12 122.3 123.4 128.3 126.5
13 143.9 145.3 172.9 136.5
14 41.7 45.0 46.5 41.9
15 27.4 28.0 28.9 26.4
16 23.5 23.8 23.9 41.6
17 47.5 47.2 47.2 ++
18 41.0 42.7 43.4 131.0
19 46.3 47.7 45.6 38.4
20 30.7 30.8 31.7 43.3
21 33.1 34.9 34.8 33.6
22 33.0 33.6 34.0 30.7
23 28.5 28.8 29.3 29.0
24 16.5 17.4 17.5 17.0

25 16.7 17.1 18.0 19.7

26 18.2 16.9 19.9 17.0

27 25.9 26.4 24.0 24.8

28 181.0 181.8 181.0 181.5

29 33.0 33.6 33.2 23.8

30 23.5 23.8 23.8 33.0
COCHs - 173.3 47.8
COCHs 20.8

The values of chemical shifts are in ppm, a — 2*C-NMR measured in Chloroform-d

(CDCls), ++ Superimposed with solvent signals
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Table 6: 3C NMR data for 1-acetoxypinoresinol 9

Position ga Reference ®
C-1 98.8 96.9
C-5 60.2 58.2
C-4 71.1 69.3
C-8 75.9 73.9
C-2 88.8 86.3
C-6 86.9 84.6
C-1' 129.5 127.6
c-1" 133.0 131.2
C-2' 113.9 113.0
c-2" 111.3 110.7
Cc-3' 147.6 146.9
Cc-3" 148.6 147.6
c-4' 147.6 146.4
c-4" 147.9 146.4
C-5' 115.8 114.8
Cc-5" 116.2 115.3
C-6' 122.8 121.3
Cc-6" 120.4 118.9

OCHs 56.5 55.7

CH3CO 20.9 20.5

CHsCO 171.3 168.7

The values of chemical shifts are in ppm, a — **C-NMR measured in Methanol-ds
(CD30D), b — 13C-NMR measured in Dimethylsulfoxide-ds (DMSO)
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Anti-allergic activity

The investigation on the anti-allergic activities of the isolated metabolites
(polyphenolic and triterpenoid compounds) from OMW was done through evaluation
of their ability to inhibit RBL-2H3 cells’ degranulation, and to reduce the elevation of
[Ca?*]i evoked by two complementary stimuli: the calcium ionophore (A23187;
simulation of events preceding degranulation) and DNP-BSA (whereby anti-DNP IgE
is used; simulation of IgE dependent allergic response), and their effect on the
expression of calcium channel proteins, both Ca?*-influx related proteins; STIM1,
Orail, and TRPC1, and ER membrane protein; IP3R. A set of these experiments
was made to assist the characterization of their mechanisms. The cell line used in
this study is RBL-2H3 cells, which are rat basophilic cell line known for expressing

high-affinity IgE receptors (FceRI) — making it a perfect model to study allergy °°.
2.3.3. Effect of the Isolated Compounds on RBL-2H3 cells’ degranulation

The ability to reduce RBL-2H3 cells’ degranulation evoked by the calcium ionophore
A23187 (10 pM, 60 min exposure) by the isolated OMW compounds was evaluated
by an assay as summarized in Figure 6(A). Before the examination of compounds’
ability to inhibit degranulation, their cytotoxic effect on RBL-2H3 cells was examined.
Since two classes of compounds were isolated in this study, pentacyclic triterpenes
and polyphenolic compounds, their examination were compared among themselves.
With particular interest, it was found that, generally, the pentacyclic triterpenes were

more toxic to the cell (cytotoxic) and less active in degranulation inhibition as
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compared to their counterpart class — polyphenolic compounds. In this sub-section,

a detailed one-by-one analysis of the isolated compounds has been discussed.

Beginning with the pentacyclic triterpenes (and a phytosterol), it was found that with
exception to 11-oxomaslinic acid 4, the rest of the compounds, B-sitosterol 1,
maslinic acid 2, 2-O-acetylmaslinic acid 3 and camaldulenic acid 6 significantly
affected the cell viability at as low concentration as 10 pug/ml (p<0.05, n=3), for
instance, B-sitosterol 1 following the MTT assay (Figure 9, white bars). Taking
account of all triterpenic compounds at 50 pg/ml, the percentage of viable cells in
each was as follows; maslinic acid 2 (76.9+5.4%, p<0.05), 2-O-acetylmaslinic acid 3
(65.3+12.5%, p<0.05), 1l-oxomaslinic acid 4 (96.5£4.6%, p>0.05), and
camaldulenic acid 6 (62.4+8.4%, p<0.05). Based on these results, 2-O-
acetylmaslinic acid and camaldulenic acid were the most toxic to the cells. These
results were consistent even after calculating their CCso values. For instance,
camaldulenic acid was found to have the lowest CCso value of all compounds — which

means it was the most toxic (CCso = 59.1+6.5 pg/ml) (Table 7).

Their antiallergic activities, based on degranulation (8-hexosaminidase release)
assay, were either very low or could not be calculated at all due to toxicity issues.
Again, 11-oxomaslinic acid came out as an exception — it was the only active one
(ICs0 = 14.8+1.4 pg/ml eq. to 31.0 uM) (Table 7). Some other triterpenes and a
phytosterol inhibited degranulation significantly at various concentrations (p<0.05,

n=3) as shown in Figure 9. However, the exact values for their ICso could not be
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determined for two major reasons; one, due to their higher toxicities (as for the
triterpenes maslinic acid 2, 2-O-acetylmaslinic acid 3 and camaldulenic acid 6), or
the 50%-inhibition could not be obtained as it was too inactive (as for a phytosterol,

B-sitosterol). The results for their antiallergic activities are displayed in Table 7.
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Figure 9: Inhibitory effects of tested phytosterol (1) and triterpenic compounds on RBL-2H3
cells’ degranulation. Effect on RBL-2H3 cells’ degranulation/ anti-allergic activity of the
compounds (bars with black diagonal lines), which was tested by measuring the amount of
B-hexosaminidase released after treatment by calcium ionophore (A23187). Cytotoxicity of
the compounds is presented with white bars. The experiments were done in triplicates n=3,

where: * p<0.05, ** p<0.01 paired t-test with respect to control (10 uM A23187).
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For the polyphenolic compounds (new HDOA 5, Camaldulenic acid 6, Luteolin 7,
Hydroxytyrosol acetate 8, 1-acetoxypinoresinol 9, Hydroxytyrosol 10), it was found
that three of them didn’t significantly affect the cell viability at a wide range of
concentration, up to 250 pg/ml (p>0.05, n=3); while, one compound (1-
acetoxypinoresinol 9) exhibited a significant reduction in cell viability (p<0.05, n=3)
at its maximum tested concentration (50 pg/ml), as assessed by MTT reduction
assay (Figure 10(A), white bars). Nevertheless, its toxicity was still regarded as
‘limited’ because it killed less than 20% of the cells; a percentage of viable cells was

87.4+0.4%.

To investigate their effect on degranulation, B-hexosaminidase release in their
presence or absence was measured, but to be sure that the compounds affect only
on degranulation, their inhibitory effect on S-hexosaminidase enzymatic activity was
investigated, as summarized in Figure 6(B), and it was observed that all compounds,
tested individually, had no significant effect on enzyme inhibition (p>0.05, n=3)
(Figure 10(B)). Therefore, each compound reduced degranulation (release of (-
hexosaminidase) from RBL-2H3 cells but did not inhibit the activity of the G-

hexosaminidase enzyme.

The comprehensive anti-allergic activity of all isolated compounds from OMW is
shown in Table 7. The anti-allergic activities are expressed as ICso, while cytotoxicity

activities expressed as CCso.
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Figure 10:

degranulation, and on B-hexosaminidase enzymatic activity. (A) Effect on RBL-2H3 cells’

degranulation/ anti-allergic activity (bars with black diagonal lines), which was tested by

measuring the amount of B-hexosaminidase release. Cytotoxicity of the compounds is

where: * p<0.05, **

presented with white bars. The experiments were done in triplicates n=3,

p<0.01 paired t-test with respect to control (10 uM A23187). HOTYy is hydroxytyrosol 10 and

acetoxypin is 1-acetoxypinoresinol 9.
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activity; in which the release of B-hexosaminidase enzyme from RBL-2H3 cells was
stimulated by A23187, and then, enzyme-rich supernatant was treated with the
compounds to see if they have any direct inhibitory effect on the enzyme. The
experiments were done in triplicates n=3, where: Significance was measured by
paired t-test with respect to control (10 uM A23187). HOTYy is hydroxytyrosol 10 and

1-acetoxypin is 1-acetoxypinoresinol 9.
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Table 7: The anti-allergic activity (ICso) and cytotoxicity (CCso) of isolated compounds

from OMW
Compound ICs0 (ug/ml) [uM]  CCso (pg/ml) [uM]
B-sitosterol 1 >100 [>200] >100 [>200]
Maslinic acid 2 NDTox >100 [>200]
2-O-acetylmaslinic acid 3 NDTox >100 [>200]
11-oxomaslinic acid 4 14.8+£1.4 [31.0] >100 [>200]
New HDOA 5 42.7+1.5 [108.3] >100 [>250]
Camaldulenic acid 6 NDTox 59.1+6.5 [125]
Luteolin 7 1.16+0.2 [3.9] >100 [>350]
Hydroxytyrosol acetate 8 7.91£1.4 [40.2] >100 [>500]
1-acetoxypinoresinol 9 18.2+5.8 [43.8] >100 [>240]
Hydroxytyrosol 10 >250 [>1620] >250 [>1620]
Pinoresinol >200 [>550] >200 [>550]
Quercetins 2.1+0.1 [6.6] >50 [>150]

The results are expressed as Mean + SD (n=3). s standard drug and ND™* could not
be determined because the exact value of ICso could not be calculated due to the
higher toxicity of the respective compound to RBL-2H3 cells. Anti-allergic assay was

based on A23187-induced degranulation of the basophil (RBL-2H3) cells.
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Table 8: The enzyme inhibitory effect, anti-allergic activity (ICso) and the total

activities of the active isolated compounds from OMW

Compound Enzyme ICso (ug/ml) Amount Total
inhibition (%)2 [UM] (mg/kg)® activity®

11-oxomaslinic acid 4 1.49+2.1 42.7+1.5[108.3] 0.30 7.0
New HDOA 5 1.49+2.1 42.7+1.5 [108.3] 0.30 7.0
Luteolin 7 0.46+2.0 1.16+0.2 [3.9] 2.67 2264.5
Hydroxytyrosol acetate 0.23+1.5 7.911.4 [40.2] 13.34 1688.6
8
1-acetoxypinoresinol 9 1.66%3.07 18.2+5.8 [43.8] 1.72 94.6
Hydroxytyrosol 10 0.93+3.1 >250 [>1620] 89.56 ND
Quercetins 0.26+1.3 2.1+0.1 [6.6] - -

The results are expressed as Mean + SD (n=3). 2 Values indicate enzyme inhibition
(%) against B-hexosaminidase at the following sample concentrations (close to their
ICs0): new HDOA, 50 pg/ml; luteolin, 1.5 pg/ml; hydroxytyrosol acetate, 10 pg/ml; 1-
acetoxypinoresinol, 20 ug/ml; hydroxytyrosol, 250 ug/ml and pinoresinol, 200 pg/ml.
b The amount of each compound as quantified by HPLC; ¢ Total activity was
estimated using the following formula: total activity = amount (mg/kg)/ICso (mg/ml);
s standard drug, and ND could not be determined because the exact value of ICso

could not be calculated.
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In the degranulation assay, luteolin 7 (3.125 pg/ml), hydroxytyrosol acetate 3 (3.125
pug/ml) and 1-acetoxypinoresinol 4 (5.0 pg/ml) were able to significantly reduce
degranulation by 68.1+3.2%, 41.4+7.3% and 44.6+£9.9% respectively (p<0.01, n=3;
Figure 10(A), bars with black diagonal lines). On the other hand, at their low
concentrations, new HDOA 5 (3.125 ug/ml) and hydroxytyrosol 10 at 25 pug/mi did
not reduce degranulation significantly (p>0.05, n=3), while pinoresinol showed a
reduction of degranulation at significance level p<0.05 (not p<0.01). Overall dose-
inhibition response results (and after calculation of their ICso values), showed that
pinoresinol and hydroxytyrosol 10 had a weaker effect on reduction of degranulation
(both of them with 1Cso values >500 uM) compared to new HDOA 5 which had

relatively good activity (ICs0=108.3 uM).

Finally, the total anti-allergic activities of the isolated compounds were compared
(Table 7). Among all compounds, regardless of its relatively low abundance in OMW,
luteolin still showed the highest total activity (Table 8), because of its low ICso. As
opposed to hydroxytyrosol, even though it was the most abundant metabolite, its
total activity is estimated to be very low, although the exact figure could not be

calculated, because of its high ICso (>250 pg/ml).

New HDOA 5 is a 3,4-DHPEA (3,4-dihydroxyphenylethyl acetate) joined to a
decarboxymethylated elenolic acid (EA) derivative. Taking into consideration of
weak anti-allergic activity of hydroxytyrosol (3,4-DHPE), ICso > 1000 uM, and based

on results from the previous report that even EA itself had weaker anti-allergic
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activity (ICso > 1000 uM) °¢, these findings strongly supports the hypothesis that the
ester linkage of the two molecules (3,4-DHPEA and EA derivative) enhances its anti-
allergic activity. Luteolin 7 showed the highest anti-allergic activity (IC50=3.9 uM)
followed by hydroxytyrosol acetate 8 (IC50=40.2 yM) and 1-acetoxypinoresinol 9
(IC50=43.8 uM). On the other hand, the activity of hydroxytyrosol 5 and pinoresinol
were weak (ICs0>550 and >1620 pM, respectively), while that of new HDOA 5 was
relatively good (ICso =108 pM). While the anti-allergic activities of luteolin 7 and
hydroxytyrosol 10 were consistent with those of the reported elsewhere 124156 this
is the first report on anti-allergic activity for new HDOA 5, hydroxytyrosol acetate 8,

1-acetoxypinoresinol 9 and pinoresinol.

Taking into account the difference in anti-allergic activities between hydroxytyrosol
acetate 8 and hydroxytyrosol 10 (ICs0=40.2 vs >1620 pM, respectively), these results
strongly suggest that esterification by acetyl group in hydroxytyrosol acetate 8,
markedly increases potency towards anti-allergic effect by several folds. A similar
observation was made for the case of 1l-acetoxypinoresinol 9 vs pinoresinol
(IC50=43.2 vs >550 uM, respectively). Again, it appears that esterification of the
furofuran ring at position one (C-1) of l-acetoxypinoresinol 9 enhances its anti-
allergic activity. Based on these observations, they strongly support the hypothesis
that ester linkage in the two compounds (8 and 9) enhances their anti-allergic

activities, as previously proposed to other metabolites such as oleuropein aglycone

124
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Regarding SAR for flavonoids, the following key features are important: 1) the C-
2/C-3 double bond of flavones and flavonols, 2) as the number of the hydroxyls at
the C-5, C-6, C-7 of ring A and C-3', and C-4' of ring B positions increased in number,
so does the activity, 3) the glycoside linkage markedly reduced the activity 124157,
Both luteolin 7 and quercetin have similar structures, with all mentioned favorable
structural features, making them one of the most potent anti-allergic flavonoids (ICso

values 3.9 UM and 6.6 uM, respectively).

2.3.4. Effect of the Isolated Compounds on Free Intracellular Ca?* Concentration, and

the Expression of Ca?" Channel Proteins

The examination of free intracellular Ca?* concentration and expression of Ca?*
channel proteins in RBL-2H3 cells was done to clarify the possible mechanisms
underlying the inhibitory effects of the compounds on degranulation. Briefly, cross-
linking of Ag-specific IgE with newly absorbed allergens leads to a cascade of events
including mobilization of Ca?* and activation of signal transduction pathways
resulting into Ca?* release from the endoplasmic reticulum (ER) and influxes from
extracellular space via store-operated Ca?* channels (SOC) or famously known as
‘calcium release-activated calcium (CRAC)’ channels 2. This leads to an overall
elevation of intracellular free Ca?* levels [Ca?*]i, which in turn plays an essential role

in the degranulation process 122:125.158,159

This means that Ca?* is an essential cofactor for degranulation as it is required to

regulate the granule-plasma membrane fusion and the release of mediators 1. Thus,
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metabolites that are capable of reducing the elevation of [Ca?*]i are potential anti-
allergic. Since, generally, the polyphenolic compounds were more active than the
triterpenic (and phytosterol) compounds, the study to investigate the underlying

mechanisms of antiallergic was conducted on the polyphenols only.

Fluo-4 AM (Dojindo Laboratories, Kumamoto, Japan) - a fluorescent Ca?* indicator,
was used to determine the free intracellular Ca?* concentrations ([Ca?']). The
expression of Ca?*-influx related proteins including stromal interaction molecule 1
(STIM1), Ca?* release-activated calcium channel protein 1 (Orail), transient receptor
potential channel 1 (TRPC1), and inositol-1, 4, 5-triphosphate receptor (IP3R) were
further investigated by qRT-PCR analysis. Regarding [Ca?*];, results showed that the
increased levels of intracellular Ca?* after A23187 or DNP-BSA challenge at 20
seconds in the untreated cells (control), was significantly reduced after treatment

with anti-allergic active compounds 5, 7, 8 and 9 (p<0.05) (Figure 11).

Luteolin 7 decreased [Ca?*]i significantly after challenging by A23187 suggesting that,
it acts mainly by blocking the extracellular Ca?* influx. Several mechanisms can be
proposed, including could be the distribution of some steps in the cascade of CRAC
channels activation by binding to proteins and interfering with protein-protein
interactions and/or oligomerization or possible reduction of the expression of Ca?*
influx related protein. Even though previous research showed that luteolin inhibited
the IgE-evoked degranulation 24, this suggests that its main mechanism involves

attenuation of Ca?* levels elevation by blocking the extracellular Ca?* influx.
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Hydroxytyrosol acetate 8 and l-acetoxypinoresinol 9 were found to significantly
reduce the increased levels of [Ca?']i after challenging by both A23187 and DNP-
BSA (Figure 11 (A and B), suggesting that their mechanisms for anti-allergic activity
are beyond just blocking extracellular Ca?* influx. The other mechanism could be
due to inhibition of the cross-linking of high-affinity receptors for IgE, FceRI receptors,
which later interfere with the signaling pathways leading to upstream of [Ca?*]i
increase 133, While this is the first report for both hydroxytyrosol acetate 8 and 1-
acetoxypinoresinol 9, a similar mechanism has been previously described for
oleuropein %9, In fact, both hydroxytyrosol acetate 8 and oleuropein share a 3,4-
dihydroxyphenylethyl acetate (3,4-DHPEA) core, and thus, these findings suggest
that both 8 and oleuropein act through similar mechanisms of action, and that both
C-3 and C-4 hydroxyls might be involved to modulate direct enzyme interaction via
hydrogen bonds 6. On the other hand, 1-acetoxypinoresinol 9 also has two
hydroxyls, but not adjacent to each other (and two methoxyls), suggesting a similar

mechanism as for hydroxytyrosol acetate 8.
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Figure 11: Effects of isolated Polyphenols on Ag-stimulated intracellular Ca?* elevation in
RBL-2H3 cells. (A) RBL-2H3 cells were treated without or with new HDOA, luteolin, HOTy
acetate, 1-acetoxypin or HOTy for 60 min. Then, cells were stimulated without (for first 20

secs), then with A23187 (for 180 secs), during all this time intracellular Ca?* levels were
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measured. The arrow shows time at which A23187 was challenged. (B) IgE-sensitized RBL-
2H3 cells were treated without or with new HDOA, luteolin, HOTy acetate, 1-acetoxypin or
HOTy for 60 min. Then, cells were stimulated without (for first 20 secs), then with DNP-BSA
(for 180 secs), during all this time intracellular Ca?* levels were measured. Statistical
significance differences (p-value) were determined relative to the control (only A23187 or
DNP-BSA, without treatment with the compounds). Arrow: the time at which A23187 or DNP-
BSA was challenged, light blue squares: control, green circles: new HDOA 5, wine-red
triangle: luteolin 7, green squares: hydroxytyrosol acetate 8, blue cross-marks: 1-

acetoxypinoresinol 9 and yellow cross-marks: hydroxytyrosol 10.
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Surprisingly, regardless of its weak anti-allergic activity (ICs50>1620 uM),
hydroxytyrosol 10 decreased [Ca?*]i levels after challenging by DNP-BSA. This
suggests that hydroxytyrosol 10 might, at least partially, interact with IgE high affinity
FceRI as hydroxytyrosol acetate 8 does. This partial similarity in their mechanism of
action could be due to the presence of a 3,4-dihydroxyphenylethyl (3,4-DHPE) core
in both 8 and 10. The 3,4-DHPE core, like the esterified form 3,4-DHPEA, has C-3
and C-4 hydroxyls which might be involved in the interaction with tyrosine kinase
enzyme. However, its weak activity, 10, has been correlated with a lack of ester
linkage, which is present in the active counterpart, hydroxytyrosol acetate 8. It is
worth noting that, similar mechanism of inhibition of the cross-linking of FceRI by

hydroxytyrosol has been reported elsewhere 160,

Based on qRT-PCR results, the expression levels of Orail, STIM1, and TRPC1 were
significantly decreased by new HDOA 5, luteolin 7, and quercetin (standard drug)
(p<0.05, Figure 12 (B), (C), and (D). Moreover, there was no significant difference
in the expression levels of IP3R mMRNA, a receptor expressed on the ER membrane
(p>0.05, Figure 12 (A), in the presence or absence of these compounds, indicating
that they did not have had an effect on the depletion of ER Ca?* store. These results
suggest that they stabilize membrane by inhibiting the Ca?* influx due to the lower
expression of calcium channel proteins (Ca?*-influx related proteins — Orail, STIM1,
and TRPC1). Generally, standard (quercetin) and luteolin 7 were found to act in a

similar way, i.e, by reducing the expression levels of Orail, STIM1 and TRPC1 but
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not IP3R (Figure 12(A)-(D)). This may be related to the similarities in their chemical

structures.
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Figure 12: Effect of polyphenolic compounds on the expression of RBL-2H3 cells’ calcium channel
proteins. (A) The mRNA relative expression of IP3R, (B) The mRNA relative expression of TRPC1,
(C) The mRNA relative expression of STIM1, and (D) The mRNA relative expression of Orail. Where

*p < 0.05, *p<0.001 significantly different from control.
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Hydroxytyrosol acetate 8, significantly decreased the expression of STIM1 and
TRPC1, but not Orail, while 1-acetoxypinoresinol 9 decreased the expression of
only TRPC1 (p<0.05, Figure 12(C) and (D)). Intriguingly, both hydroxytyrosol
acetate 8 and l-acetoxypinoresinol 9 significantly reduced the expression of IP3R
(p<0.05, Figure 12(A)), indicating their effect on depletion of ER Ca?* store. This is
in line with [Ca]i measurements, whereby results suggested that these compounds’
mechanism is beyond just blocking extracellular Ca?* influx. Thus, RT-PCT confirms
the hypothesis that their mechanism of action goes beyond just blocking extracellular
Ca?* influx. Therefore, it is evident that cell uptake of these compounds may be
higher, considering their lipophilicity, compared to compounds 5, 7, and quercetin -
likely due to the presence of an ester linkage. A similar mechanism has been

proposed for lipophilic compounds 132,

It is known that crosslinking of antigen receptors activates the breakdown of
phosphatidylinositol-4,5-bisphosphate to generate inositol-1,4,5-trisphosphate (IP3)
and diacylglycerol, whereby IP3 binds its receptors, IP3R, located on the ER surface,
and activates the release of Ca?* in the cytoplasm. This event, known as ‘store
depletion’, in turn, activates Ca?*-influx related proteins — STIM1, Orail, and TRPC1
— famously known as SOC or CRAC channels %6, Thus, these results confirm that
for compounds with presumably higher cell uptake like hydroxytyrosol acetate 8 and
1-acetoxypinoresinol 9 might be acting, firstly, by causing store depletion in ER

(decreased expression of the IP3R); and secondly, to the Ca?*-influx related proteins.
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Generally, it was confirmed that all active polyphenolic compounds, new HDOA 5,
luteolin 7, hydroxytyrosol acetate 8 and 1-acetoxypinoresinol 9, act mainly as “mast
cell stabilizers” by reducing mediator release 162, through their inhibitory effect of
extracellular Ca?* influx due to the lower expression of, two or more, calcium channel
proteins. To my knowledge, this is the first study to address the anti-allergic activity
of Olive lignans (pinoresinol and 1-acetoxypinoresinol), hydroxytyrosol acetate, and
the new oleuropein aglycone (new HDOA), and their possible underlying
mechanisms by which they reduce degranulation. While the other two
(hydroxytyrosol and luteolin) have been previously reported, but their mechanism by

which they reduce degranulation was not fully studied.
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Part IV: CONCLUSION

In conclusion, as “stabilizers”, the isolated polyphenolic compounds reduce the
release of allergic mediators by blocking extracellular Ca?* influxes. Although the
results are based on in-vitro assays, they give important preliminary data on the anti-
allergic potential of OMW, especially through its polyphenolic constituents. This
means that OMW can be regarded as an important source of lead compounds which
might be used as ingredients in different anti-allergic formulations such as food
supplements or functional foods, or for structural modification to improve and

develop new anti-allergic drugs.
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Part V: CHAPTER SUMMARY
In this chapter, the isolation and anti-allergic activity (degranulation reduction) of six
polyphenolic compounds, one of them being novel, from olive mill wastes (OMW)
were reported. Additionally, their ability to reduce intracellular Ca?* levels and
expression of calcium channel proteins in RBL-2H3 cells were evaluated, to assist
the possible characterization of the mechanisms involved. We found that only one
pentacyclic triterpene and four polyphenolic compounds were active. The triterpene,
11-oxomaslinic acid 4 (31.0 uM), and the polyphenols, a novel compound, new
hemialdehydic decarboxymethylated oleuropein aglycone, HDOA 5 (IC50=108.3 uM),
hydroxytyrosol acetate 8 (ICs0=40.2 pM) and 1-acetoxypinoresinol 9 (1C50=43.8 uM)
reduced intracellular Ca?* levels after challenging by both A23187 and DNP-BSA,
suggesting a mechanism beyond just blockage of extracellular Ca?* influx. While
luteolin 7, despite its strongest activity (ICs0=3.9 uM), reduced Ca?* levels only after
challenging by A23187, suggesting its main mechanism is by blocking extracellular
Ca?* influx. The gRT-PCR analysis confirmed further that each compound
decreased the expression of, two or more, calcium channel proteins suggesting that
they act as ‘mast cell stabilizers’ by reducing the expression of calcium channel
proteins. This work attracts more attention to OMW as a potential source of lead
compounds for structural modification to improve and develop new anti-allergic

drugs.
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CHAPTER 3
Postprandial hyperglycemia lowering effect of the isolated compounds from olive
mill wastes — an inhibitory activity and kinetics studies on a-glucosidase and a-

amylase enzymes
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Part I: INTRODUCTION — DIABETES

3.1.1. Diabetes Mellitus

Diabetes mellitus (DM) is a chronic metabolic disease characterized by elevated
blood glucose (persistent hyperglycemia) resulting from either, when the pancreas
does not produce enough insulin, a hormone that regulates blood glucose (type 1),
or when the body cannot effectively respond to the insulin it produces '%°. Type 2
(previously called non-insulin-dependent or adult-onset diabetes) results from the
body’s ineffective to respond to/ use insulin it produces. Type 2 is the commonest
form that accounts for 90-95% of all diabetic cases %2, Major diabetic symptoms
include excessive urination and thirst, constant hunger, weight loss, vision changes,
and fatigue. These symptoms are more prevalent in type 1, but often less marked or
absent at all in type 2. That is why type 2 may go undiagnosed for many years until

complications have already arisen 192:163,

WHO lists DM among four priority noncommunicable diseases (NCDs) targeted for
action as it causes global public health problem. Both the number of cases and the
prevalence of diabetes have been steadily increasing over the past few decades; it
was reported that 422 million people were affected by 2014 1%, and it is projected to
affect 552 million people by 2030 63, Postprandial hyperglycemia (PPHG) is an
independent risk factor for the development of macrovascular complications 164,

which may lead into life-threatening complications such as cerebrovascular and
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cardiovascular diseases 1%, thus, controlling PPHG is of vital importance to prevent

diabetes and its complications 166:167,

The rise of glucose levels in the blood, postprandially, is a result of carbohydrates
hydrolysis, a process primarily catalyzed by the enzymes a-glucosidase and a-
amylase %8, In the process, salivary a-amylase enzyme hydrolyzes carbohydrates
to disaccharides and oligosaccharides which are then hydrolyzed further by the a-
glycosidase enzyme to monosaccharides such as glucose which is then absorbed
through the small intestines into the blood, and the remaining oligosaccharides are
hydrolyzed by the pancreatic a-amylase to glucose and maltose 1¢°. Therefore,

inhibition of these enzymes results in a massive reduction of PPHG blood levels.
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3.1.2. Research Gap and Way-forward

Until to date, drugs used to inhibit the activity of carbohydrate hydrolyzing enzymes
are synthetic. Despite their efficacy in controlling blood glucose levels, continuous
and long term use of most of them is associated with undesirable adverse side
effects especially, gastrointestinal disturbances such as flatulence, abdominal pain,
and diarrhea 170. Other classes of antidiabetic drugs are associated with metabolic
syndromes such as weight gain, drug resistance, and sometimes liver inflammation
such as hepatitis and lactic acidosis '". Besides, all of these synthetic drugs need
high technology for their production and thus they are expensive, which limits their
accessibility to many patients, especially those in rural areas and in developing
countries 172, Hence, there is urgency for the need to search for new antidiabetics

which are effective, cheap, and low toxicity.

As a result, investigation for antidiabetics from natural sources has gained a lot of
attention as they can offer all stated advantages 173. This is because they constitute
secondary metabolites with a wide structural diversity that possesses a broad
spectrum of bioactivities including anti-diabetic. Researchers have proved that some
medicinal plants/ consumption of functional foods effectively inhibit a-glycosidase
and a-amylase and thus may prevent the development of diabetes 174, In the present
study, the a-glucosidase and a-amylase enzymes inhibitors from olive mill wastes

(OMW) were investigated.
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Screening for the anti-diabetic activity of olive mill wastes and its isolated

compounds: an inhibitory activity on a-glucosidase and a-amylase enzymes

Even though some studies reported about antidiabetic properties of virgin olive oil
(VOO), all studies were based on epidemiological facts, whereby they correlated
olive oil major fatty acids, especially oleic acid, and antidiabetic effect of VOO 175177,
However, there is a lack of enough evidence about the effectiveness of minor
secondary metabolites found in other olive parts apart from VOO. These include
OMW and/ or olive leaves. In this chapter, the antidiabetic activity of the OMW and
its recovered compounds was investigated by the bioassay-guided fractionation
approach, as a way of creating agricultural demand and thus solving/ reducing the

existing environmental damages caused by OMW 18.23.178,179,

The antidiabetic activity assay was investigated on its ability to reduce the
postprandial hyperglycemia (PPHG) by inhibiting carbohydrate digesting enzymes -
a-glucosidase and a-amylase enzymes. Also, enzyme inhibitory kinetics analysis of
the most active compounds was investigated to assist the possible characterization

of the mechanisms of inhibition involved.
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Part Il: EXPERIMENTAL

3.2.1. Material and Sample

Dried OMW was collected from an olive farm in Ukiha (Kyushu, Japan) in December
2018. The freeze-dried sample of OMW (350.48 g) was, at first defatted with 3.6 L
n-hexane (to afford extracted 38.55 g of n-hex extract), and then extracted by
maceration at 200 rpm with 3.6 L of MeOH at r.t. for 72 h — this process was repeated
two times for exhaustive extraction. After evaporation under reduced pressure at

45°C, 27.15 g extract was obtained.

3.2.2. Chemicals and Reagents

The enzyme a-glucosidase (isolated from Saccharomyces cerevisiae) was
purchased from Oriental Yeast Co. (Tokyo, Japan), while a-amylase (from the
porcine pancreas) was from Sigma-Aldrich (St. Louis, MO, USA) and acarbose was
obtained from Wako Pure Chemical Industries (Osaka, Japan). The deionized water
(18 MQ cm) was obtained by using a Milli-Q purification system from Millipore
(Bedford, MA, USA), LC-MS grade acetonitrile, and formic acid were used to prepare
chromatographic mobile phases. Commercial pure standard of (+)-pinoresinol was
purchased from Sigma-Aldrich (St. Louis, MO, USA). Silica gel and solvents used
for extraction and open column chromatography were purchased from Wako Pure
Chemical Industries (Osaka, Japan), while TLC silica gel 60 F2s4 plates were from
Merck (Darmstadt, Germany), and chloroform-d (CDCIs) and methanol-d4 (CD3OD),

were purchased from Cambridge Isotope Laboratories (Andover, MA, USA).
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3.2.3. Methods

3.2.3.1. Analysis of the Chemical Profile of OMW Extract by UPLC/QTOF-MS

The powdered OMW (100 mg) was extracted by sonication with 10 mL of MeOH for
45 min at 30 °C. The extracted solution was then filtered, and this process was
repeated twice for exhaustive extraction. Then, the combined filtrate was evaporated
to dryness at reduced pressure by a rotary evaporator at 45 °C. The residue was
finally reconstituted in MeOH to a final concentration of 200 pg/ml. Before injection
for chromatographic separation, it was filtered twice through Millipore 0.20 uM PTFE

filters (Millex-LG, Japan).

Agilent 1290 Series UPLC system equipped with 1290 photodiode array detector
(DAD) (Agilent Technologies, Santa Clara, CA, USA) coupled to an Agilent 6545 g-
TOF hybrid mass spectrometer (MS) with dual electrospray ionization (ESI) source
for simultaneous spraying of a mass reference solution that enabled continuous
calibration of detected m/z ratios was used for the analysis of the samples. An
injection volume of 2 uL and a flow rate of 0.2 mL/min was used. The mobile phases
were 0.1% (v/v) formic acid agueous solution (phase A) and 0.1% (v/v) formic acid
acetonitrile (phase B). Separation of the analytes was achieved through Agilent
Poroshell 120 EC C-18 column (100 x 2.1 mm inner diameter, 2.7 um patrticle size,
Agilent Technologies, Santa Clara, CA, USA) at 40 °C. The gradient method was as
follows: 4% B to 100% B in 15 min, and 100% A for 2.5 min. At last, re-equilibration

was done for 3.5 min. The dual ESI source operated in negative ionization using the
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following conditions: nebulizer gas at 35 psi and drying gas flow rate and
temperature at 10 L/min and 325 °C, respectively. The capillary voltage was set at
3500 V, while the fragmentor, skimmer, and octapole voltages were fixed at 130, 65,

and 750 V, respectively.

The data were acquired in centroid mode in the extended dynamic range (2 GHz).
The full scan was carried out at 1.5 spectra per second within the m/z range of
100-1700. A continuous internal calibration was performed during analyses, to
ensure the desired mass accuracy of recorded ions, with the use of signals at m/z
112.9855 (ammonium-abstracted TFA/ TFA anion) and m/z 1033.9881
(trifluoroformate adduct of hexakis[1H,1H,3H, tetrafluoropropox]phosphazine). For
data acquisition and monitoring the hardware, Agilent MassHunter Workstation

software (Agilent Technologies, Santa Clara, CA, USA) was used.

The obtained UPLC/QTOF-MS raw data were further processed by Agilent
MassHunter Qualitative Analysis software (version B.10.00, Agilent, USA). The
extracted ion chromatograms (EICs) algorithm was applied to extract and identify all
metabolites from the total ion chromatograms (TICs) of the extract according to their
metabolic features including m/z, retention time and ion intensities, whereby,
reference was made from a standard mix. After identification of all metabolites by
Agilent MassHunter Qualitative Analysis software, the raw data were then

transferred to Agilent MassHunter Quantitative Analysis software version B.10.00
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(Agilent Technologies, Santa Clara, CA, USA) for making calibration curve and

quantification.

3.2.3.2. Procedure for Extraction and Isolation

Before starting fractionation and isolation, both the n-hexane extract obtained after
defatting and MeOH extract obtained after maceration of OMW (section 3.2.1) were
subjected to a-glucosidase inhibitory activity. Following a-glucosidase inhibitory
assay, MeOH extract exhibited stronger inhibitory activity (Figure 16), and hence it
was subjected to LLE to obtain n-hexane (7645.9 mg), dichloromethane, DCM
(899.11 mg), ethyl acetate, EtOAc (1680.20 mg) and aqueous (12927.29 mg)
fractions. The a-glucosidase inhibitory activity showed that only DCM and EtOAc
fractions were most active while the n-hexane was the least active, Their ICso values
are shown in the results and discussion section (Table 13). Therefore, fractionation
and isolation proceeded with the most active fractions (DCM and EtOAc Fr). The
scheme to summarize the extraction protocol used in the present study is shown in

Figure 13.
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Dried OMW

Defatted with n-hexane (3 x )

Defatted Extract | n-hexane Extract |

Fresh OMW Freeze dried

Macerated with MeOH

MeOH Extract

27159

LLE Partitioned with n-hex, DCM and EtOAc

(7645.9 mg) (899 mg) (1680.2mg) || (12927.20mg) | oo =0

EtOAc, DCM and aqueous fractions had

{ FraCtionation and ISOlation highest activity against a-glucosidase

n-Hexane Fraction ‘ DCM Fraction EtOAc Fraction | | Aqueous Fraction

Figure 13: General extraction and LLE protocol of OMW as guided by a-glucosidase inhibitory activity.
In the first step, the defatted extract was more active than n-hexane extract and that is why it was

further fractionated to several fractions by LLE technique
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Each of these fractions was separately subjected to the medium pressure liquid
chromatography (MPLC) system (BUCHI, Reverelis Prep Purification System,
Switzerland) and further purification, when necessary, was achieved by preparative
TLC or MPLC system again. In both cases, elutes were monitored with TLC analysis.
To begin with the DCM fraction; it was purified by the BUCHI MPLC system
connected with the C-18 column (particle size 35-45 um, 40 g) flushed with the
Water-MeOH system (95:5—0:100) resulting into 95 collected tubes, each
containing 25 mL elute. After TLC analysis of the elutes from flasks number 83-95,
eluted with Water-MeOH (5:95—0:100), were confirmed to contain a pure compound
1 (37 mg). Also, while elutes in the flask number 77, eluted with Water-MeOH
(15:85) came out as pure compound 2 (39.7 mg), other elutes from flask number 81
which was eluted with Water-MeOH (10:90) by MPLC in the first purification step, it
was further purified in the second step by preparative TLC using n-hex-EtOAc
(30:70) to afford pure compound 2 (4.0 mg) — making a total of 43.7 mg for compound
2. Then, for the EtOAc fraction; its first purification step was done with the BUCHI
MPLC system connected with the C-18 column (particle size 35-45 ym, 3.0x16.5 cm,
40 g), flushed by Water-MeOH system (95:5—0:100) to afford 120 collected tubes

(each with 25 mL elutes).

Sub-fractions from flasks number 77 to 120 (187.4 mg), eluted with Water-MeOH
(20:80—0:100), were further purified by Yamazen MPLC system (EPCLC, Yamazen,
Osaka, Japan) connected with silica gel column (particle size 50 ym, 3.0%x16.5 cm,

40 g) flashed with CHCI3-MeOH gradient (90:10—0:100), then by preparative TLC
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eluted with n-hex-EtOAc (30:70) and (20:80), to afford compounds 3 (1.6 mg) and 4
(8.0 mg), respectively. The sub-fractions from flask number 1 to 7 (23.3 mg) eluted
with Water-MeOH (95:5), was further purified by the BUCHI MPLC system
connected with the C-18 column flashed with Water-MeOH gradient (95:5—85:15)
to afford compound 7 (4.0 mg). Elutes from flask 13 to 60 (680.3 mg) eluted with
Water-MeOH (90:10—30:70), were further purified by Yamazen MPLC system
connected with the silica gel column flashed with n-hex-EtOAc gradient
(30:70—0:100), and lastly washed with MeOH to afford four sub-fractions. The first,
most polar, sub-fraction was purified by preparative TLC ran by EtOAc: MeOH: Hex

= 9:1:1 to afford compound 5 (3.0 mg) and 6 (4.5 mg).

3.2.3.3. ldentification of the Isolated compounds

The NMR spectra of the compounds were recorded on Bruker DRX-600
spectrometer (Bruker Daltonics, Billerica MA, USA) at room temperature with
trimethylsilane (TMS) as the internal standard of the chemical shifts, CD3OD or
CDCIs as dissolving solvent and the chemical shifts were expressed as & values.
HR-ESI-MS and HR-FAB-MS were performed on quadrupole time-of-flight (QTOF)
mass spectrometer (Agilent Technologies, Santa Clara, CA, USA) and JMS 700

MStation mass spectrometer (JEOL, Tokyo, Japan).

121



3.2.3.4. Assay for a-glucosidase inhibitory activity

The method used to assay the a-glucosidase inhibitory activity of the compound was
adopted as described by Fatmawati et al. (2011) . Briefly, 100 ul of an appropriate
solvent such as DMSO, water or a mixture of them with or without (control) samples
and 100 pl of the enzyme (a-glucosidase, 5 U/ml in 0.15 M HEPES buffer) were
added to 100 pl of the substrate (0.1 M sucrose solution, made by dissolving into
0.15 M HEPES buffer), and the mixture was homogenized by vortexing for 5 s and
then incubated at 37 °C for 30 min to allow enzymatic reaction. After incubation, the
reaction was stopped by heating at 100 °C for 10 min in block incubator. The
formation of glucose was determined by means of glucose oxidase method using a
BF-5S Biosensor (Oji Scientific Instruments, Hyogo, Japan). The a-glucosidase
inhibitory activity of each sample was calculated by the following equation:
Inhibition (%) = [Ac — As)/ Ac x 100
Where; Ac is the average value of control and As is the average value of the sample

(n=3).

3.2.3.5. Assay for a-amylase inhibitory activity

The a-amylase inhibitory effect was assayed according to the procedure as
described by Xiao et al. (2006) 181, with some minor modifications. Briefly, 0.2% (w/v)
potato starch solution, phosphate buffer with or without (control) samples, were
mixed with PPA in phosphate buffer to start the enzyme reaction. After incubation at

37 °C for 30 min, the reaction was stopped by the addition of 0.4 M HCI. Then, 100
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uL of 5 mM Kl was added and absorbance was read at 660 nm (Corona Electric Co,
Japan). All samples were assayed in triplicates (n=3). The percent inhibitory activity
(%) was calculated as follows:
Inhibition (%) = {1 — (A2 — A1)/ (A4 — As) X100}

Where, A1 is the average absorbance of the incubated solution containing the
sample, starch, and a-amylase; Az is the average absorbance of an incubated
solution containing sample and starch; As is the average absorbance of an incubated
solution containing starch and a-amylase; A4 is the average absorbance of an

incubated solution containing starch only (n=3).

3.2.3.6. Analysis of a-Glucosidase Enzyme Inhibitory Kinetics

Inhibitory kinetics analysis was performed on the most active compounds. In order
to evaluate the inhibition type of the active compounds against a-glucosidase, the
enzyme activity was quantified at increasing concentrations of the substrate
(sucrose) at constant enzyme concentration, in the absence or presence of the
inhibitors (active compounds) at different concentrations — whereby, three different
concentrations were used (ranging from 0 uM to the one near their respective 1Cso-
values). Briefly, enzyme (5 U/mL), dissolved in 100 mM HEPES buffer, was pre-
incubated at 37°C with the inhibitor (most active compound, individually) for 5 min.
The substrate (sucrose) at different concentrations was added to the pre-incubated
mixture of enzyme-inhibitor and incubated at 37°C in the reaction mixture for 30 min.

The inhibition type (competitive, uncompetitive, non-competitive or mixed), were

123



determined by Lineweaver-Burk plot analysis of the data which was calculated from
the result according to Michaelis-Menten kinetics, whereby the plots of 1/V versus
1/S were constructed, where S is the substrate concentration and V is the reaction
velocity 182, The types of inhibition parameters (to determine the values of Km, Ki,and

Vmax) were calculated by SigmaPlot 12.3 software (Systat Software Inc., CA, USA).

3.2.4. Data Analysis

The data values in the present study were expressed as Mean + standard deviation
(S.D.) of at least three independent experiments (n=3). The significant differences
between each tested group and the control group were determined using Dunnett’s
multiple post hoc test. p-value cutpoint was set at 95% (where; p < 0.05), when the
one-way analysis of variance (ANOVA) was statistically significant. The inhibitory
bar graphs of the isolated compounds (and fractions) were drawn by using Microsoft

Excel 2016.
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Part Ill: RESULTS AND DISCUSSION

3.3.1. The Structure of the Identified Isolated compounds

A total of seven compounds were isolated from OMW, including one novel, 3,4-
dihydroxyphenyl-2-methoxyethanol 5 — a methoxy derivative of hydroxytyrosol. The

chemical structures of all compounds are shown in Figure 14 (B).

Compound 5 was obtained as a yellowish amorphous liquid with a UV (EtOH) Amax
228, 280 nm. Its structure was elucidated by 1D- and 2D-NMR spectroscopy and
HR-ESI-MS. The analysis of NMR data in comparison with that in the literature 2,
suggested that compound 5 has the main skeleton of the hydroxytyrosol which was
evident through both *H NMR spectral peaks, whereby a doublet at o1 6.72 (d, 1H,
J=2.1 Hz, H-2) and a doublet-doublet at 61 6.53 (dd, 1H, J=2.0 Hz, J=8.0 Hz H-6)
were observed, which entails the ABX system — meta- and para-aromatic ring
substitution. The other two resonances corresponding to the protons H-1' and H-2'
of the ethyl chain were observed resonating at 61 4.09 (dd, 2H, J=3.8 Hz, J=8.2 Hz,
H-1") and dn 3.48 (dd, 2H, J=3.8 Hz, J=11.7 Hz H-2), respectively. The first
difference between 5 and hydroxytyrosol 7 was observed at H-1', which was
resonating at a more downfield region as compared to that of hydroxytyrosol (d+ 2.67,
t, 2H). Another main difference was observed through the 3C NMR spectrum at the
region of aliphatic carbons. These signals were observed resonating at dc 84.7 and

66.4, which were later assigned for C-1"and C-2', respectively through HSQC — both
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of them being more downfield as compared to the reported ones (6C 63.9 and 39.0).

These data were suggestive of the possible attachment at C-1".

The long-range HMBC correlations observed from &H 4.09 (H-1") included the
carbons resonating at 6C 130.3 (C-1), 118.3 (C-6), 66.4 (C-2") and 55.2 (-OCHz3).
Bearing in mind of the ABX substitution in the aromatic ring, confirming the presence
of an oxygenated carbon attached to C-1'. Furthermore, the correlations between C-
1" and C-2'; and C-1' and -OCHzs were seen through H-'H COSY spectrum. The
assignment of all 'H- and 3C NMR signals were confirmed by HSQC and HMBC
data and are summarized in Table 9 and Figure 14 (A). The HR-ESI-MS spectrum
of compound 5 showed a molecular ion peak [M-H]~ at m/z 183.0639, which was
agreeable with the suggested molecular formula of C¢H1104- (calculated m/z
183.0663). Some molecular peaks were observed at m/z 151.0391 and 167.078,

corresponding to the fragments [M—CH3OH]- and [M—-OH]-, respectively.
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Table 9: 'H and *C NMR data for compound 5 and hydroxytyrosol

No. Compound 5 Reference (Hydroxytyrosol)
IH (Jin Hz) 13C 14 (Jin Hz) 13C
1 131.3 130.3
2 6.72d (2.0) 115.7 6.72d (2.1) 113.5
3 145.2 145.0
4 143.9 144.7
5 6.68 d (8.0) 116.4 6.67 d (8.0) 113.4
6 6.53dd (2.0,8.0) 1206 6.61dd (2.0,8.0) 118.3
1' 4.09 dd (3.8, 8.2) 84.7 2.671(7.2) 39.0
2' 3.48 dd (3.8, 8.2) 66.4 3.681(7.2) 63.9
OCHs 3.21s 55.2 - -

The values of chemical shifts are expressed in ppm; for 5 the *H and 13C

NMR at 600 and 150 MHz respectively. In both cases, the compounds were

dissolved in Methanol-d4 (CD3OD)
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3,4-dihydroxyphenyl- Luteolin-7-0-B-D-glucoside 6 Hydroxytyrosol 7 Pinoresinol

2-methoxyethanol 5

Figure 14: The chemical structures of the isolated compounds from OMW.
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Other compounds were identified as oleanolic acid 1 38, maslinic acid 2 38, 1-
acetoxypinoresinol 3 143, hydroxytyrosol acetate 4 142, luteolin-7-O-B-D-glucoside 6
183 and hydroxytyrosol 7 %2. The data used for the identification of these compounds

is as follows:

Oleanolic acid (3B-hydroxyolean-12-en-28-oic acid), 1; White amorphous solid:
[a]2%p +65.6 (c 1.0, MeOH): H NMR (600 MHz, CD3OD) &+ 5.28 (1H, dd, J=Hz, H-
12), 3.20 (1H, dd, J=4.3, 9.6, 11.4 Hz, H-2pB), 2.88 (1H, d, J=9.5 Hz, H-3a), 2.82 (1H,
dd, J=4.3, 13.7 Hz, H-18), 1.98 (1H, ddd, J=4.2, 13.7, 13.7 Hz, H-16), 1.13 (3H, s,
H-27), 0.98 (3H, s, H-23), 0.93 (3H, s,H-25), 0.91 (3H, s, H-30), 0.90 (3H, s, H-29),
0.77 (3H, s, H-26), 0.76 (3H, s,H-24): for 13C NMR (150 MHz, CD30D), see Table

10: HR-ESI-MS m/z 455.3534 [M-H].

Maslinic acid (2a, 3B-dihydroxyolean-12-en-28-oic acid), 2; Same data were

obtained as the ones in chapter 2.

1-acetoxypinoresinol ([1S,4S,5R,8R)-4,8-bis(4-hydroxy-3-methoxy-phenyl)-3,7-
dioxabbicyclo [3.3.0] oct-1-yl] acetate 3; Same data were obtained as the ones in

chapter 2.

Hydroxytyrosol acetate (2-(3,4-dihydroxyphenyl) ethyl acetate)) 4; Same data were

obtained as the ones in chapter 2.
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Luteolin-7-O-B-D-glucoside (3',4',5-trihydroxyflavon-7-O-B-D-glucoside) 6;
Yellowish powder: *H NMR (600 MHz, CDsOD) 8" 7.32 (1H, dd, J=2.2, 8.1 Hz, H-6"),
7.15 (1H, d, J=1.8 Hz, H-2"), 6.87 (1H, d, J=8.4 Hz, H-5"), 6.45 (1H, s, H-3), 6.35 (1H,
d, J=1.3 Hz, H-8), 6.21 (1H, d, J=1.6 Hz, H-6): 13C NMR (150 MHz, CDsOD) 8¢ 181.0
(C-4), 162.2 (C-7), 161.4 (C-5), 168.9 (C-2), 158.4 (C-9), 152.8 (C-4"), 152.0 (C-3'),
124.1 (C-1"),121.3 (C-6'), 118.2 (C-5"), 114.2 (C-2"), 107.9 (C-10), 104.9 (C-3), 104.3
(C-6), 95.1 (C-8). The anomeric carbon of sugar moiety, C-1, was seen at 6c 101.1.
Other carbons of sugar were seen at ¢ 68.2 (C-2), 72.5 (C-3), 69.7 (C-4), 78.5 (C-

5), 61.6 (C-6): HR-EI-MS at 447.0933 m/z [M-H]-.

Hydroxytyrosol (3,4-dihydroxyphenylethanol) 7; Same data were obtained as the

ones in chapter 2.
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Table 10: 13C NMR data for the isolated triterpene compounds 1 and 2 (Oleanolic

acid 1 and Maslinic acid 2)

Carbon 12 24
1 38.4 48.9
2 27.1 68.3
3 79.1 83.2
4 38.8 39.2
5 55.3 55.2
6 18.3 18.3
7 33.1 33.0
8 39.3 39.0
9 47.7 47.4

10 37.1 38.1
11 23.4 23.7
12 122.6 122.3
13 143.6 143.9
14 41.6 41.7
15 27.2 27.4
16 23.4 23.5
17 47.7 475
18 41.0 41.0
19 46.5 46.3
20 30.7 30.7
21 33.1 33.1
22 32.7 33.0
23 28.1 28.5
24 15.6 16.5
25 16.6 16.7
26 17.2 18.2
27 26.0 25.9
28 183.1 181.0
29 33.1 33.0
30 23.6 23.5

The values of chemical shifts are in ppm, a — in Chloroform-d (CDCls)
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3.3.2. Chemical Profile of the Extract by UPLC/QTOF-MS

The characteristic profiles of the isolated compounds were investigated with highly
sensitive UPLC/QTOF-MS. All the isolated compounds (and (+)-pinoresinol) were
identified based on their retention times, mass spectral and DAD (280 nm) data with
the isolated ones or available standards, for the case of (+)-pinoresinol (Table 11).
For compounds like oleanolic acid 1 and maslinic acid 2, which do not have a
chromophore, their detection was based only on their retention times and MS data.
MS detection was made at negative ionization mode as the compounds gave a
strong response in negative-ion mode. Moreover, it has been proven to be effective
for olive metabolites 84 In all cases, the identification of the compounds in the
extract was highly accurate with an error of + 5 ppm only. The presentation of
different chromatograms (extracted ion chromatogram, EIC, and DAD

chromatogram) of the OMW extract are shown in Figure 15.
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Figure 15: The chromatograms of OMW total extract, 200 ppm (A) Extracted ion chromatogram (EIC)
scan, and; (B) DAD chromatogram (A=280 nm) scan. The compounds were identified as oleanolic
acid 1, maslinic acid 2, 1l-acetoxypinoresinol 3, hydroxytyrosol acetate 4, 3,4-dihydroxyphenyl-2-
methoxyethanol 5, luteolin-7-O-3-D-glucoside 6 and hydroxytyrosol 7, respectively, by comparing their
retention times, mass spectral and DAD data of each peak to those of the isolated pure ones or
authentic one (for the case of (+)-pinoresinol). Compounds 1 and 2 could not be seen at the DAD

scan as they can’t absorb UV at wavelength 280 nm.
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Table 11: Characterization of the isolated compounds (and (+)-pinoresinol) from the

OMW extract by UPLC/QTOF-MS.

Retention Formula [M—H]~ [M—H]~ Error  Identification
Peak No. time, tr (Min) (m/z exp) (m/ztheo) (ppm)
1 15.295 C30H4s03  455.3534 455.3530 0.8784 Oleanolic acid
2 12.829 Cs0H4804  471.3487 471.3480 1.4851 Maslinic acid
3 8.313 C22H2408  415.1390 415.1398 -1.9271 1-acetoxypinoresinol
4 6.674 Ci0H1204  195.0674 195.0663 5.6391 Hydroxytyrosol acetate
5 3.381 CoH1204  183.0663 183.0663  0.0000 3,4-dihydroxyphenyl-2-
methoxyethanol
6 5.123 C21H20011  447.0933 447.0933  0.0000 Luteolin-7-O-B-D-
glucoside
7 3.268 CsH1003  153.0577 153.0577 0.0000 Hydroxytyrosol
(+)- 7.43 CaoH2206  357.1331 357.1344  -3.6401 (+)-pinoresinol
pinoresinol
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3.3.3. Inhibitory Effect of the Isolated Compounds on a-Glucosidase and a-
Amylase Enzymes

As stated in the Method section, both the defatted (n-hexane) extract and MeOH
extracts were subjected to a-glucosidase inhibitory assay and found that MeOH had
stronger inhibitory activity (Figure 16). The results were consistent even after
calculation of their ICso values, whereby MeOH extract was more potent than n-
hexane extract — ICso values 85.6+4.8 and >500 pg/ml, respectively (Table 12). Then,
because of its higher inhibition, MeOH extract was further fractionated by LLE to
afford n-hexane fraction, dichloromethane (DCM), and ethyl acetate (EtOAc)
fractions. After the assay, it was found that DCM and EtOAc exhibited significantly
higher a-glucosidase inhibitory activity than n-hexane (p<0.05). Similarly, this was
consistent even after the calculations of the ICso values (Table 13).

Therefore, DCM and EtOAc fractions proceeded for the isolation of compounds. In
addition to a-glucosidase inhibitory activity, the isolated compounds were also tested
for their a-amylase inhibitory activity. Their a-glucosidase and a-amylase inhibitory
activities are presented in Figure 17. The isolated compounds showed different
inhibitory activities against both enzymes (a-glucosidase and a-amylase).
Interestingly, compounds that exhibited stronger inhibitory activity against a-
glucosidase enzymatic activity (1, 2, 3, and 6) are the same ones which showed

stronger inhibitory activity against the a-amylases (Figure 17).
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Figure 16: a-glucosidase inhibitory activity of n-hexane, methanol extracts, and acarbose. The

experiments were done in triplicates (n=3).
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Table 12: IC=o values for a-glucosidase inhibitory activity of n-hexane, methanol

extracts, and acarbose

Sample ICso (pHg/ml) @
n-hexane extract >500
Methanol extract 85.6+4.8
Acarbose P 234.6+3.7

@ The inhibitory effect is expressed as the Mean+SD values of the IC50

in triplicates (n=3). ® Positive control (standard drug).
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Table 13: IC=o values for a-glucosidase inhibitory activity of the MeOH fractions

following LLE
Sample ICso (png/ml) @
n-hexane fraction >500
DCM fraction 64.7£5.5
EtOAc fraction 159.2+18.3
Acarbose P 234.6+2.7

2 The inhibitory effect is expressed as the Mean+SD values of the ICso in

triplicates (n=3). P Positive control (standard drug).
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Figure 17: Inhibitory effects of the isolated compounds on the enzymatic activity of a-
glucosidase and a-amylase enzymes — all compounds presented at a concentration of 150
MM. Effect on a-glucosidase inhibitory activity is presented with white bars, while the effect on
a-amylase inhibitory activity is presented with bars with black dots. The a-glucosidase
inhibitory activity was quantified by measuring the amount of glucose oxide formed at the end
of the reaction, while inhibitory activity on a-amylase was measured by a quantitative starch-
iodine method. In both cases, the experiments were done in triplicates n=3 (results are
expressed as MeantS.D.), where: OA, oleanolic acid; MA, maslinic acid; ACX, 1-
acetoxypinoresinol; LUT-G, luteolin-7-O-B-D-glucoside; DHPM, 3,4-dihydroxyphenyl-2-

methoxyethanol; HOTYy, hydroxytyrosol, and HOTy Ac, hydroxytyrosol acetate.
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When compared to the standard drug, acarbose, their inhibitory activity on a-
glucosidase was higher than that of acarbose (p<0.05); while for the case of a-
amylase, acarbose had stronger inhibitory activity than them (p<0.05).

In general, the results show that even though both fractions exhibited a stronger
inhibitory activity, the activities of individual compounds from the respective fractions
varies widely (from highly active to poorly/ not active). For instance, hydroxytyrosol
acetate 4, 3,4-dihydroxyphenyl-2-methoxyethanol 5, and hydroxytyrosol 7, which
were isolated from the active EtOAc fraction, showed inhibitory activity of less than
10% at highest tested concentrations (1000 uM and 500 uM for a-glucosidase and
a-amylase, respectively). This may suggest that there is a possibility of either an
additive or synergism effect for the overall activity of the fraction(s), or some minor
compounds, which were not isolated, may have contributed to the overall stronger
inhibitory activity of the fractions. The synergism effect of plant extracts/ fractions

has been widely known in phytochemistry 185186,

Finally, their total activities were compared (Table 14). Generally, the total activity
for both a-glucosidase and a-amylase enzymes was highest for oleanolic acid 1 and
maslinic acid 2 when compared to other active compounds (3 and 6). This is because,
apart from having strong inhibitory activity, low 1Cso values, but also they are more
abundant than compounds 3, and 6 in OMW. Another instance is observed to 1-
acetoxypinoresinol 3; regardless of its strongest a-amylase inhibitory activity, but its

total activity for a-amylase was lower than that of 1 and 2.
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Table 14: The enzymatic inhibitory activity (ICso), the total amount in dry weight and

the total activity of the isolated compounds from OMW

ICs0 (UM) [pug/mL] Total activity °

Compound a-glucosidase a-amylase Amount (mg/kg a- a-

dried OMW) glucosidase amylase

Oleanolic acid 1 33.5+0.6 [15.3] 81.3+2.7 [37.1] 82.1 5,359.5 2,212.9
Maslinic acid 2 34.5+1.4 [16.3] 67.0£5.4 [31.7] 180.0 11,042.9 5,678.2
1-acetoxypinoresinol 3  313.1+12.5 [130.4] 13.9+3.9 [5.5] 1.13 8.7 205.5
Hydroxytyrosol >1000 [>200] >500 [>100] 21.46 ND ND
acetate 4

3,4-dihydroxyphenyl- >1000 [>200] >500 [>100] 128.79 ND ND

2-methoxyethanol 5

Luteolin-7-O-B-D- 26.6+0.8 [11.9] 404.7+0.0 46.71 3,925.2 256.6
glucoside 6 [181.5]

Hydroxytyrosol 7 >1000 [>200] >500 [>100] 303.03 ND ND
(+)-pinoresinol >1000 [>400] >500 [>200] ND ND
Acarbose @ 323.4+4.2 [208.8] 15.0+£1.3 [9.7]

The results are expressed as Mean + SD (n=3). Where; 2 standard drug and ND
could not be determined since the exact value of ICso could not be calculated

(beyond maximum tested concentration); ? Total activity of each compound was
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estimated mathematically by using the following formula: total activity = amount

(mga/kg)/1ICso (mg/ml).
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3.3.4. Effect of the Active Isolated Compounds Enzyme Kinetics

Due to their stronger inhibitory activity against the a-glucosidase enzyme, oleanolic
acid 1, 1-acetoxypinoresinol 3, and luteolin-7-O-3-D-glucoside 6 were investigated
further for their possible underlying mechanisms of inhibition of the enzyme. In the
experiment, a-glucosidase was treated with these compounds, individually, using
sucrose as the substrate (1 — 33 mM) to determine the inhibition type. To obtain the
Ki constant of the inhibitors in the media, sucrose was used as a substrate, and three
different inhibitor concentrations were used in the reaction medium. As a result, three
diverse fixed concentrations of inhibitor Lineweaver-Burk graphs which were utilized
to calculate Vmax and other inhibition parameters 7. After analysis of the
Lineweaver—-Burk plots and based on the best ‘fit results’ and ‘goodness to fit’
analysis, it was concluded that oleanolic acid 1 is a partial mixed inhibitor 88, luteolin-
7-O-B-D-glucoside 6 is a non-competitive inhibitor, while 1-acetoxypinoresinol 3 is a
partial uncompetitive inhibitor to the a-glucosidase enzyme 8. The Lineweaver-Burk
plots of the reaction of a-glucosidase and the active compounds are shown in Figure

18.

The mixed type of inhibition by oleanolic acid 1 is similar to non-competitive inhibition,
as of luteolin-7-O-B-D-glucoside 6, except that binding of the substrate or the
inhibitor affects the enzyme’s binding affinity for the other 0. The findings of
oleanolic acid 1 and luteolin-7-O-B-D-glucoside 6 inhibition types are in line with the
previous report on oleanane-type pentacyclic triterpene acids and flavonoid luteolin,

respectively 191192,
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Figure 18: Kinetic analysis of a-glucosidase inhibition. Lineweaver-Burk plots of the reaction
of a-glucosidase in the presence of the active compounds. (A) Oleanolic acid 1, (B) Luteolin-
7-O-B-D-glucoside 6, and (C) l-acetoxypinoresinol 3. The concentration of sucrose was
measured in the absence or presence of inhibitors at different concentrations (1, Inhibitor; dark
circles, no inhibitor; dark triangles, low concentration; black-lined transparent circles, high

concentration).
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On the other hand, this is the first report on lignan 1-acetoxypinoresinol 3. As an
uncompetitive inhibitor, 1-acetoxypinoresinol 3 binds to the enzyme at the same time
as the enzyme's substrate, that is, it binds to the enzyme-substrate complex (it
neither binds to the enzyme itself nor to the substrate) and this type of inhibition
cannot be overcome but can only be reduced by increasing the substrate
concentration '°3, Thus for all inhibition types, mixed type, non-competitive, and
uncompetitive, Kj value, which measures the affinity of the inhibitor for an enzyme,
is usually greater than 1 (Ki >1) %9 — for oleanolic acid 1, K; = 8.4; luteolin-7-O-3-D-
glucoside 6, Ki= 12.7; and 1-acetoxypinoresinol Ki = 61.1. Moreover, this shows the
fact that all these compounds have a quite different structure from that of substrate

for the enzyme, and that is why they can’t inhibit the enzyme competitively.
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Discussion

The raise of postprandial glucose levels in plasma is a result of the hydrolysis of
carbohydrates, such as starch and sucrose — a process that is primarily catalyzed
by two hydrolase enzymes; a-glucosidase and a-amylase. While a-amylases
specifically hydrolyze internal a-1,4-glycosidic bond of starch to yield maltose and
glucose, a-glucosidases which are a series of enzymes found in the brush border of
enterocytes hydrolyze both starch and sucrose down to glucose 18169 These
processes are known to happen in the upper portion of the small intestine and are
known to potentially raise plasma glucose, especially in diabetic patients '°*. Thus,
the inhibitors of a-glucosidase and a-amylase enzymes are currently used, clinically
as first-line drugs, for example, acarbose and voglibose, to reduce glucose post-
prandial (PPHG) plasma levels in patients with Type 2 diabetes. These drugs are
capable of lengthening the duration time of carbohydrate absorption and hence

reducing plasma glucose levels over time 9.

The present study was designed to evaluate whether metabolites from OMW may
be used to reduce carbohydrate hydrolysis by inhibiting these enzymes involved in
diabetes and its complications, in comparison with acarbose. Generally, olives have
been reported to have several biological activities including antioxidant 7 and anti-
inflammatory %, among many others. These activities may, indirectly, help to reduce
oxidative stresses and inflammatory bodies which may contribute to diabetes 197:198,
The antidiabetic activity has also been reported by several studies 175-177.199.200 g

far, for antidiabetic activity, reports are only on phenolic acids and olive fatty acids —
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but no reports on other olive phenolic compounds, nor, on olive triterpenes. Moreover,
the mechanism of inhibition of olives against a-glucosidase and a-amylase was not

demonstrated in the previous studies.

In this study, it was observed that the triterpenes oleanolic acid 1 and maslinic acid
2 had good inhibitory activity against both enzymes, which is in line with the previous
studies 2°'. They (oleanolic acid 1 and maslinic acid 2) have also been reported,
previously, to have significant blood glucose-lowering effect in vivo studies. For
example, oleanolic acid reported to lower blood glucose levels in STZ-induced
diabetic rats 2°2; and reduced glycogen levels and glycogenic enzymes in rats 203,
For maslinic acid; it was reported to reduce blood glucose levels by inhibiting
glycogen phosphorylase 2°*. The results of the present study suggest that the
oleanane skeleton may be responsible for their anti-diabetic activity. This is not
uncommon as previous research showed that other oleanane-type triterpenes, apart
from oleanolic and maslinic acids, were also active. For instance, corosoric acid
showed strong inhibitory activity not only in vitro against both a-glucosidase and a-
amylase enzymes '°* but also reported having a significant effect on lowering post-
challenge plasma glucose levels in vivo 2%, Considering the higher abundances of
oleanolic 1 and maslinic acids 2 in OMW and their total activities for both a-
glucosidase and a-amylase, these data attract more attention to OMW as a potential
source of PPHG-lowering agents.

Furthermore, two phenolic compounds (1-acetoxypinoresinol 3 and luteolin-7-O-f-

D-glucoside 6) showed stronger inhibitory activity, while the rest, three of them (4, 7
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and (+)-pinoresinol) had very weak activities against both a-glucosidase and a-
amylase enzymes. 1-acetoxypinoresinol 3 showed a very strong inhibitory activity
against both enzymes — with the strongest inhibitory activity for a-amylase, 1C50=13.9
MM vs 15.0 uyM of acarbose; while for a-glucosidase, 1Cs0=313.1 yM vs 323.4 uM.
Regardless of its strongest activity against a-amylase, its total activity was lower than
that of oleanolic acid 1 and maslinic acid 2. This is accounted for by its low
abundance in OMW, as opposed to 1 and 2 which were more abundant by several
folds compared to 3 (Table 12). On the other hand, the inhibitory activity of (+)-
pinoresinol, a compound with a closely related chemical structure to 3, was very
weak (ICso > 500 pg/mL against both enzymes). Taking into account the differences
in their inhibitory activities, between 1-acetoxypinoresinol 3 vs (+)-pinoresinol, it is
arguably that esterification of the furofuran ring at position one (C-1) of 1-
acetoxypinoresinol 3 enhances its a-glucosidase and a-amylase enzymatic
inhibitory activity. While the inhibitory activities of 1 and 2 were consistent with those
reported elsewhere 291, this is the first report on antidiabetic activity for 1-
acetoxypinoresinol 3 and (+)-pinoresinol. Luteolin-7-O-B-D-glucoside 6 was more
active against a-glucosidase and relatively poor activity against a-amylase. These
findings are in line with the ones previously reported about flavonoid glycosides 2°6-
208.

The least active phenolic compounds, hydroxytyrosol 7, hydroxytyrosol acetate 4
and 3,4-dihydroxyphenyl-2-methoxyethanol 5, share a common structural feature —

the presence of a 3,4-dihydroxyphenylethyl (3,4-DHPE) moiety. All of them had weak
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inhibitory activity against both a-glucosidase and a-amylase. These findings show
that even with several modifications, for instance, esterification of hydroxytyrosol at
the ethyl —OH (to form hydroxytyrosol acetate) or alkylation at the ethyl C-2 (to form
the new compound, 3,4-dihydroxyphenyl-2-methoxyethanol). Again, this is the first
report on their inhibitory effect on hydrolase enzymes a-glucosidase and a-amylase.
Previously, only the inhibitory activity of a phenolic extract from virgin olive oil (VOO)
was reported to have an inhibitory effect on these enzymes; it was more active
against a-glucosidase than it was for a-amylase. However, the researchers did not

go further to test the inhibitory activity of individual phenolic compounds 2°°.

Most studies that have reported about antidiabetic properties of olives and virgin
olive oil, are based on epidemiological facts, whereby they correlated olive fatty acids,
especially oleic acid, and antidiabetic effect of virgin olive oil 175177199 Contrary, the
current findings clearly showed that n-hexane fraction, which contains all fatty acids
including up to 75% oleic acid 2, had a poor inhibitory activity. Therefore, the
present study gives evidence that not only fatty acids constituents that offer
antidiabetic properties, but also other metabolites, such as triterpenes and phenolic
compounds contribute to the antidiabetic properties. And it was consistent with one
study whereby some researchers reported about the effectiveness of olive phenolic

acids on a-glucosidase and a-amylase inhibitory activity 2°°.

In general, this study confirmed that some metabolites in OMW are potential

inhibitors of the hydrolase enzymes involved in the Type 2 DM - olive lignan (1-
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acetoxypinoresinol 3), pentacyclic triterpenes (oleanolic acid 1 and maslinic acid 2),
and luteolin-7-O-B-D-glucoside 6. This s the first study to address the a-glucosidase
and a-amylase inhibitory activity of olive lignans ((+)-pinoresinol and 1-
acetoxypinoresinol), as well as, hydroxytyrosol derivatives including the new
compound, 3,4-dihydroxyphenyl-2-methoxyethanol, and hydroxytyrosol acetate.
While the other compounds (1, 2, and 6) have been reported in the previous studies,
but this is the first study that quantifies their contribution (of individual metabolite) in
the OMW dry mass to the total inhibitory activity against a-glucosidase and a-

amylase enzymes (antidiabetic).
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Part IV: CONCLUSION

In summary, the results from this study clearly show that some compounds from
OMW are potential inhibitors of a-glucosidase and a-amylase enzymes, which are
involved in the hydrolysis of carbohydrates to generate glucose (PPHG) — one of the
very first steps in the pathogenesis of diabetes. The mechanism of a-glucosidase
inhibition by active compounds was demonstrated, one of them being an olive lignan,
1-acetoxypinoresinol which has been reported for the first time. These results
potentiate OMW as an important source of lead compounds for antidiabetic
formulations, food supplements, or for modification to develop new antidiabetic
drugs. It is, therefore, worth mentioning that, OMW (and its metabolites) will be

valuable for further study, prevention, and/or treatment of Type 2 diabetes.
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Part V: CHAPTER SUMMARY

In this chapter, the isolated seven compounds from olive mill wastes (OMW), one of
them being novel, and their antidiabetic potential through inhibition of a-glucosidase
and a-amylase enzymes were investigated. To assist the possible characterization
of the mechanisms involved, we analyzed the inhibitory kinetics of the active
compounds. Oleanolic acid 1, maslinic acid 2, 1-acetoxypinoresinol 3, and luteolin-
7-O-B-D-glucoside 6 exhibited stronger inhibitory activity against both enzymes, with
ICso-values less than or close to that of acarbose. Other compounds; pinoresinol and
hydroxytyrosol-containing compounds (hydroxytyrosol acetate 4, hydroxytyrosol 7,
and the novel one, 3,4-dihydroxyphenyl-2-methoxyethanol 5) showed weak
inhibitory activity against both enzymes (ICs0>500 puM). These findings suggest that;
first, the esterification of C-1 of furofuran ring, is the key feature for the stronger
inhibitory activity of 1l-acetoxypinoresinol 3 against both enzymes (ICs0=13.9 uM,
and 313 puM for a-amylase and a-glucosidase, respectively), as compared to
pinoresinol; second, oleanane skeleton of the triterpenes (1 and 2), is optimum for
the a-glucosidase and a-amylase inhibitory activity; while, hydroxytyrosol-moiety
may be responsible for the weak activity of 4, 5, and 7. Additionally, kinetics analysis
of 1, 6, and 3, revealed that they inhibit a-glucosidase in a mixed-type, non-
competitive and uncompetitive mechanisms, respectively. Their mechanisms were
confirmed by measuring their affinity for the enzyme (Ki), and they all (1, 6, and 3)

had a higher affinity for the enzyme, Ki >1. This work adds more value to OMW for
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further studies as a potential source of lead antidiabetic compounds for the

prevention and/ or treatment of Type 2 diabetes.
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CHAPTER 4
Anti-Alzheimer’s activity of olive leaves cultivars: Cultivar-specific metabolic
profiling of olive leaves by LCMS based non-targeted metabolomics for determining

AChE inhibitor metabolites
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Part I: INTRODUCTION — ALZHEIMER’S DISEASE

4.1.1. Dementia and Alzheimer’s Disease (AD)

Dementia is a major global burden with 44.4 million patients worldwide in 2013, with
that number estimated to increase to 135 million by 2050 93, The most common
cause of dementia is Alzheimer’s disease (AD), which accounts for 50% - 75% of all
cases 219 AD is more prevalent with aging — it is characterized by a severe,
progressive memory loss accompanied by several neuropathological lesions such
as the formation of senile plaques 21213, AD is now considered a global burden
because, beyond its debilitating effects on patients, it presents with other two major
socio-economic problems; high medical costs and a high requirement for care 1%, It
Is estimated that the global medical care for dementia (of which, the majority of cases
are AD) is about US $ 604 billion, which is 1% of the global GDP 24, This means
that dealing with an individual patient is very expensive, for instance, in the United
States, the total annual societal cost per patient with AD ranges between US $42,000

- $56,000 104,

AD’s other core symptoms, apart from impairments of memory, include impairment
of judgment, and other cognitive functions, as well as a reduction in the levels of
acetylcholine (ACh) neurotransmitter — together, they are caused by synaptic loss
and neuronal death 11, As a result, many AD patients start presenting with a wide

range of behavioral symptoms from psychosis to aggression to depression 215,
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Today, they are collectively known as behavioral disturbances, collectively known as

behavioral and psychological symptoms of dementia (BPSD).

The cholinergic hypothesis of AD has provided the rationale for the pharmacotherapy
of the disease since the last two decades ?'*. This theory is based on the finding that
a loss of cholinergic activity, commonly observed in the brains of AD patients, have
suggested a role of ACh in learning and memory 213216 and that is why AD has a
variety of symptoms including psycho-behavior disturbances, cognitive impairment,
memory deficits, and learning disturbance ?1’. Moreover, the cholinergic hypothesis
is supported further by randomized clinical trials (CTs), in which it was found to
contribute up to 19% of all AD etiologies — based on 2173 RCTs 28 Thus,
acetylcholinesterase (AChE) inhibitors are currently approved therapy for the
treatment of AD, and generally, only a limited number of drugs are commercially
available, hence raising the urgent need to research for new drugs. Figure 19

summarizes cholinergic hypothesis of AD.

157



Ac CoA
+choline

Presynaptic
neuron

ACh ey Chooline
AchE + acetate

Postsynaptic : 5
neuron il M.

B 1 AChE activity = Most ACh is
degraded to choline

Cholinergic deficits leads to cognitive
decline (‘memory loss’, AD)

Figure 19: (A) Physiology of the cholinergic synapse. Choline is the critical substrate for the

synthesis of acetylcholine (ACh). Acetyl coenzyme A (Ac CoA), along with the enzyme

choline acetyltransferase (ChAT) are critical for the synthesis of acetylcholine (ACh). Once

the neurotransmitter acetylcholine is released into the synapse, it binds (activates)

postsynaptic receptor (M1), thus transmitting a signal from one neuron to the other. The

excess neurotransmitter in the synaptic cleft is broken down by the enzyme acetyl

cholinesterase (AChE) into choline and acetate, which are returned by an uptake mechanism

for recycling into acetyl coenzyme A. In AD, there is an increased AChE enzymatic activity

that leads to cholinergic deficits leads to cognitive decline and memory loss. (B)

Pathophysiological condition, in AD patients. Source for (A): 219.
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4.1.2. Olives and Treatment of AD: Research Gap and Way Forward

Olives, through its major biophenol (hydroxytyrosol), are known to inhibit the activity
of the AChE enzyme 22°, There is, however, still scarce of information describing the
potential of other compounds in the olive which otherwise might be contributing to
the activity. To make matters even difficult, there are so many cultivars or varieties
of olive leaves that differ in their effectiveness. This means that a powerful tool to
identify a wide range of low-molecular-weight compounds such as secondary
metabolites is needed to solve this major challenge, and when coupled to high-tech
analytical software such as Chemometrics, it becomes easier to associate between
the metabolites and phenotype — in this case, cultivar type 221222,

Therefore, in this study, the metabolomics approach was employed for the unbiased
evaluation of the anti-AChE properties of extracts of olive leaves cultivars and to
identify bioactive compounds among cultivars. This is, to my knowledge, the first
report about the MP-driven bioactivity evaluation of olive leaves cultivar extracts

related to the anti-AChE activity.

4.1.3. Metabolomics approach

Metabolomics is the part of the ‘omics’ fields that focus on the wide variety of low
molecular weight metabolites present in biological system/ sample (urine, blood,
tissues, plant sample like leaves or roots). It can be defined as a comprehensive
analysis of the whole metabolome under a given set of conditions — it may involve

identification/ quantification of metabolites of a biological system 222, The metabolites
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in plant or any animal sample closely related, such as plant cultivars might differ
depending on several factors such as chemical reactions taking place in the
organism, or from exogenous sources such as climate or geographical location,
nutrients used, drugs, and so on 224225, This technique is very efficient and effective
in the identification of the bioactive metabolites in the complex biological system

including those of closely related samples such as cultivars 226,

The most common techniques used to perform metabolomics are NMR and MS 223,
Literature cites MS-based metabolomics as especially important for the largest
metabolite coverage with the highest sensitivity 227, It is usually coupled to different
separation techniques such as liquid chromatography (LC), gas chromatography
(GC) or capillary electrophoresis (CE). Due to high sensitivity of MS-based
metabolomics, it can identify, quantify, and serve both for targeted and non-targeted
metabolomics studies ?2°. In the present study, we employed an LC coupled to high-

resolution mass spectrometry (LC-MS)-based non-targeted metabolomics.

LC-MS offers an advantage in covering a wider range of low-molecular-weight
secondary metabolites ??1. And by metabolic profiling, MP technique, the association
between the metabolites and phenotype can be detected as well as for the
evaluation of bioactivity and identification of metabolites conferring beneficial
properties 222228, Coupled with chemometric methods, such as multivariate analysis
(PCA, PLS-DA), the approach may be useful for the evaluation of specific biological

property of crude extract and identifying specific bioactive metabolites in extracts.

160



This approach finds to be useful for the unbiased evaluation of the pharmaceutical
properties of crude plant extracts and to identify specific bioactive metabolites in

extracts.
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Part Il: EXPERIMENTAL

4.2.1. Materials and Sample

The samples of fresh olive leaves cultivars were received monthly from January to
December 2019 from an olive company’s farm in Ukiha (Kyushu Island, Japan).
During collection, the samples were harvested randomly. They were immediately
ground with liquid nitrogen (=196 °C) in the laboratory, then freeze-dried for 5 days
before ground further to fine homogeneous powder and were stored at =20 °C prior
to further analysis. In total, 18 cultivars of olive leaves as shown in Table 15 have
been received monthly and tested for the anti-AChE activity — for cultivars from
January to June 2019. From July to December, the samples could not be tested due
to time limitations.

In the end, six cultivars — three of them being active and the other three were not
active, were chosen for further metabolomics studies to determine the AChE inhibitor
metabolites. Six cultivars that were used for non-targeted metabolomics study to
identify the anti-AChE metabolites. These were;

a. Most active ones; Berhudar (n=3), Frantoio (n=3), and Lucca (n=3)

b. Least active ones; Cippressino (n=3), Hinakase (n=3), and Nevadillo (n=3).

4.2.2. Chemicals and reagents

The deionized water (18 MQ cm) was purified by using a Milli-Q Ultrapure Water
System RFU424CA (Advantec, Tokyo, Japan), LC-MS grade acetonitrile and LC-

MS grade formic acid and, purchased from Wako Pure Chemical Industries (Osaka,
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Japan) were used to prepare chromatographic mobile phases. Acetylthiocholine
iodide (ATCI) was purchased from Tokyo Chemical Industry (Tokyo, Japan).
Galantamine hydrobromide and acetylcholinesterase (AChE) 500 U/mg, were
purchased from Sigma (St. Louis, MO, USA). 5,5-dithiobis [2-nitrobenzoic acid]
(DTNB), NaOH, and DMSO were purchased from Wako Pure Chemical Industries,

Ltd. (Osaka, Japan).

4.2.3. Methods

4.2.3.1. Procedure for Extraction of Olive Leaves Cultivars

Extraction of Olive leaves was done by ordinary maceration, whereby, 100 mg of
leaves sample (for each cultivar, 18 samples) were dissolved in 10 ml of extracting
solvent, EtOH: Water (8:2) and macerated at r.t, 200 rpm for 2 h, then sonicated for
45 minutes. After sonication, all samples were centrifuged at 1680 g for 10 min and
the supernatant was collected and were evaporated to dryness under reduced
pressure in a rotary evaporator at 35 °C to obtain the dried extracts. The average
extraction yield for all Olive cultivars ranged between 25.0 — 35.0% (w/w). The dried
residues (extracts) were then dissolved in DMSO to prepare different concentrations

to test for their inhibitory activity against AChE.
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Table 15: Leaf Size of the Sampled Leaves Cultivars

Cultivar Name

Physical dimension

(Ixw =cm x cm)*

10
11
12
13
14
15
16
17
18

Ascolana
Arbequina
Santa Caterina
Gemlik
Correggiolo
Cipressino
Taggiasca

Nevadillo blanco/
Hojiblanca

Frantoio
Berhudar
Pendolino
Maurino

Mission

Moraiolo

Lucca

Lechin de Sevilla
Leccino

Hinakase

6.07x1.45
4.38%x1.07
2.28%0.94
2.9x1.14
5.26x1.7
6.44x1.66

6.88x1.74

5.2x1.7
5.42x1.24
5.16x1.28
5.88x1.32
4.88%0.96
6.16x1.35
5.24x1.54

5.1x1.8

4.4x1.66

5.2x1.82

* The dimensions presented as Mean of 5 different leaves (n=5)

expressed in %
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4.2.3.2. Assay for AChE inhibitory activity

AChE inhibition activity was measured using Ellman’s method 229230, AChE
hydrolyzes the substrate ACTI into acetate and thiocholine. In a neutral or alkaline
medium; thiocholine reacts with DTNB to give yellow-colored 2-nitro-5-thiobenzoate,
which can be detected spectrophotometrically at 405 nm. Briefly, in a 96-well plate,
25 mL of 15 mM ACTI, 125 mL of 3 mM DTNB in buffer B (50 mM Tris—HCI, pH 8,
0.1 M NaCl, 0.02 M MgCl2.6H20), 50 mL of buffer A (50 mM Tris—HCI, pH 8, 0.1%
BSA) and 25 mL of the test sample were mixed, and the absorbance was measured

using a microplate reader (Corona, Japan) at 405 nm every 60 s for ten times.

Then, 25 mL of AChE (0.25 UmL in buffer A) was added and the absorbance was
measured ten times every 60 s. A solution of 25% DMSO was used as a negative
control. The absorbance was plotted against time and the enzyme activity was
calculated from the slope of the line, and so was obtained and expressed as a

percentage compared to an assay using a buffer without any inhibitor.

4.2.3.3. Sample Preparation for Untargeted LCMS-Based Metabolomics

The powder of olive leaves of each cultivar, 500 mg, was extracted by sonication
with 50 mL of aqueous EtOH (70%, v/v) for 45 min at 30 °C. The extracted solution
was then filtered, and this process was repeated twice for the evaluation of the
recovery percentage of the extraction system. Then, the combined filtrate was

evaporated to dryness at reduced pressure by a rotary evaporator at 45 °C. The
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residue was finally reconstituted in MeOH to a final concentration of 200 pg/ml.
Before injection for chromatographic separation, it was filtered twice through

Millipore 0.20 uM PTFE filters (Millex-LG, Japan).

4.2.3.4. UPLC/QTOF-MS Analysis of the Olive Leaves Cultivar Extracts

Agilent 1290 Series UPLC system, consisting of vacuum degasser, cooled
autosampler, rapid resolution binary pump, and thermostatted column compartment
(Agilent Technologies, Santa Clara, CA, USA) hyphenated to an Agilent 6545 Q-
TOF hybrid mass spectrometer (MS) equipped with a dual Agilent Jet Stream (AJS)
electrospray ionization (ESI) source (Agilent Technologies, Santa Clara, CA, USA),
for simultaneous spraying of a mass reference solution that enabled continuous
calibration of detected m/z ratios was used for analysis.

The chromatographic separation was performed on a reversed-phase Zorbax
Eclipse Plus C18 analytical column (100 x 3.0 mm i.d, 1.8 ym particle size, Agilent
Technologies, Santa Clara, CA, USA) coupled to a guard column Agilent Eclipse
Plus C18 (3.0 x 5 mm, 3.8 ym particle size) and an inline-filter. An injection volume
of 2 uL and a flow rate of 0.4 mL/min was used for elution. The mobile phases were
0.1% (v/v) formic acid in aqueous solution (eluent A) and 0.1% (v/v) formic acid in
acetonitrile (eluent B). The gradient elution method was as follows: isocratic step at
4% B for 2 min, 4 to 100% B in 15 min, then 100% B was maintained for 2 min, and

then re-equilibrated for 3 min. The column oven was maintained at 40 °C.
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The dual ESI source operated in negative ionization set at the following conditions:
nebulizer gas pressure: 35 psi; drying gas flow rate: 10 L/min; gas temperature;
325 °C. The capillary voltage was set at 3.5 kV, while skimmer voltage: 65 V;
octapole voltage: 750 V; dielectric capillary exit (fragmentor voltage): 130 V. The
data were acquired in both centroid and profile modes in the extended dynamic
range (2 GHz). The instrument was calibrated and tuned according to procedures
recommended by the manufacturer. Accurate mass spectra were acquired in the m/z
range 50-1100 in all-ion fragmentation (AIF) mode, where a single high-resolution
full scan is acquired, including three sequential experiments at three alternating
collision energies (one full scan at 0 eV, followed by one MS/MS scan at 10 eV,
followed by MS/MS scan at 20 eV, and then followed by another one MS/MS scan
at 40 eV). The data acquisition rate was 4 scans per second. To ensure the desired
mass accuracy of recorded ions, a continuous internal calibration was performed
during analyses with the use of reference solution signals at m/z 112.9855 (TFA
anion) and m/z 1033.9881 (trifluoroformate adduct of hexakis[1H,1H,3H,
tetrafluoropropox]phosphazine).

The internal reference solution was introduced into the ESI source via a T-junction
using an Agilent Series 1290 isocratic pump (Agilent Technologies, Santa Clara, CA,
USA). For data acquisition and monitoring the hardware, Agilent MassHunter
Workstation software (Agilent Technologies, Santa Clara, CA, USA) was used. Mass
accuracy of <5 ppm was expected for the potential metabolite co-elution and isobaric

compounds.
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4.2.4. Data Processing and Statistical Analysis

The Agilent MassHunter Profinder (version B.08.00, Agilent Technologies, USA)
was used for processing the obtained raw UPLC/QTOF-MS full single MS data.
Batch Recursive Feature Extraction algorithm was employed for a full single MS data,
in which all ions with identical elution profiles and related m/z values were extracted
as molecular features (MFs) characterized mainly by retention time (RT), intensity in
the apex of the chromatographic peak, and accurate mass. Other main parameters
during the extraction of MFs were optimized as follows; two intensity threshold
settings 5000 and 10,000 counts per second (cps) were tested for the MFs extraction
while peak filter thresholds were tested at 600 and 1000 counts, both in the full scan
RT range of 20 min. The test below 5000 cps was not done as low-abundance ions
can be hard to identify if the precursor ion intensity is low, generally below 5000

counts for an Agilent Q-TOF 231,

Finally, the thresholds of peak filters and metabolite filters were set at 1000 counts
and 5000 counts, respectively, to produce an optimized matrix containing fewer
biased and redundant data. To perform subtraction of MFs from the background,
such as polymers or plasticizers and other contaminating compounds, analysis of
the blank sample (agueous methanol 95:5 v/v) was carried out under identical
instrument settings and the background MFs were removed. Using background-
subtracted data, files in compound exchange format (.cef files) were created for each

sample and imported into the Agilent Mass Profiler Professional (MPP) software
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package (version 14.5) (Agilent Technologies, Santa Clara, CA, USA) for further
processing of the differential analysis, whereby alignment, normalization, defining
the sample sets, and filtering of the MFs were applied. In the alignment step, all
metabolites whose absolute abundance were greater than 5000 counts across the
sample set were aligned by RT and accurate mass (m/z) using the tolerance 0.1 min

and 15 ppm, respectively.

Then, a stepwise reduction of the MFs number was performed based on frequency,
abundance of the respective MFs in the cultivars, results of one-way analysis of
variance (ANOVA), and fold change. In order to lower the relatively large differences
among the MFs abundances, mean-centered and logarithmic transformation on the
data was performed. To take a deep look at whether the difference between six
cultivars exists, the MPP software enabled the conduction of multivariate analysis;
unsupervised principal component analysis (PCA) and supervised partial least
square discrimination analysis (PLS-DA) of the data. The validation of the obtained
PLS-DA predictive model was done by using a cross-validation procedure in which
its prediction accuracy was tested. Finally, the selected marker compounds (MFs)
were analyzed by Agilent MassHunter Qualitative Analysis software (version B.10.00,
Agilent Technologies, USA) for MS/MS data acquisition for molecular formula

estimation to establish their IDs based on fragmentation pattern.

The 1Cs0 values were calculated from plots of log concentration of inhibitor

concentration against the percentage inhibition curves using Microsoft Excel 2016.
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The data were expressed as Mean + standard deviation (S.D.) of at least three

independent experiments (n=3).
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Part Ill: RESULTS AND DISCUSSION

4.3.1. Anti-AChE Activity of Olive Leaves Cultivars

A total of 90 samples (18 olive leaves cultivars harvested in five months, Jan to May)
were analyzed for their AChE inhibitory activity in the present report. The analysis
shows that, firstly, all cultivars of March harvest exhibited the strongest inhibitory
activity against the enzyme — whereby, at 500 pug/ml, their inhibitory rate was by more
than 85% (whereby the inhibitory effect of the standard, galanthamine 1Cso was 1.7
pg/ml, while that of hydroxytyrosol, a known anti-AChE in olives, was 9.5 pg/ml).
Secondly, all cultivars of April and May harvest exhibited relatively weak inhibitory
activity, a similar observation was made for January harvest — both January, April,

and May cultivars, all of them, had ICso > 500 pg/ml (Data not shown).

Even though there were some inconsistencies in the cultivars’ activity, it was found
that cultivars like Frantoio, Berhudar, Lucca, and Arbequina showed consistently
higher activity from January through March — with peak activity on March (Figure
20). Therefore, from this data, three most active olive leaves cultivars; Frantoio,
Berhudar, and Lucca, and three least active cultivars; Cippressino, Nevadillo Blanco,
and Hinakase -cultivars were chosen for further analysis by non-targeted
metabolomics approach to find out the major cause of these differences among them,
and also to test the power of the approach in predicting the effectiveness of the

cultivars.
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Lower figure, February to May harvest)

Figure 20: AChE inhibitory activity of Olive leaves cultivars at 500 pug/ml (upper figure, January

harvest



4.3.2. Validation of the UPLC/QTOF-MS Analytical Method

The metabolites were extracted with aqueous EtOH (70%, v/v), separated on a
reversed-phase (C18) column, and analyzed by MS in the negative mode . Since
it was a non-target approach, we set both UPLC separation and MS detection with
generic settings during the method development, to obtain metabolic profiles
containing as many compounds as possible covering both highly polar and less-
polar ones. For validation of the method, the quality control (QC) specimen, prepared
by taking 10 uL samples from each of the six cultivar groups and pooled together,
and the acquisition of the QC specimen was the same as that of all other samples.
Before experimental data acquisition, we did five consecutive injections of the QC
specimen to obtain a stable QTOF-MS system. Immediately after five injections of
the QC, the acquisition of data for samples was then launched. In the sequence, a

QC sample was analyzed every 10 samples throughout the whole analysis.

Since good reproducibility and stability of metabolite retention times (RTs) represent
an important parameter for method validation, as it is closely associated with the
outcome of the aligning procedure performed across the sample set, 10 sets of data
obtained via the acquisition of QC specimen was used to assess the repeatability of
the method. Five characteristic ions (m/z 315.1085 with retention time 4.66 min; m/z
623.1981 with retention time 6.53 min; m/z 539.1824 with retention time 7.39 min;
m/z 319.1186 with retention time 8.22 min; m/z 471.3487 with retention time 13.62

min) were chosen to examine the shifts in RTs, m/z, peak area, and peak intensity
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to assess the stability of the system. Based on repeated measurements, the typical
RT variability was found to be 0.3 s or a relative standard deviation (RSD) of less
than 0.1%, while for peak area for each peak was less than 15%. The result is
summarized in Table 16. The experiment gave excellent stability and repeatability
of the system, which means that it yielded reasonable data that can be further

processed to obtain credible results.
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Table 16: The variability of retention times (RT), impulse m/z and peak areas in 10

sets of data obtained via acquisition of QC specimen

RT (Min) m/z Diff (ppm) RSD (RT) RSD (Area)
4.659 315.1085 0.32-2.54 0.07% 1.7%
6.528 623.1981 0.16 - 3.85 0.07% 9.4%
7.393 539.1782 0.74-3.71 0.06% 5.8%
8.219 319.1199 0.62 - 3.76 0.05% 8.8%

13.629 471.3479 0.21 -3.82 0.08% 13.4%
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4.3.3. Metabolite Profiling (MP)

For metabolic profiling/ data mining, a high-resolution Q-TOF LC/MS metabolomics
workflow for unbiased metabolomics study of cultivar-specific metabolites was
developed. The metabolites were separated on RP column and analyzed by MS in
the negative mode 84, Both UPLC separation and MS detection were set to obtain
MPs containing as many compounds as possible covering both highly polar and less-
polar ones. The combined TCC obtained for the six cultivars seemed closely similar
with (Figure 21). Most major peaks found in the total ion chromatograms (TICs) of

the individual cultivars.

8.00.10° 7|

6.00-10° 7|

40010° 7

2.00-10° 7

Figure 21: Combined TCC obtained from the six olive leaves cultivars

4.3.4. Data Mining and Pre-treatment
Taking into consideration the complexity of the raw data obtained by LC/MS analysis
(Figure 21), the manual data inspection to distinguish the chemical profile among

the cultivars is not possible, or else, it would be time demanding and not efficient at
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all. For this reason, in data mining, several analytical software to extract metabolites
from the cultivars were employed and coupled to chemometric software for further
treatment. Bearing in mind that multiple signals can originate during ESI ionization
of a single compound, it means that, for a complex set of data such as extracts (as
we are dealing with), ESI can result into an extremely high amounts of signals.
Therefore, to reduce this possible drawback causing signal redundancy, ions with
accurate m/z values differences corresponding to adducts, isotopes or multiply
charged species, supposing they had an identical elution profile, were merged and

further handled as a single variable.

In the process, firstly, the secondary metabolites in the cultivar samples mined from
LC/MS analysis to get the raw data were further processed with MassHunter
Profinder software to recognize the ion peaks and the chemical metabolites. An
algorithm enabling automated extraction of ions corresponding to compounds
present in the samples was employed, “find compounds by molecular feature” (MFs)
algorithm. The obtained extracted metabolites (MFs) were exported as compound
exchange format (.cef) files, and these files were then imported into Mass Profiler
Professional (MPP) software (Agilent Technologies, USA) for further differential
analysis including alignment, normalization, defining the sample sets, filtering by

frequency (FbF).

Usually, the number of obtained MFs aligned across the sample set was significantly

influenced by the intensity threshold setting used during the data mining procedure
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(not shown here). Due to that fact, before multivariate analysis (PCA and PLS-DA),
the data dimensionality was reduced so that to use the most important marker
compounds for the olive leaves cultivar discrimination. Several filtering procedures
were applied to initial MFs (which were 1194 MFs, after removal of MFs extracted

from the blank samples).

In the first step, all the MFs that were not present in at least 50% of samples in at
least one group were removed, in this case, a cultivar type — the number was
reduced to 1109 MFs. The next phase involved filtering based on p-values calculated
for each MF by one-way ANOVA. The p-value cut-off of 0.05 was applied as the
filtering criterion to ensure that only MFs which differ in the respective cultivars with
95% statistical significance are passed on and further processed — here the number
was reduced to 644 MFs. Then, the last filtering step was performed using a fold
change (FC) analysis, which finds MFs with high abundance ratios between two
cultivar samples, picking out only MFs with FC = 2.0 — the number was reduced
further to 418 MFs. Lastly, a careful inspection of resultant EICs of each MF from the
FC analysis was performed to avoid any false positive MFs. As a result, many MFs
were regarded as false positive and hence were removed from each of the filtered
MF groups. The final number of MFs obtained after manual recursion was reduced
to 66 MFs only (Table 17). Figure 22 shows all 1194 metabolites aligned among 18
samples (A), most of the metabolites presented low frequency, which was confirmed

by the mass-retention curve of metabolites after alignment (Figure 22(B)).
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A Total Samples: 18

No. of Compounds
w
8

19 18 17 18 15 14 13 12 1" 10 -] 8 7 8 5 4 3 2 1 0
Frequency

oo

900 1
800 1
700 1

600 1

Mass

500 A
400 1
300 A1
200 1+

RT (minutes)

Figure 22: (A) The overall situation of aligned metabolites in 18 cultivar samples, and (B) the
mass-retention curve of aligned metabolites. Where; red color represents the lower frequency

metabolites, while the higher frequency metabolites are marked by blue color.
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Table 17: The overview of final MFs obtained in negative ion mode

No. m/z RT (Min) No. m/z RT (Min)
1 624.2061 6.54 23 540.1852 7.98
2 584.212 7.76 24 336.1199 6.58
8 448.1014 6.63 25 818.225 7.44
4 524.1883 7.89 26 834.2187 7.05
5 316.1155 4.67 27 472.3539 13.76
6 578.1618 6.79 28 378.1309 8.07
7 432.1066 7.06 29 464.0956 6.61
8 378.1308 8.07 30 618.3923 14.68
9 390.1163 5.39 31 270.052 8.93
10 702.238 7.23 32 652.1978 7.76
11 570.1953 7.33 33 494.1414 7.86
12 422.2336 17.64 34 724.2188 6.56
13 138.0308 8.06 35 356.1112 5.82
14 556.1798 6.53 36 514.204 7.41
15 402.1516 5.83 37 478.1478 6.66
16 608.2108 6.89 38 306.0769 5.80
17 286.0471 8.24 39 516.0878 6.63
18 302.0426 8.31 40 342.0946 5.10
19 342.1173 1.12 41 776.2351 7.00
20 404.1311 5.89 42 300.1203 5.12
21 390.1173 4.69 43 558.2297 7.96
22 318.0623 1.21 44 462.1745 4.95

* Intensity threshold 5,000 cps
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Table 17, continue...

No. m/z RT (Min)
45 622.1900 6.54
46 402.1882 6.34
47 354.0953 5.47
48 594.1577 5.71
49 980.2781 7.22
50 472.3537 12.73
51 196.0737 7.38
52 432.1174 7.06
53 506.1819 1.20
54 390.1156 4.35
55 484.2302 7.78
56 286.0478 7.04
57 320.1267 6.63
58 358.1414 6.91
59 326.1001 5.59
60 964.2818 7.53
61 384.1025 4.67
62 594.1571 6.42
63 624.2062 6.78
64 646.1861 6.54
65 448.1010 7.23
66 624.2061 6.54

* Intensity threshold 5,000 cps
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4.3.5. Identification of the Cultivar Biomarkers

In the present study, we tried to identify the compounds which can be used as cultivar
markers. The identification is necessary to know and identity these compounds and
to accomplish this purpose the availability of standards for the marker compounds
could facilitate simpler tests for identification of specific cultivar. By using the single
MS accurate mass data for the pseudo molecular ion and its isotopes, a molecular
formula for each marker compound can be generated. Those formulae that provide
the best fit of this data can be used to search private and public databases of
possible compounds. Using these data to search the databases (such as PubChem,
ChemSpider and MetLin) results in a suspect identification of the compounds.
Moreover, applying the Q-TOF, accurate MS/MS of the suspect m/z gives further
identification of the compounds. However, without any idea of what a compound
might be, even both accurate MS and MS/MS data would be difficult to interpret to
obtain a compound structure. Thus, it remains a significant bottleneck in non-
targeted metabolomics to correctly annotate the biological identity of a detected
molecular feature (MF)/ compound 2327234, Therefore, for the final confirmation,

standard compounds of the indicated compounds were required.

Since it requires several steps to pass before confirmation of the proposed
compound (MF), several guidelines have been proposed for metabolite identification.
In the present study, one of the most frequently used guidelines known as Metabolite
Standard Initiative (MSI) was adopted 235, The MSI defined four levels of metabolite

identification. The highest level (level 1) is based on matching two or more
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orthogonal properties [e.g., accurate mass (AM), retention time (RT)/index, isotopic
pattern, MS/MS spectrum] of an authentic reference standard analyzed under the
same condition as the metabolite of interest. This level of structural information
provides a high level of confidence in metabolite identity but is resource-intensive.
Level 2 is based on matching the accurate mass (AM), retention time (RT), and
isotopic pattern (AMRT + IP), while the lowest level (level 4) is based on matching

only one orthogonal property, especially the accurate mass MS only (AM).

Based on our results, of the 66 MFs, only 29 gave a result from a database — their
molecular formula estimation and subsequent tentative identification of these MFs
as marker compounds was performed based on accurate mass only, AM (level 4 of
MSI), and the error was found to be within acceptable limits ranging between -3 to 2
ppm (see the result in Appendix i). However, 5 markers (out of 29 MFs identified),
were detected in multiple retention times. For example; MF #3 with m/z 448.101 was
detected at RTs 7.23 min and 6.63 min; MF #48 with m/z 594.1577 at RTs 5.71 min
and 6.42 min; and MF #9 m/z 390.1163 at RTs 4.35 and 5.39 min. Based on the
current AM-only identification, it is still hard to conclude the true identity of these
markers — in the next steps, comparison with the standards’ RTs, MS/MS, and

isotopic patterns will be done.

Based on the EICs of the olive leaves cultivars, we could propose some of the MFs
as specific marker compounds for a certain cultivar. For instance; the marker specific

for Cippressino cultivar is m/z 137.0246 [M-H], RT 8.02 min; for Hinakase cultivars
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are m/z 577.1583 [M-H], RT 6.79 min, and m/z 401.1461 [M-H], RT 5.84 min (both
shown on the top-most raw in Figure 23). The marker m/z 515.0804 [M-H], RT 6.63
min, could be used to differentiate Lucca cultivar from other five cultivars (middle raw
in Figure 23). On the other hand, we observed that, some markers were found in
almost equal amount, thus they are not specific and cannot be used to discriminate
the cultivars. For instance, the markers m/z 539.1791 [M-H], RT 7.41 min; and m/z
471.3493 [M-H], RT 13.74 min (bottom-most raw in Figure 23). Based on AM-only
identification, these ‘non-specific’ markers were oleuropein and maslinic acid,

respectively — major compounds reported in olives.

Lastly but not least, is the marker m/z 569.1880 [M-H], RT 7.33 min; this marker
can be used to differentiate Cippressino cultivar from Nevadillo cultivar (middle raw

in Figure 23).
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Figure 23: EIC of possible markers to discriminate olive leaves cultivars in the negative

ionization mode ([M-H-]).
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4.3.6. Multivariate Analysis

In multivariate analysis of the samples, unsupervised PCA and supervised PLS-DA
models were applied for QC and discrimination analysis, respectively. Following the
above data pre-treatment, PCA score plot was employed in the first phase of
multivariate analysis for the data to evaluate sample clustering according to the olive
cultivar. Before going to the results of the multivariate analysis obtained in the

present study, below is a description of the PCA and PLS-DA.

Principal component analysis (PCA) is employed unsupervised pattern recognition
technique enabling data dimensionality reduction, and at the same time retaining
maximum variability of the data. PCA is often applied as the first step of the data
analysis for the detection of the patterns in the measured data. PCA allows data
visualization by retaining as much as possible the information present in the original
data even after the reduction of data dimensionality. It means that PCA transforms
the original measured variables into new uncorrelated variables called “principal
components, PCs”. Each PC represents a linear combination of the original
measured variables. Thus, PCA affords a group of orthogonal axes that represent
the directions of greatest variance in data. The first component (PC1) accounts for
the maximum of the total variance in the Y-axis direction, the second, PC2 is
uncorrelated with the first and accounts for the residual maximum variance in the X-
axis direction, while PC3 is correlated roughly with the two. In many instances for

practicality, only those components that account for a large percentage of the total
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variance are retained. The betterness of the clustering ability of the PCA is defined

by the component scores 236:237,

Partial least square (PLS) is a commonly used supervised pattern recognition
method that is capable of class prediction. PLS modeling is a multivariate projection
method for modeling a relationship between dependent (Y) and independent
variables (X) 238, The major principle of PLS is to find the components in the input
matrix (X) that describe as much as possible the relevant variations in the input
variables and at the same time have a maximal correlation with that in Y. In other
words, PLS models both X and Y simultaneously to find the latent variables in X that
will predict the latent variables in Y 237, The partial least squares discriminant
analysis, also known as discriminant PLS (PLS-DA), aims to find the variables and
directions in the multivariate space which discriminate the established classes in the
calibration set. An optimal number of latent variables can be estimated by using
cross-validation or external test sets. In PLS-DA, the Y matrix is constructed with
zeros and ones. It is consisted of as many columns as there are classes and an
observation had the value 1 for the class it belongs to and O for the rest. The X matrix
consists of the original (pre-processed) data. The only difference between PLS-DA
and PCA is that, the later uses the information of matrix X only, while PLS-DA takes

into account both the information in matrix X and Y 236,

Based on my findings, Figure 24 illustrates a clear clustering among the cultivars.

Cippressino cultivar was clearly separated from the other cultivars in PC1 by 25.0%
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of the variance. On the other hand, Hinakase cultivar was also clearly separated
from the rest in PC3 by 10.2% of the variance. The rest of the cultivars (Frantoio,
Berhudar, Lucca, and Nevadillo blanco cultivars) were alienated in PC2 by 22.4% of

the variance (Figure 24).

For the demonstration of the discrimination potential offered by the PCA score plot
data, PLS-DA was employed — it is a commonly used supervised pattern recognition
method that is capable of class prediction. It was, thus, employed to build and
validate a model for olive leaves cultivar classification. It was, thus, used to construct
and validate a statistical model for cultivar classification. The result of the cultivar
classification is summarized in Table 18. The prediction ability was 98.15%,
representing the percentage of the samples correctly classified. However, that is
slightly lower than 100% — due to incorrect assignment of one Berhudar cultivar
sample as Frantoio. However, an excellent separation among the cultivars was

observed by PLS-DA scores plot as shown in Figure 25.
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Figure 24: 3D PCA scores plot of olive leaves cultivars
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Table 18: The overview classification results obtained by the PLS-DA model

[Ber] [Cip] [Fra] [Hin] [Luc] [Nev] Accuracy

(Predict) (Predict) (Predict) (Predict) (Predict) (Predict) (%)

True [Ber] 8 0 1* 0 0 0 88.889
True [Cip] 0 9 0 0 0 0 100
True [Fra] 0 0 9 0 0 0 100
True [Hin] 0 0 0 9 0 0 100
True [Luc] 0 0 0 0 9 0 100
True [Nev] 0 0 0 0 0 9 100

Prediction Ability (%) 98.148

Where Ber, Berhudar cultivar; Cip, Cipressino cultivar; Fra, Frantoio cultivar; Hin,
Hinakase cultivar; Luc, Lucca cultivar; Nev, Nevadillo blanco cultivar. * wrong

prediction.
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Part IV: CONCLUSION
This study demonstrates that accurate-mass Q-TOF LC/MS is a powerful technique
for the metabolic profiling of olive leaves from various cultivars. Data mining
techniques such as molecular feature extraction (MFE) in combination with
chemometric software such as MPP help to rapidly and efficiently align and filter data.
Significant markers were obtained among the six cultivars of olive leaves — with
demonstrated cultivar-specific markers that can be used to differentiate one cultivar
from others. It was found that, so far, the markers can be used to discriminate these
six groups of cultivars. Moreover, there was a clear difference in metabolite
constitute among the active cultivars (Lucca, Frantoio, and Berhudar) and inactive
cultivars (Cippressino, Navadillo Blanco, and Hinakase) following multivariate
analysis (PCA score plots). A PLS-DA model was created, providing reasonable
confidence and an excellent accuracy (98.15%). Even though the conclusion could
not be reached at this point, of what metabolites contributes most to the anti-AChE
activity, our findings seem to be promising to give possible reasons for the difference
among cultivars. To confirm the identity/ structures of the metabolites, MS/MS
analysis and comparison with the standard compounds, isobaric coelution, and ion

ratios will be done.
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Part V: CHAPTER SUMMARY

Following HPLC analysis of the eighteen (18) olive leaves cultivars and their
bioactivities against AChE enzymes, six of them were chosen to further study their
metabolites which contributes to the anti-AChE activity (anti-AD) by employing the
non-targeted metabolomics approach. The aim of this study was to establish a
comprehensive analytical workflow for the application of liquid LC/MS to non-
targeted metabolomics with a high level of accuracy in metabolite identification,
employing the all ion fragmentation (AlF) approach as opposed to conventional and
commonly used auto-MS/MS fragmentation 22, Aiming at accomplishing the
purpose of the present study, high-resolution mass spectrometry-based
metabolomics was developed by coupling reversed-phase (RP) for metabolite
screening while applying the AIF mode that includes 4 sequential full scans at 0, 10,

20, and 40 eV collision energies.

In summary, this study has explored the usefulness of olive leaves against
Alzheimer’s disease. It provides evidence that some cultivars are more active than
others. This creates further agricultural demands for the olive leaves as a potential
anti-AD preventive drug. Nonetheless, tentative identification of markers with
accurate MS/MS, retention times (RTs), isotopic pattern, and ion ratio (when
necessary), followed by molecular structure correlation generated some potential

candidates, is still under investigation.
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CHAPTER 5

CONCLUSION AND RECOMMENDATION
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It is widely known from ancient times that olive oil has been used as not only food
but also as a folk medicine for the treatment of several ailments, such as
cardiovascular diseases and topical disorders. With time, researchers established
the scientific evidence as a base to some traditional uses of the VOO — notably for
treating dermatitis, eczema, xerosis, and other types of inflammation, among many
other uses linking the importance of the metabolites present in VOO, especially the
major biophenols — oleuropein and hydroxytyrosol. A well-established scientific base
for the health benefits of VOO has led to an increase in its demand that, in turn, has
led to an increased OOBPs production, and thus new ways to utilize these wastes
(by-products) are needed. This study was done in an effort to address the possible
ways of utilization of OOBPs in human health — a focus was given to the use of the
recovered bioactive metabolites in human diseases — allergy, diabetes mellitus, and

Alzheimer’s disease (AD).

The isolated metabolites exhibited promising anti-allergic and anti-diabetic activities
whereby the anti-allergic active metabolites acted mainly as ‘mast cell stabilizers’ to
reduce degranulation in RBL-2H3 cells through reducing the intracellular Ca?* levels
by decreasing the expression of calcium channel proteins. The most potent
metabolite being luteolin (ICs50=3.9 uM). For the anti-diabetic activity, the metabolited
inhibited the carbohydrate digesting enzymes, a-glucosidase and a-amylase, either
in uncompetitive, non-competitive or in partial mixed fashion to reduce postprandial
hyperglycemia (PPHG), a major cause of diabetes — with oleanolic acid being the

most potent (IC50=33.4 uM). Generally, the phenolic compounds were more active
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than triterpenoids against allergic sensitization, and the vice versa was true when it
came to anti-diabetic activity. This was confirmed further after calculation of the
individual metabolite’s “total activity” to understand the contribution of each

metabolite to the respective biological activity.

To understudy the chemical profile of the OOBPs, the samples of different olive
leaves cultivars were used. Following the difference in their anti-AChE activity, only
six were chosen for further studies (three most active and three least active ones).
A novel HRMS-based metabolomics approach by LC/Q-TOF-MS employing the all-
ion fragmentation (AIF) acquisition mode in data mining, coupled to chemometrics
analysis (MPP software) was developed. A total of 66 metabolites (as molecular
features, MFs) were detected — 6 MFs as triterpenoids and 23 MFs as phenolic
compounds. The novel developed AlF-based workflow was also used for screening
specific biomarkers of different cultivars, and thus it can be a useful platform not only
for investigating the metabolome in the selection of the specific biomarkers in closely
related samples, e.g, cultivars, but also in the identification of active anti-AChE

metabolites in the cultivars.

These findings highlight the chemical and biological importance of the OOBPs and
their metabolites. Even though the findings of this study are based on in-vitro assays,
they highlight the potential of OOBPs and their constituents against allergy, diabetes,
and AD. This, in turn, adds more value and attracts more attention to OOBPs as an

important source of lead compounds that may be used as ingredients in food
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additives, food supplements, or for structural modification to develop novel drugs for
the management/ treatment of allergies, AD and diabetes mellitus. Thus, they can
no longer be regarded as ‘wastes’ to dispose of but as ‘cheap source of highly

valuable metabolites’.

In summary, the findings presented in this thesis provide a further scientific base
about the functional aspects of OOBPs that will lead to their utilization as they
constitute useful bioactive metabolites with interesting biological potentials; anti-
allergic, anti-diabetic, and anti-AChE activities. The utilization of OOBPs for human
health could play an important role in the recycling of these by-products which could
contribute to the integrated use of available resources in the olive industry or others
such as cosmetic, pharmaceutical, and food industries. This could result in an overall

environmental gain.
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APPENDICES

Appendix i: Tentative identification of the olive leaves cultivar markers

S/No MF RT (min) ID (based on MS) Error (ppm)
1 624.2061 6.54 Verbascoside 0.92838
2 584.212 7.76
3 481014 663 I eOMTOFR

glucoside 1.871232
4 524.1883 7.89 Ligstroside -2.053647
5 3161155 467 | oroxywrosokdf

glucoside -1.004695
6 578.1618 6.79
7 432.1066 7.06
8 378.1308 8.07 3,4-DHPEA-EA -3.088079
9 390.1163 5.39 Oleoside 0.226855
10 702.238 7.23 Oleuropeiny

monoglucoside 1.26097
11 570.1953 7.33
12 422.2336 17.64
13 138.0308 8.06
14 556.1798 6.53 Secologanoside 1.06854
15 402.1516 5.83 Secologanic acid -2.479407
16 608.2108 6.89
17 286.0471 8.24 Luteolin -2.237389

18 302.0426 8.31
19 342.1173 1.12
20 404.1311 5.89 Methyloleoside -1.979552
21 390.1173 4.69
22 318.0623 1.21
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23 540.1852 7.98 Oleuropein 1.497452
24 336.1199 6.58
25 818.225 7.44
26 834.2187 7.05
27 472.3539 13.76 Mastinic acia/
Isomaslinic acid -2.879189
28 3781300 go7 o DRPEAEA
Oleuropein aglycone 1.143253
29 464.0956 6.61
30 618.3923 14.68
31 270.052 8.93 Apigenin 0.653946
32 652.1978 7.76
33 494.1414 7.86
34 724.2188 6.56
35 356.1112 5.82
36 514.204 7.41
37 478.1478 6.66
38 306.0769 5.8
39 516.0878 6.63
40 342.0946 5.1
41 776.2351 7
42 300.1203 5.12 Hydroxytyrosol
rhamnoside 2.00919
43 558.2297 7.96
44 462.1745 4.95
45 622.19 6.54
46 402.1882 6.34
47 354.0953 5.47 Scopolin 0.615089
48 594.1577 571 Vicenin-2 -1.296455
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49 980.2781 7.22
50 472.3537 12.73 Maslinic acid/

Isomaslinic acid -2.879189
51 196.0737 7.38 Hydroxytyrosol acetate 0.719118
52 432.1174 7.06
53 506.1819 1.2
54 390.1156 4.35 Oleoside ** -1.567482
55 484.2302 7.78
56 286.0478 7.04 Luteolin 0.209755
57 320.1267 6.63 3,4-DHPEA-EDA 2.222875
58 358.1414 6.91 Pinoresinol 0.665658
59 326.1001 5.59
60 964.2818 7.53
61 384.1025 4.67
62 594.1571 6.42 Vicenin-2 ** -2.306287
63 624.2062 6.78 Verbascoside ** 1.248788
64 646.1861 6.54
65  a4g101 723 eoinmOf

glucoside ** 0.978575
66 624.2061 6.54 Verbascoside ** 1.088584

** multiple identified markers. Identification is based on accurate mass (AM) only

(level 4 of MSI)
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Appendix ii: *H-NMR (whole region) for the novel compound, new HDOA
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Appendix iii: 'H-NMR (5H 4.5 to 2.5 ppm) for the novel compound, new HDOA
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Appendix iv: *H-NMR (8H 2.3 to 1.0 ppm) for the novel compound, new HDOA
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Appendix v: 3C-NMR (whole spectra) for the novel compound, new HDOA
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Appendix vi: *C-NMR (&H 65.0 to 150.0 ppm) for the novel compound, new HDOA
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Appendix vii: HSQC-NMR (whole spectra) for the novel compound, new HDOA
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Appendix viii: HSQC-NMR (6H 7.0 to 3.5 ppm) for the novel compound, new HDOA

1-32-1-HSQC
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Appendix ix: HSQC-NMR (6H 3.5 to 1.0 ppm) for the novel compound, new HDOA
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Appendix x: HMBC-NMR (whole spectra) for the novel compound, new HDOA

-32-1-HMBC
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Appendix xi: HMBC-NMR (8H 9.5 to 6.5 ppm) for the novel compound, new HDOA

3-32-1-HMBC
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Appendix xii: HMBC-NMR (6H 4.4 to 1.7 ppm) for the novel compound, new HDOA

3-32-1-HMBC

AJhmeff : ppm

100

110

120

S K>

130

140

=}

150

160

170

e
i

Sl
T 1

-

=
NI T o

<

180

190

200
! & - 210

42 40 38 36 34 32 30 28 26 24 22 20 18 ppm

211



Appendix xiii: HUBC-NMR (6H 9.0 to 3.5 ppm) for the novel compound, new HDOA

-1-HMBC
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Appendix xiv: HMBC-NMR (6H 3.7HDO to 1.0 ppm) for the novel compound, new

HDOA
-1-HMBC
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Appendix xv: LR-FAB-MS of the novel compound, new HDOA

[ Mass Spectrum ]

Data : 28-32-1-FABposi-LR Date : 25-)an-2018 15:25
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Appendix xvi: IH-NMR (whole region) for the novel compound, 3,4-dihydroxyphenyl-

2-methoxyethanol
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Appendix xvii: 'H-NMR (region &H 7.0 to 5.0 ppm) for the novel compound, 3,4-

dihydroxyphenyl-2-methoxyethanol
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Appendix xviii: *H-NMR (region 8H 4.5 to 3.5 ppm) for the novel compound, 3,4-

dihydroxyphenyl-2-methoxyethanol
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Appendix xix: 'H-NMR (region &H 3.0 to 0.5 ppm) for the novel compound, 3,4-

dihydroxyphenyl-2-methoxyethanol
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Appendix xx: tH-NMR (H-1" and H-2") for the novel compound, 3,4-dihydroxyphenyl-

2-methoxyethanol
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Appendix xxi: 1*C-NMR (whole region) for the novel compound, 3,4-

dihydroxyphenyl-2-methoxyethanol
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4-7-1-HSQC

Appendix xxii: HSQC-NMR (whole region) for the novel compound, 3,4-

dihydroxyphenyl-2-methoxyethanol
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Appendix xxiii: HSQC-NMR (region 8H 7.0 to 2.0 ppm) for the novel compound, 3,4-

dihydroxyphenyl-2-methoxyethanol
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Appendix xxiv: HSQC-NMR (region 8H 2.0 to 0.0 ppm) for the novel compound, 3,4-

dihydroxyphenyl-2-methoxyethanol
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Appendix xxv: HMBC-NMR (whole region) for the novel compound, 3,4-

dihydroxyphenyl-2-methoxyethanol
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Appendix xxvi: HMBC-NMR (region &H 7.0 to 2.0 ppm) for the novel compound 5 -

3,4-dihydroxyphenyl-2-methoxyethanol
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Appendix xxvii: HMBC-NMR (region 6H 2.0 to 0.0 ppm) for the novel compound, 3,4-

4-T-1-HMBC

dihydroxyphenyl-2-methoxyethanol
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Appendix xxviii: HR-ESI-MS of the novel compound, 3,4-dihydroxyphenyl-2-

methoxyethanol

Spectrum Plot Report - Agilent
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